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%e study the different explanations of the European Muon Collaboration effect. Although the
theoretical models are very sensitive to input free-nucleon structure functions, we fmd that each has
distinctive testable traits. Therefore, we examine different reactions to see which can distinguish the
models. Deep-inelastic (anti)neutrino-nucleus scattering data are examined, but we find that the
model differences to be exposed by this process are smalL Jlf production in lepton-nucleus col-

lision is, in principle, capable of determining the nuclear gluon distribution, but there are too many

difficulties to successfully separate the different models. %'e find that the Drell-Yan process is

better suited than antineutrino scattering to determine the nuclear ocean distributions. These may
be studied in an experimentally accessible kinematic region in which a quark from the projectile an-

nihilates with a nuclear antiquark.

I. INTRODUCTION

Deep-inelastic lepton-nucleon scattering experiments
probe the quark structure of nucleons and nuclei are the
source of nucleons. It was long assumed that deep-
inelastic scattering (DIS) on a nucleus of mass number A

was just an incoherent sum of scattering on A nucleons.
The recent observation that this is not quite true' provides
both a dilemma and an opportunity. Much knowledge ob-
tained from this nuclear data is now questionable. Fur-
thermore, we are faced with explaining why the nuclear
environment influences the character of a neutron or pro-
ton. Quark interactions in nuclei may be important. To
fully profit from this avenue of investigation one requires
a unique explanation, but many quite different ones seem
possible. Our goal is to suggest how some of these may be
eliminated by means of additional experiments using other
reactions.

Changes in the parton structure of nucleons in nuclei
were first noticed by the European Muon Collaboration
(EMC}, when they compared the deep-inelastic scattering
of muons from deuterium (where the nucleons are essen-
tially free) and iron. ' It was found that the structure
function (per nucleon} of iron is significantly larger at
small values of x ( & 0.2) and smaller at medium values of
x (-0.6) than that of a free nucleon. This nuclear depen-
dence has come to be known as the "EMC effect." Subse-
quent DIS experiments with both muons and electrons
have confirmed the medium-x depletion both in iron and
other nuclei but there is some doubt about the low-x
enhancement. Neutrino-nucleus DIS data, ' while
showing large errors, are consistent with the medium-x
depletion, but place further doubt on the low-x enhance-
ment, especially a substantial one such as seen by the
EMC. Despite this uncertainty in the details of the exper-
imental results, it seems clear that quark distribution
functions do depend on the nuclear environment.

Most of the explanations of the EMC effect fall into
one of three categories. The first involves conventional
nuclear physics, employing only nucleonic and pionic de-

grees of freedom. " ' Another idea' is that nuclear
wave functions contain significant components with six
(or more) quark clusters. Still another class of explana-
tions motivated by QCD (Refs. 24—27} is derived from
the observation that the differences between the structure
functions of different nuclei at fixed Q2 imitate the Q
dependence of the distribution for a single target.

These three classes of models seem reasonable, but do
not encompass every proposed mechanism for the EMC
effect. See, for exam~le, the antishadowing model of Ni-
kolaev and Zakharov. '

One possibility for differentiating models might be to
use the dependence of the quark distributions on the nu-

clear target (A dependence}. This does eliminate some
early models; however, as long as experimentally correct
nuclear densities are used, each of the above classes of
models can explain the A dependence. Therefore, the goal
of this paper is to explore possibilities of using probes oth-
er than muons or electrons to determine nuclear structure
functions. We try to examine elementary processes where
the impulse approximation is valid. To see if certain reac-
tions can distinguish the models it is necessary to evaluate
these carefully (Sec. II). We find that the predictions of
each model depend significantly on the free-nucleon dis-
tribution function used as input. There are also other
flaws in each of the models. However our basic result is
that each model has qualitative testable features.

Deep-inelastic neutrino and antineutrino scattering al-
lows separation of the quark and antiquark contributions.
We compute nuclear structure functions for weak interac-
tions, using each of the models and find that comparison
with neutrino data fails to distinguish these (Sec. III).
Each of the theoretical treatments is constrained by the
results for charged-lepton DIS. As exposed by neutrino
data, any remaining differences are small.

The purpose of nuclear I/g production holds the
promise of determining the nuclear gluon distribution.
We find (Sec. IV) that only the third class of model allows
for a significant gluonic A dependence. However, the
available data are at small x where there is considerable
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leeway in the models and other problems abound.
Another possibility is to study lepton pairs produced in

proton-nucleus collisions at high energy (Sec. V). This is
the "Drell-Yan" process3' of Fig. 1. The models of the
nuclear quark distribution function also provide models of
the nuclear antiquark distribution function. In Ref. 32 we
found that differences between the predictions for the an-

tiquark distributions are greatly enhanced in kinematic re-
gions corresponding to valence quarks from the proton
and antiquarks from the nucleus both having moderate to
large x. Here we bolster that result by using more realis-
tic kinematics, and making a full QCD calculation includ-

ing gluon Compton scattering. Furthermore we find that
one version of the nucleon-pion model' is not consistent
with antiquark distributions extracted from Drell-Yan
data. Some experimental questions are also addressed.

Thus we are left with the Drell- Yan process as the most
promising reaction. A brief summary is given in Sec. VI.

II. MODELS FOR NUCLEAR
PARTON DISTRIBUTIONS

In this section we review the salient testable features of
the three main classes of explanation: enhancement of the
pionic components of nuclear wave functions, the pres-
ence of six- (or more-) quark clusters, or a rescaling of the
momentum-transfer dependence of nuclear parton distri-
butions. The sensitivity to the choice of free-nucleon
structure functions is studied carefully.

It is necessary to mention a few details prior to begin-
ning the task of evaluating models. Recall that deep-
inelastic charged-lepton scattering measures the nucleon
structure functions Fi 2(x,g ) where the Bjorken scaling
variable x =Q /2 m~ v is the same as the fraction
x =k+/pg of the nucleon's light front momentum car-
ried by the struck parton. The energy transfer is v. Sm
Wimpenny for a review of the data. We display only the
SI.AC datas here.

Theoretical comparisons with DIS on nuclei are made

by using medium-modified distributions q "(x,g ). To
facilitate comparison between different nuclei we always
use the distribution per nucleon. Hence our nuclear struc-
ture functions F"(x,g2) are structure functions per nu-

cleon. For a nucleus, the natural scaling variable is

x~ ——k+/pq+, the fraction of the momentum of the whole
nucleus carried by the quark in question. However, for
purposes of comparing different nuclei, we continue to use
the Bjorken variable x=xqM~/m~, which ranges in
value from 0 to about A.

FIG. 1. The basic Drell- Yan pr'ocess.
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where fz is the momentum distribution of nucleons
within a nucleus with mass number A, F2 is the free-
nuclcen structure function, f is the distribution of excess
pions contributing to DIS, and E2 is the pion structure
function.

The first term of Eq. (2.1) describes the influence of the
nucleon binding energy and Fermi motion. Consider fz,
defined by

f~(z) =f d k p"(k)5 z-
m~

(2.2)

where p(k) is the distribution of nucleon momenta k and
k+ =ko+k'. For a free nucleon at rest, ko is just the nu-
cleon mass m~. For bound nucleons the shell model gives
a good first approximation to the wave function. In that
model the energy eigenvalue (k ) of a nucleon in an orbi-
tal denoted by the quantum numbers a is simply
mN —

~
e ~, if the nucleon mass is included as part of the

energy Here we. use k:rn~rl = ( m~——
~

e
~
), in which

the average is over occupied shell-model orbitals. Using
the Fermi-gas distribution

p(k) = 8(kF —
i
k

i
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one obtains
3

fw(»=—3 mpf

4 kF"
—(z —rl )

2 (2.3)

for g k~/mz &z &—rl+kF/mz and fz(z)=0 otherwise.
The smearing due to the distribution (2.3) enhances the
valence distribution for small x, depletes it for medium x,
and enhances it for x )0.8. Since f~(z) peaks at z=il,
the basic effect of the factor g is described by a rescaling
x~x/g and this is responsible for xnost of the observed
depletions at medium x (Ref. 34).

Since the nucleons are bound by meson exchanges, one
must include the mesons in the structure function. This is
the role of the second pionic term of Eq. (2.1). [The influ-
ence of multipion exchanges is included by evaluating
f~(y) using a correlated nuclear wave function. ' ' ] The
pion cloud of a free nucleon contributes to DIS as in Fig.
2(a).

A. Nucleons and pions

From the point of view of ordinary nuclear-structure
physics, the low-momentum nuclear wave function is
described purely in terms of hadronic degrees of freedom:
nucleons, pions, and possibly deltas. The quark substruc-
ture plays a role only in the high-momentum-transfer pro-
cesses (DIS, Drell- Yan, etc.).

The nuclear binding comes about by the exchange of
pions and other mesons. The resulting electromagnetic
structure function per nucleon may be described by"

T

FA( g2) f d fA( )FN g2
z
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According to the parton model, the interaction with the
virtual pion is an incoherent sum of contributions from
the quarks and antiquarks in the pion. For this graph to
contribute to DIS, the final-state nucleon must be on-
shell: (m~ —q ) —q =m~ . This constraint is impor-
tant: without it a further interaction between the nucleon
and the pion debris would be needed to place the nucleon
back on shell. Such processes are neglected here. Support
for this comes from Llewellyn Smith's observation that
the pion debris is separated from the final-state nucleon
by about 1.5 units of rapidity. Thus final-state interac-
tions between the nucleon and the pion debris are
suppressed.

The one-pion-exchange (OPE) process shown in Fig.
2(a) leads to a contribution

(m„, (IllN q, q )

5 F2(x,Q )=I dy f(y)Fi(x/y, Q ), (2.4a)

to the intrinsic structure function of the nucleon, where

23 g~vtx f ~
d

t ~F(t)
~

16m ~N'v'~~ i —v~ (t+m )

is the distribution of virtual pions which contribute. In
(2A) y is the fraction of the plus component of the nu-
cleon carried by the pion, i.e., p+/pP=(q +q )/mz.
The mNN coupling constant g~~~ ——13.5; the invariant
four-momentum squared of the pion is —t, and the elastic
form factor at the ANN vertex is F(t} Ericso. n and Tho-
mas relate F(t) to R the radius of a nucleon bag.

For a nucleon in a nucleus, several standard nuclear-
physics modifications should be made to the process in
Fig. 2(a). First, the emission of low-momentum pions is
Pauli-blocked by the nucleon Fermi sea. In addition, the
pion may scatter off other nucleons in the nucleus before
being struck by the photon. This scattering creates NN
and hN ' excitations of the nucleus [see Fig. 2(b)] and
can be thought of as leading to an additional medium-
dependent renormalization of the pion propagator. The
production of NN ' and bN ' excitations gives attrac-
tion. Were it not for the short-range repulsion, pion con-
densation would occur at ordinary nuclear matter densi-
ties. The needed short-range repulsion is conventionally
parameterized as a contact interaction through the
Landau-Migdal parameter g' (Ref. 37) Ericson and Tho-
mas use g'=0.7

All of these nuclear effects can be conveniently incor-
porated by the spin-isospin longitudinal response function
per nucleon R(to,

~ q ~

). The response function is essen-
tially the imaginary part of the pion's proper self-energy'

FIG. 2. Pion-cloud contribution to DIS: (a) free nucleon; (b)

typical nuclear process.

that is caused by the scattering of the virtual pion by a
nucleon. Taking the imaginary part guarantees that
recoiling nucleons are on shell after the nrem scattering.
See, for example, lines 1 and 2 in Fig. 2(b).

The integral over t in (2.2) may be replaced by one over
the (co,

~ q ~
) plane. Apart from smearing due to Fermi

motion, the final-state nucleon must have excitation ener-

gy to =q /2mN, in the nonrelativistic approximation. The
energy transfer must also satisfy the condition
co &

~ q ~

—m~y, which follows from q & q& and the defi-
nition of y. Thus the distribution per nucleon of virtual
pions contributing to DIS off a nucleus is'

2
~'i' N

d q )F(q)~ R(to )q[)
16m "~~'v' 0 (t+m )

(2.5)

a@here the replacement t~q has been made in the
numerator since co && j q ~

.
The net result is an excess distribution of pions which

contribute to the DIS process for a nucleon in a nucleus,
over that for a free nucleon. This excess distribution is
given by

(2 6)

This is shown in Fig. 3 for several values of the parameter
R, with kv ——1.30 fm ', the value appropriate to Fe (Ref.
38}. It is concentrated at quite low values of y, peaking at
about y =0.25.



33 PARTONS IN NUCLEI 3231

0.8~—~~-

L g04

8 fm, q= 0.9$

9 fm, q= 097

q = 0.935

j.2

DO I+ Ol

DOZ+ 02
GHR + OP

-- PRK+ NA$

IN/

1

I

ll

,

' I-

ll

1 I J ~~ i l i ( (

0 0.2 0.4 0.6 0.8 I .0 l, 2 l .4 I .6
momentum froction, y

FIG. 3. The distribution of excess pions f (y) for Fe in the
Ericson-Thomas model {solid lines) and the model of Berger,
Coester, and Wiringa {dashed hne). The fraction of momentum
carried by the nucleons is g.

Note that the above model treats nucleons and pions as
elementary, except in their interactions with high-
momentum virtual photons. This is really only appropri-
ate for low momenta, or at large distances. Hence it only
makes sense to use a pionic treatment of DIS at low x
(Refs. 35 and 39). Sizable pionic contributions at large x,
if they had been obtained, would have been in a region
where the model is not to be trusted.

For a model with nucleons and pions, the momentum-
balance condition is that

(2.7)

The shell-model bindiny energies are not known precisely
and computations off (y) are model dependent. Here we
compute f"(y) as shown below and obtain i) from the
condition (2.7). This gives values very close to those ob-
tained from tabulations of e (see Ref. 34).

The above prescriptions may be implemented within the
framework of the parton model by defining the following
medium-modified quark distributions:

"(,Q')= f 'f"(.) " —,Q'
L

+ f. f."(y)e —Q'
L

%e need nucleon and pion distributions, so for the nu-
cleon we use the two sets of Duke and Owens (DO1 and
DO2), those of Gluck, Hoffman, and Reya ' (GHR), and
the Big European Bubble Chamber (BEBC) parametriza-
tions of Parker et al. ' (PRK). For the pion we use the
two sets of Owens (Ol and 02) and the parametrization
of the NA3 collaboration (NA3). Figure 4 shows the re-
sults for the ratio of Fe to D structure functions. (The
Q -dependent parametrizations are evaluated at 25 GeV2. )
For the md% form factor, we have used R=O.S fm which
Ericson and Thomas' now advocate. ' ' A preferable
value may even be closer to 0.9 fm (Refs. 2 and 36), and
would give a smaller effect at all x. As can be seen, the

0.8—
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0.4
t
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FIG. 4. The dependence on different nucleon and pion-quark
distributions of the predicted ratio of Fe to D structure func-
tions {Ref. 5) in the Ericson-Thomas pionic enhancement model
{Refs. 14—16). The different curves all use 8 =0.8 fm,
kF=130fm ', and g'=0. 7.

pionic enhancement model gives a fair description of the
data. The enhancement at low x is due to the contribu-
tion of the excess pions to the nuclear ocean. The de-
pletion at medium x arises mainly froin the imposition of
momentum balance between the nucleons and excess pions
while the rise at large x is due to the Fermi motion of the
nucleons.

As Q increases, the effect is predicted to decrease
slowly at both low and intermediate x. This is a result of
the QCD scaling violations in the nucleon and pion struc-
ture functions.

The dependence of the EMC effect on the mass number
A can be accounted for in this model by varying the Fer-
mi momentum kF (Refs. 34, 45, and 46).

There is an implementation of the pionic-enhancement
model due to Berger, Coester, and Vhringa' ' which has
several technical and philosophical differences from that
of Ericson and Thomas. However, both versions use the
convolution formula (2.1) and we may center our discus-
sion on the differences in the functions f~(z) and f"(y).
The nucleon distribution used by Berger, Coester, and Wi-
ringa has a slightly narrower width than Llewellyn
Smith's but the difference has no substantial effect. On
the other hand, the excess-pion distributions, shown in
Fig. 3, are very different since the distribution of Berger,
Coester, and %'iringa extends to large y. This is disturb-
ing because pions contribute to DIS at quite large x,
where the pionic description is not appropriate. Since
charged-lepton DIS includes a large valence-quark contri-
bution at large x, it is not particularly sensitive to the
shape of f"(y), and both treatments give similar descrip-
tions of charged-lepton DIS. In other processes the long
tail of f~(y) can give qualitatively different results, as we
show in Secs. III—V.
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The differences may be traced to the energy-
conservation requirement. Berger, Cocster, and %iringa
obtain their distribution by integrating out the transverse
momenta from a pion density distribution p( ~ q ~

) calcu-
lated by Friman, Pandharipande, and VAringa. This
density is simply a nuclear ground-state matrix element of
the pion density operator, and so does not include the
kinematic requirement of DIS, e.g., that the final-state nu-
cleons for Fig. 2(b) be on shell. Final-state interactions
between the nucleon emitting the pion and spectator nu-
cleons could be invoked, but if the scattered nucleon is far
off shell such final-state interactions are unlikely to be
sufficient.

We conclude that the f"(y} calculated by Ericson and
Thomas is a fair representation of the effects of pions on
DIS off nuclei, while the distribution used by Berger,
Coester, and Wiringa is not. However we use both models
for purposes of illustration.

B. Multiquark clusters

In multiquark cluster models' ' it is assumed that
quark degrees of freedom play a role in nuclear wave
functions at low momenta, through the formation of clus-
ters in which six, nine, or more quarks are in close con-
tact. Such clusters may form when two or more nucleons
overlap appreciably. These objects can help explain a
variety of nuclear phenomena, 49 but the evidence for their
existence is ambiguous.

Neglecting the Fermi motion of both nucleons and clus-
ters, the nuclear quark distributions in this approach are

cleon; the coefficients N„and N„being those normaliza-
tions appropriate to the whole cluster. They are fixed by
the requirement that there be n valence quarks and by the
condition that the sum of the momenta carried by quarks,
antiquarks, and gluons is unity [or more precisely
(n/3)mz/M„]. Only in the case of nucleons is there ex-
perimental information on the momentum fraction car-
ried by gluons so the gluon momentum fraction is gen-
erally taken to be the asymptotic value expected from
QCD (Ref. 51): {xs)=8/(8+ 3Nf/2) where Nf is the
number of flavors of quarks.

This ad hoc use of counting rules has been criti-
cized ' because the x region where data exist {x&0.7)
is nowhere near the edge of phase space (x=2). Indeed,
even in the three-quark case formulas {2.10)—(2.12) only
work qualitatively. The situation is hkely to be worse for
larger clusters. However, we believe that the underlying
concept of a multiquark component in nuclear wave func-
tions is a sensible one, and there is one feature of these
models which is insensitiue to the detailed form of the
quark distributions, namely, the expanded kinematic range
in x which must extend at least to n/3 This. makes its
presence felt in the distributions not just above x =1 but
considerably below also.

The version of the multiquark cluster model which we
employ is that of Carlson and Havens. ' We now discuss
how this model explains the DIS data. With (2.10) the
six-quark cluster momentum distribution zu (z), for
x=2z between O. l and 0.7, is depleted relative to the
valence distribution xu (x) in a nucleon. For x (0.1, the
ratio of the relative normalizations

qA(x Q2) ( 1 fA )qN(» Q2)

+f,"(m„/M, )q'{x,g') . (2.9)
N6/(N„+ N~ )

l
2

Here f6 is the fraction of nucleons in the nucleus A
which form six-quark clusters of mass Ms, while

q (x,g ) is the distribution per nucleon of quarks in
those clusters. The additional factor mz/M6 arises be-
cause of the different masses of the clusters and a conse-
quent difference in the natural scaling variables
z„=(mt'/M„)x for n-quark clusters. In practice one may
take M„=(n /3) m&, and so x has an expanded kinematic
range.

Unfortunately, there is no experimental information on
the quark distributions in multiquark clusters, q"(x,g )

for n &6. These functions are determined from quark-
counting rules, 5o combined with Regge expressions for the
sma11-x region. The resulting valence and ocean quark
distributions have the forms

U"(z„)=—N„(z„) i (1—z„) ",
1l

(2.10)

q "(z„)= N„(z„) '(1 —z„)"—.
ll

(2.11)

The exponents b„are given in terms of the number of
spectator quarks, n„by

b„=2n, —1+2
~
M, ~, (2.12)

where M, =s,(target) —s, (quark). The distributions have
been divided by n/3 so as to give the distribution per nu-

may give an enhancement. Here N„and N~ are the nor-
malizations, as defined in (2.10), of u and d-qua-rk distri-
butions in a nucleon and (for equal u and d distributions
in the six-quark cluster) N6 Ns N6 is——three——times the
Carlson-Havens normalization. For x & 0.7 the six-quark
valence cluster distribution is enhanced because of the dif-
ferent kinematic range in x. Similarly, the large-x ocean
distribution in a cluster is also enhanced over that in a nu-

cleon. N small x, the ocean may be enhanced or deplet-
ed, depending on a delicate balance between the relative
normalizations and the exponents in the ocean distribu-
tion. Carlson and Havens use N3 ——0.1857 and

N& ——0.5042, the latter figure depending on both the as-
sumed form of the valence distribution and the assumed
fraction of momentum carried by the gluons. Their
model has an ocean enhancement everywhere. Other
reasonable nucleon distributions give a low-x depletion for
the same six-quark distributions.

In Fig. 5 we show the predictions of the Carlson-
Havens model for the ratio of structure functions Fz in
Fe and D. In addition to the same four sets of nucleon
distributions used in Fig. 4 for the pion model we have
used the counting-rule distributions of Carlson and
Havens (CH}. The model is very sensitive to the details of
the six-quark cluster and nucleon distributions. This indi-
cates that cluster models are poorly defined.

Carlson and Havens chose f6 ——0.3, which fits the EMC
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FIG. 5. Carlson-Havens six-quark cluster model (Ref. 173 for
the ratio of structure functions for Fe to 0, using different nu-

cleon structure functions but fixed six-quark structure function.
The six-quark probability is taken to be f6 0.3. ——
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FIG. 6. Fermi motion in the Carlson-Havens model. Solid
curve: original model of Carlson and Havens. Long-dashed
curve: nucleon Fermi momentum k~ ——1.30 fm '. The short-
dashed curve also includes Fermi motion of the six-quark clus-
ters.

data. This may seem a little large. However there are a
lot of pairs of nucleons in a nucleus and the probability
per pair of forming a six-quark cluster is actually quite
small. Pirner and Vary's have estimated that f6 is about
0.2 in Fe, which is in accordance with the calculatians of
Greben and Thomas. Given the uncertainties in the
model, we continue to use the Carlson and Havens value.
The A dependence of the model is incorporated by allaw-
ing f6 to vary roughly as the nuclear density. 's

Carlson and Havens did not include "Fermi motion"
for either nucleons or clusters. However, this motian is a
consequence of the medium- and long-range interactions
between nucleons, while formation of multiquark clusters,
if it occurs, is a property of the short-distance NN wave
function. Hence it is appropriate to include at least the
Fermi motion of the nucleons. ' We have done so by sim-
ply convoluting the nucleon distributions in Eq. (2.9) with
a Fermi distribution (2.7). We have also included motion
of the six-quark clusters, assuming that the total momen-
tum of a cluster is just the sum of the momenta of the nu-
cleons which formed it, but this is a small effect. The re-
sults are shown in Fig. 6. The Fermi motion of the nu-
cleons leads to a rise in the ratio at considerably smaller
values of x than in the data. This seriously undermines
the ability of this particular model to reproduce the DIS
data. Nevertheless, it does not weaken the more general
feature that an increased kinematic range in x produces
characteristic signatures at medium x.

C. Rescaling

The third approach is a rescaling of the momentum-
transfer dependence of parton distributions. All models
in this class stem from the original observation by Close,
Roberts, and Ross that, at least over the limited range

0.2&x &0.7, the structure function of a heavy nucleus
measured at a scale Q2 is similar to that of an isolated nu-
cleon at a higher scale gzz Q:

~z(x Q')=+2(»4~Q') (2.13)

These authors term this effect "dynamical rescaling. "
They interpret it as being due to a change in a fundamen-
tal length scale—presumed to be the confinement size-mf
a nucleon, when that nucleon is immersed in a nuclear en-
vironment. See also Ref. 53.

The observation that the EMC data can be described by
(2.13) is a phenomenological fact. It is not, in itself, a
model for the EMC effect. Some specific dynamics must
be employed to compute (zan (Q ) for a single A at a given

Q, and this leads to uncertainty.
If dynamical rescaling holds, the quantum chroma-

dynamics (QCD) has some immediate implications. Con-
sider " the moments of the structure function per nucleon:

M„"(Qg )=I dxx" 'Fg(x, Q2) . (2.14)

The observation of Close, Roberts, and Ross implies

M."(Q~')=M. (4~Q~') . (2.15)

~NS

M„(gg )=
~ M„(pg ),

~.(p~')
(2.16)

where d„ is a calculable coefficient. It follows that g
must increase with Q . Using the renormalization-group
equation for the QCD coupling constant,

The interesting feature is that g is roughly independent of
n. In leading order the QCD renormalization group
predicts the Q evalution of fiavor-nonsinglet moments to
be



3234 R. P. BICKERSTAFF, M. C. SIRSE, AND G. A. MILLER 33

a, '((Q )= in(+a, '(Q ),Po

4m

one finds that

(2.17)

(2.18)

This is independent of n and hence preserves the indepen-
dence of g(p ). Higher-order corrections to (2.18) do gen-
erate a specific n dependence so the x independence of g
cannot be exact. However, the second-order corrections to
(2.16) are not very large for n =3—8 and an approximate
x independence in the range 0.2&x &0.8 can be main-
tained.

It is natural to interpret dynamical rescaling as
originating in some dynamics at low Q, appropriate to
the confinement regime of QCD. Various dynamical
models for this low-Q effect have been proposed in

addition to that of Jaffe et al. Whichever of these
models proves valid, the concept of dynamical rescaling
affords a useful model-independent way of parametrizing
data and this alone we now pursue.

Close et al. implement dynamical rescaling by
making a fit to the EMC data on deuterium, and evolving
this fit with second-order Altarelli-Parisi equations us-
ing four fiavors and A~=250 MeV (MS denotes the
modified minimal-subtraction scheme). We shall, for sim-
plicity, merely employ the Q -dependent distributions~ ~'

used earlier. However, this is not without its problems.
All of these distributions have been obtained by taking fits
to the data at Qc ——4 GeV, evolving with first-order
Altarelli-Parisi equations and then parametrizing the re-
sults. But this involves ALo (LO denotes leading order),
which cannot be extracted unambiguously from the
data. Despite the ambiguities, the parametrizations that
we use yield a Q2 dependence of a, that is consistent with
various data.

This brings us to a short discussion of the values of
ALo used. The two sets of nucleon distributions given by
Duke and Owens and the pion distributions given by
Owens correspond to different gluon distributions: DO1
and Ol have a soft distribution and ALo ——200 MeV
(which corresponds roughly to AMs ——250 MeV) while
DO2 and 02 have a hard distribution and ALo ——400
MeV. Gluck, Hoffman, and Reya ' also have a hard
gluon distribution and ALO ——400 MeV. This is not
equivalent to the value of ALo in the DO2 and 02 distri-
butions because Duke and Owens evolve with four flavors
while Gluck, Hoffman, and Reya evolve with only three.

Thus dynamical rescaling corresponds to using the
medium-modified quark distributions

I. 2 i
)

I

——DOP
6HR

tainties in ALo are minimized. This is in contrast with
using a small value of the order of 0.5 GeV, as in Refs.
25 and 26, for which these uncertainties exacerbate the
problems associated with using perturbative QCD in such
a low-momentum region.

The effects of QCD rescaling on the quark distributions
cause a shift of the momentum from the medium- and
high-x regions to lower x values. Thus the dynamical re-
scaling model predicts characteristic enhancements at low
x and depletions at medium x in both the valence- and
ocean-quark distributions.

The predicted results for charged-lepton DIS are shown
in Fig. 7. Although the model is unreliable outside the re-
gion 0.2 (x &0.8, because of the higher-order distortions
discussed above, we extrapolate the results outside this re-
gion in the hope that this will not be misleading. All
three distributions provide a fair fit to the data although
they do not agree as well as the results given by Close,
Jaffe, Roberts, and Ross (CJRR), In particular, the
point at which the ratio passes through unity occurs here
at a smaller value of x. This has also been noticed by
Berger and Coester who, in addition to using the DO1
distributions, also made a fit to the EMC Fe data and re-
scaled that by 1/g. Small changes with Q are not suffi-
cient to explain the difference. We therefore attribute it
to a rather different D structure function used by Close,
Roberts, and Ross (CRR), which they obtained by a
QCD fit to the EMC D data. In particular, the CRR pa-
rametrization of F2(x, Q ) has a significant rise with Q
at x=0.125 and is approximately independent of Q at
x=0.175. Thus the CJRR ratio of Fe to D structure
functions is unity at x=0.2. However, all of the other
structure functions are approximately independent of Q
at x =0.1. A close look at the EMC D data (Fig. 1, Ref.
61) shows that F2(x, Q ) is nearly constant (=0.3) at
x =0.125.

&"«.Q~') =e"(»4~Q~') * (2.19)

where gz„(Q„) is given by (2.18). To implement this
equation we use the values for gz„(p~ ) given in Table II
of Close et a/. for pz ——20 GeV . These values provide
a good fit to the available charged-lepton DIS data, so
the details of the model of Close et al. are irrelevant.
Strictly, we should refit g for each distribution but we
find this to be unnecessary. We note that by using a value
such as 20 GeV as a reference point, the effects of uncer-

Bjorken x

0.8

FIG. 7. Dynamical rescaling model of the ratio of structure
functions for Fe to D (Ref. 5), for different nucleon structure
functions. QF, ' is taken to be 25 GeV'.
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Nonetheless, it is worth noting that the value of x at
which the ratio passes through unity is a characteristic
prediction of dynamical rescaling; there is no possibility
of obtaining a ratio differing from unity in this region.
Hence it would be of interest to better determine this x
value.

The low-x enhancement in this model diminishes in
size as Q increases because the ocean quark distributions
evolve logarithmically. While AN& {Q„)is increasing, the
ratio of distributions is not. The medium-x depletion
remains essentially constant in the presently accessible
range of Q .

One striking aspect of Fig. 7 is the absence of a rise in
the ratio at large x. This deficiency is due to the neglect
of Fermi motion. In order to incorporate it one needs a
detailed model of the dynamical origins of g. We have
tried using a naive Fermi smearing

e"(»Q~')= J dzf r(»e (»br~ Q~'» (2.19)

but, this leads to an overcorrection and severe disagree-
ment with data for x &0.6. Nevertheless, while the incor-
poration of Fermi motion is a problem which must be ad-
dressed by models in this class, we have no reason to be-
lieve that the deficiency cannot be rex:tified. The predict-
ed depletion is the region x &0.7 is therefore dismissed as
an artifact. We do regard the medium-x depletion and
the low-x enhancement as a characteristic and testable
feature.

III. NEUTRINOS

Neutrino DIS affords the possibility of extracting
separate valence and ocean distributions because neutrino-
and antineutrino-induced weak interactions are different
and because parity violation admits the presence of an ad-
ditional term.

Several sets of data are now available on the nuclear
dependence of DIS of neutrinos and antineutrinos. The
BEBC—track-sensitive target (TST) (WA24) collabora-
tion have compared v and v charged-current cross sec-
tions and structure functions for Ne and H2 targets. No
nuclear dependence was found in the region 0.0 & x & 0.65
and 1.2&Q &20 GeV, but the statistical errors were
large. An IHEP™ITEP Soviet collaboration have
reanalyzed their v data on a ¹Hq target in the 15-ft bub-
ble chamber at Fermilab and compared with v data on 0
obtained with BEBC at CERN. A definite nuclear effect
was observed in the differential cross section do/dx, in-
cluding an enhancement around x=0.2 and a large de-
pletion for x=0.6—0.7. The WA25 and WA59 colla-
borations have compared their respective BEBC data on
0 and Ne-H2 targets, obtained with the same wide-band v
beam. In addition to data on der/dx they have presented
data on der/dy and investigated the Q dependence over
the range 0.25 & Q & 26 GeV . Their data are compatible
with the charged-lepton data in the range 0.3 ~x ~ 0.6 but
they found no low-x rise in the ratio
(der '/dx)/(do /dx), for isoscalar Ne and D, indepen-
dent of Q (up to Q —14 GeV ). The CERN-
Dortmund-Heidelberg-Saclay (CDHS) (WA1) collabora-
tion' has compared v and v data for Fe and Hz targets in

Fi (w) =2[so(ip) —cp(w)], (3.2)

where ip is the momentum fraction of a quark in the pion.
We assume isospin symmetry and average over m+ and

. For six-quark bags one similarly finds, for the struc-
ture functions per nucleon:

FP (z6) =2z6[d„(z6)+dp(z6)+sp(z6)+u p(z6)+c p(z6)],

(3.3)

FP (z6) =2[d„(z6)+sp(z6) —c p(z6)),

FP {z6)=2[u (z6) —s o(z6)+co(z6)]

(3.4)

(3.5)

where we have assumed isospin symmetry in the six-quark
ocean. The charmed ocean in a six-quark bag is neglect-
ed. (Note that the valence and ocean distributions used
here are defined per nucleon so 2d6 and 2u„are each
three times the valence distribution of Carlson and
Havens. )

H2In Fig. 8 we show the CDHS data' for Fz'/Fz' and
the predictions of the three models using the same nu-
cleon distributions. The mean Q of the CDHS data
varies approximately as 66x GeV . We have evaluated
the momentum-dependent distributions at a constant 4
GeV, the lowest at which they are valid, because this cor-
responds to the mean Q of the low-x data and because
the models do not predict any strong Q dependence in
this ratio at medium x. Any discrepancy with the lowest-
x data point (for which {Q )=3 GeV ) could be attribut-
ed either to shadowing or to the value of Q being so low
that the parton model is invalid. The rest of the data is
entirely consistent with each of the model predictions.
The data is also consistent with no nuclear effect. '

Neutrino and antineutrino double-differential cross sec-
tions may be integrated to obtain do/dx and do/dy. The
predictions for {do" '/dx)/(der" /dx) are shown in Fig.
9, along with the WA25/WA59 v data. (For Ne we have
used kF'=1.15 fm ' and f6 ——0.25.) The predicted
curves closely resemble those for the ratios of Fz (in both
the weak and electromagnetic cases), with nuclear effects

the range 3 & Q & 40 GeV . They present data on the ra-

tio F2'/F2 ' and the ratio of ocean quark distributions. In
neither case was a significant deviation from unity ob-
served but the statistical errors are large.

The predictions for the neutrino and antineutrino struc-
ture functions and cross sections of the three models dis-
cussed in the preceding section may be calculated by using
the appropriate medium-modified quark distributions:
Eqs. (2.8), (2.9), and (2.19). Inserting these into standard
expressions for neutrino structure functions shows that
the resulting nuclear structure functions are obtained in
terms of the nucleon, pion, and six-quark structure func-
tions. Thus, for example, in the pionic enhancement
model one obtains convolutions on E2 and xE3 which are
analogous to Eq. (2.5). For pions, we have the structure
functions

Fz (ip) =2io[u (w)+do(w)+sp(w)+up(w)+cp(ip)]

(3.1)
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FIG. 8. The CDHS data on the ratio of the neutrino struc-
ture functions Fq for Fe to H2. Pion model {Ref. 12) {solid
curve), the six-quark model (short-dashed curve), and the
dynamical rescaling model {long-dashed curve). All models here
utilize the D01 distributions for D. The pion structure function
is based on the 01 distributions and the six-quark structure
function is based on the CH distributions. The momentum-
dependent distributions are all evaluated at fixed Q2=4 GeV'.

generally being a little smaller than for Fe. Therefore this
ratio does not provide new information.

In contrast, the der/dy v and v data do contain infor-
mation not accessible to electron or muon scattering. Pre-
dictions of the various models are shown in Fig. 10 to-
gether with the v data from Ref. 9 and preliminary v data
from the s'une experiment. As can be seen there are no
dramatic effects. However, a comparison between the v
and v cross sections places new constraints on the models.
None of the models provides an excellent fit but once
again the errors are large and it is doubtful that the small
apparent discrepancies are significant. Because of the
dependence on the distributions used, all models must be
judged in agreement with the data (cf. Ref. 9). In the case
of the six-quark model the distributions which fit the v
data best do worst on the v data and vice versa. Neverthe-
less, given the preliminary nature of the v data, and the
large errors, the model cannot be ruled out.

The doubleWfferential cross section for v scattering at
large y is a direct measure of the antiquark distribution in
the target. ' Specifically,

/dx dy
I &=i x I [u(x)+d(x)]/2+s(x)I"

d o~/dx dy i» i x[d(x)+s(x)P'

(3.6)

Unfortunately, y =1 is difficult to obtain experimentally
and a fit must be used to extract the antiquark distribu-
tion. This process introduces very large errors and no p
data is available for x ~0.25. The GDHS data for small
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FIG. 9. The %A25PA'A59 data on the ratio of the differen-
tial cross section der /dx for Ne to D. Model predictions: {a)
pion model {Ref. 12); {b) six-quark model; {c)dynamical rescal-
lng.

x and the predictions of the various models are shown in
Fig. 1I. A11 three models agree within the large errors.
Interestingly, there are tantalizing qualitative differences
between these models in the experimentally unmeasured
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0.4

region. Unfortunately the experimental situation looks
hopeless.

In connection with the predicted behavior of the tail of
the ocean distributions we would 1ike to draw attention to
the very sharp rise in the ratio that occurs in the version
of Berger, Coester, and Wiringa of the pion model. The
predictions are shown in Fig. 11 for comparison, with the
same Fermi distribution as in the Ericson and Thomas
version. The predicted cross section only falls by about 2
orders of magnitude at x =1 from its value at x=0.25
while in all the other models it essentially vanishes. This
is due to the contribution from the valence antiquark in
the pion, which in the model of Berger, Coester, and VA-

ringa can carry a sizable fraction of the momentum of the
nucleus. Not surprisingly, the predictions of Berger,
Coester, and Wirin a for the ocean which agree poorly
with antineutrino' ' data on heavy nuclei [see Fig. 17(b)
of Ref. 10 and Table 5 of Ref. 62] are in disagreement
with antiquark distributions obtained from existing
Dxell- Yan data. ' See below.

The ratio (3.6) may be integrated over x to obtain

FIG. 11. The CDHS data on the ratio of the ocean-quark
distributions in Fe to those in D. Model predictions: (a)
Ericson- Thomas pion model; (b) Carlson-Havens six-quark
model; (c) dynamical rescaling; (d} pion model of Berger, Coes-
ter, and %'iringa.

do' "/dy ~y

dcT~/dy
i y

(3.7)

which is the y =1 limit of the ratio in Fig. 10. The exper-
imental value for Fe is' RCDHs ——1.10+0.11+0.07. Con-
trary to the claims of Abramowicz et al. ' a larger value
is not imphed by the EMC muon data. For the various
distributions used in Fig. 11, the predictions of the pion
model are in the range 1.07&RLHs(1.16, those of the
six-quark model are in the range 0.98 (RcDHs (1.22, and
those of the rescaling model are in the range
1.04 & R CDHs & 1.06.

IV. NUCLEAR J/g PRODUCTION

The EMC effect shows that the quark distribution
functions per nucleon are not the same as for free nu-

cleons. Determining the precise nature of the changes is a
subject of high interest so one should also ask if the nu-
cleus modifies gluon distribution functions. Apart from
the overall fraction of momentum carried by the gluons,
DIS tells us nothing about the gluon distributions, so in-
formation on the gluons is a potential means of discrim-
inating models.

Finding accurate probes of gluons in the nucleus (or
even for the nucleon) is very difficult. Lepto-, photo-, and
hadroproduction of heavy mesons ( J/lt or Y), as well as
direct production of high-pT photons, are all sensitive to
the gluon distributions in nuclear targets. However, heavy
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meson production suffers from theoretical uncertainties in
the reaction mechanism, while direct photon production
requires colliding beam experiments. To date, only elec-
tromagnetic J/f production has been suggested as a
means to compare gluon distributions in heavy and light
targets.

In lowest-order QCD, the inechanism for electromag-
netic production of a heavy quark-antiquark pair is the
fusion of a real or virtual photon with a target gluon.
This photon-gluon fusion model, usually used in analyz-
ing J/f production, accounts reasonably well for the ex-
perimental data. In the model, the cross sections for
both quasielastic (where the photon energy is close to that
of the J/g) and inelastic production are proportional to
the gluon distribution function of the target. Thus one
can hope that the comparison of J/f production from
heavy nuclei with that from hydrogen or deuterium can
provide useful information about the nuclear gluon distri-
butions. However, the neglect of final-state interactions
(which depend on A) involved in the formation of the
bound meson state may not be justified.

The ratio of the total cross sections for inclusive J/P
production on iron and H2/D is plotted against

M~ /2m~v in Fig. 12. (Here v is the energy carried by
the photon. ) In the photon-gluon fusion model, this ratio
is equal to the ratio of the gluon distribution functions in
iron and an isolated nucleon, and the quantity M~z/2m+v
is essentially the momentum fraction x. Note that data
exist only for very small values of x ((0.08). Averaging
the experimental ratios of Fig. 12 over the available region
of x one finds that

0"'/o =1.4S+0.12 (statistical)
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+0.22 (systematic) . (4.1)

~e now confront the various models for the EMC ef-
fect with this J/itt data. Since gluons are found in pions
as well as nucleons, pion enhancement models predict a
nuclear modification of the gluon distribution per nu-

cleon. Rough estimates of the gluon distributions can be
obtained from counting rules. These give

o. c&

xg (x)=6(xs )~(1—x )

for the nucleon, but

(4.2)
I

O. t

x Mg gy /P, ~N p2
0.2

wg (w) =4( ws ) (1—w) (4.3)

for the pion; where (xs) and (ws) are the momentum
fractions carried by the gluons. Typically (xs ) and (ws )
are about —,'. Estimates of g (w) from J/g production '

suggest a somewhat smaller exponent of 1 —w than that in
(4.3). Hence we have also investigated

FIG. 12. Ratios of inclusive muoproduetion J/P cross sec-
tions (Ref. 30) vs x =Mq&~2/2m~v for different nucleon distri-
bution functions: 4,

'a) pion enhancement; {b) six-quark cluster; (c)
dynamical rescaling.

wg (w)=3(wg) (1—w) (4.4) As in the comparison ~th DIS we use the nucleon
momentum distribution of Eq. (2.3), derived from the
Fermi gas model. Since x is very small, the function
(x/y)g (x/y) may be replaced by its value at x =0. The
remaining integral on y is strongly constrained by the DIS
data. Thus the approaches of Ericson and Thomas and
Berger, Coester, and Wiringa yield very similar results
here. For the gluon distribution in the pion are use the pa-
rametrizations of Owens in connection with the

The nuclear-gluon-distribution function in the pion
enhancement model is [cf. Eqs. (2.1) and (2.8)]

(4.5)

xg "(x)=I dz f~(z) g —+ J dy f—"(y) g-
z z ~ y y
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momentum-dependent nucleon gluon distributions mf
Duke and Owens and Gluck, Hoffman, and Reya~'

while we use Eq. (4.4) with (its) =0.47, appropriate to
the NA3 distributions, in conjunction with Eq. (4.2) and

(xz )~——0.54, which is appropriate to the distributions of
Parker et a/. The computed ratios of gluon distribution
functions are shown in Fig. 12(a) and fall somewhat below
the data. There is little dependence on the parametriza-
tion used for the nucleon and pion gluon distributions. It
would appear to be difficult for this model to increase the
ratio substantially because it is constrained by the number
of excess pions per nucleon which is necessarily quite
small (about 0.14).

For the six-quark cluster model we have assumed, in
the spirit of Carlson and Havens, that the gluon distribu-
tion per nucleon in the six-quark cluster is given by

z6g (z6) =(12(zz )6/2)(1 —z6)" . (4.6)

Because of the assumption by Carlson and Havens that
the momentum fraction, (zz ) =0.57, carried by gluons in
a six-quark cluster is the same as for a nucleon, this once
more leads to ratios quite close to unity, as shown in Fig.
12(b). Note that there is little reason for assuming an
equality between (xz )z and (zz )6, but finding a justifica-
tion for invoking a difference would be difficult.

According to the intuitive arguinents of Refs. 24 and 26
concerning the origin of dynamical rescaling in an in-
creased confinement size, it is natural to expect that a nu-
clear gluon distribution will be relatixl to that in a nucleon
by72

g "(»Q~') =g"(»4~Q~') . (4.7)

Such a relation must hold if rescaling is to apply to the
singlet quark distribution, since the evolution equations
couple it and the gluon distribution. The resulting ratio
of iron to "nucleon" gluon distributions is shown in Fig.
12(c). We have used AN& ——1.87 and 1.83 for Ato ——200
and 400 MeV, respectively, according as to which of three
different parametrizations of the nucleon-gluon-
distribution function is employed. All sets lead to ratios
somewhat smaller than the observations. Although 001
is a "soft"-gluon distribution, while DO2 and GHR are
"hard, " the major difference in the ratios is due to the use
of three light flavors by GHR and their associated treat-
ment of thresholds, whereas DO use four flavors. The
differences shown in Fig. 12(c) reflect mainly the uncer-
tainties in current knowledge of the gluon distribution in a
nucleon. Furthermore, "dynamical rescaling is strictly
only well founded for 0.2&x." Thus the use of the x-
independent predictions for g~z at Qz =MJ ~~ is not jus-
tifiable within the terms of the model.

The problem of nuclear contamination in the distribu-
tions is an important worry. Almost all information on
the gluon distribution has been obtained from nuclear
data. The 001 distribution is directly constrained by
J/P production on a variety of nuclear targets and in-
directly by high-mass (Drell-Yan) dimuon production in
both p nucleus and pp collisions. 002 and GHR are
determined from scaling violations BF2(x,Q )/Bin(Q ),

but DO2 is also constrained by pp Drell- Yan data. Of the
three, nuclear contamination is expected to be the most
problematic for DOl. In the pion and rescaling models
most contamination is expected to cancel in the ratio.
This may be explicitly checked in the case of dynamical
rescaling by assuming that the three distributions are ex-
actly those appropriate to Fe. We find that this assump-
tion does lead to an appreciable increase in the ratios at
low x but that increase is still less than the difference be-
tween the three distributions shown in Fig. 12(c). Given
also that we have made no attempt to accurately fit the
parameter g in the case ALo ——400 MeV, we conclude that
the curves in Fig. 12 are not misleading.

Although the J/g data suggest a substantial enhance-
ment in the nuclear gluon distribution, they are available
only at very small values of x, where all of the models
have great uncertainties. There are also problems associ-
ated with the photon-gluon fusion model. The rescaling
model can predict a significant nuclear enhancement of
g "(x), but this depends on the choice of nucleon gluon
distribution. Nuclear J/f production cannot, at present,
be used to discriminate models of nuclear gluon distribu-
tions.

V. THE NUCLEAR DRELL-YAN PROCESS

In this section we consider reactions in which a high-
energy proton collides with a nucleus and produces a pair
of oppositely charged leptons (Drell-Yan process, Fig. 1)
leading to lepton pairs of high mass. For an excellent re-
view see Kenyon.

The p, P, and Y families of resonances stand out clearly
in the Drell-Yan process, and the search for other reso-
nances is still a strong motivation for these experiments.
However, the underlying continuum is our concern here.
Drell and Yan ' argued that the continuum of p+p
pairs produced in hadron-hadron collisions is due to the
quark-antiquark annihilation process of Fig. l.

The computed cross sections for lepton-pair production
depend on the longitudinal momentum distributions of
quarks and antiquarks. This feature has been exploited to
determine structure functions. For example, the Drell-
Yan process is the primary source of information regard-
ing the structure functions of mesons.

Another possible application of the Drell-Yan process
is the determination of the nuclear quark and antiquark
distributions. ' ' ' ' The antiquark distributions are
of most interest here, since the different models of the
EMC effect necessarily have similar quark distributions,
but the nuclear antiquark distributions given by the model
can differ significantly.

A. Dre11-Yan reaction mechanism

The property that allows the determination of structure
functions from the Drell-Yan process is the so-called
"factorization theorem. " This means that the Drell- Yan
cross section can be calculated as a convolution of parton
structure functions, which include the effects of soft
gluons, with hard-scattering amplitudes represented by di-
agrams of perturbative QCD (Ref. 78).
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Xfb(g»g ) (5.1)

where the a,b sums go over parton types (q,q,g). The f's
are parton distribution functions in the projectile (P) and
target ( T). The functions 8 are the hard-scattering am-
plitudes. In (5.1) M denotes the total mass of the lepton
pair (in its rest frame). Since the total four-momentum of
the lepton pair is equal to that of the virtual photon Q",
we have M =Q . The quantity y is the longitudinal ra-
pidity of the lepton pair:

Q'+Q'
Q' —Q'

The quantities x
&

and x2 are related to these by
'

1 j2 ' 1/2
M M

x) =e X2 ——e

(5.2)

(5.3)

where s is the square of the total four-momentum of the
projectile and one of the target nucleons. Other kinematic
quantities which are often used in studying DY data are

M~
(5.4)X'[X2y XF X] Xp e

The factorized form is remarkable: it says that the
proton-nucleus DY process is not influenced by initial-
state interactions. The physical basis for this result is the
high speed of the proton. If the time required for the in-
cident proton to pass through the nucleus is small com-
pared to natural times in the proton's rest frame; then the
proton wave function cannot be influenced until long after
the hard DY process takes place. This argument is initial-
ly due to Landau and Pomeranchuk. However, there are
limitations on its validity. " In particular, if the nucleus
were infinitely large, the time available for the proton to
interact with the target would be infmitely long and
initial-state interactions would invalidate the impulse ap-
proximation. The target-length condition necessary for
the validity of Eq. (5.1}requires thatso

Q »~nr&p 42 ~ (5.5}

where mN is the nucleon mass, I. is the length of the tar-
get nucleus, and p, is a typical hadronic mass on the order
of 350 MeV. For Fe, I.=2 X (1.1 X56'i ) fm and the con-
dition becomes

Q »(4 GeV )g'2. (5.6)

This is easy to satisfy. See also Ref. 81.
The @CD formula (5.1) is very successful in describ-

ing recent Drell-Yan data produced at low and high trans-
verse momentum at the CERN ISR. To apply Eq. (5.1)
the only requirements are parton densities extracted from
experiments, and an acceptable value for the QCD A pa-
rameter.

The double-differential Drell-Yan (DY} cross section
takes the form [see Eqs. (117) and (126) of Altarelli, Ellis,
and Martinelli7s]:

d2g dg) d/2 x ) xg
fO Cl&Q Ob

g
&

g
IQ

L

Before discussing the nuclear applications of this pro-
cess, we describe an approximation to the DY cross sec-
tion which is more usually used than the full @CD expres-
sion (5.1). The results of Altarelli, Ellis, and Martinelli
indicate that, over a fairly wide kinematic range, the cross
section can be well approximated by an expression with
the same form as in the naive parton model:

P 'I

d 0'

dM dxp

47T'tX + 1+2

9M & )+&2

XJ(.
' g e,~[q~(x~, g~)q r(x2, Q )

+q, (x &,g )q, (x2, Q )], (5.7)

where the sum on a runs over all flavors of quarks in the
target. If the naive parton model were correct, E would
be unity. The QCD corrections lead to a E which is ap-
proximately equal to 2. This approximation is valid pro-
vided that r is less than about 0.5, and that the transverse
momentum of the lepton pairs is not too large. Under
these conditions the full cross section can be written in the
form (5.7), and the dependence of K on the kinematics
can be neglceted. For ratios of cross sections the errors
introduced by using this approximation are even smaller.
The bulk of our results are therefore given using the
parton-model expression (5.7). However, some results of
calculations using the complete cross section of Altarelli,
Ellis, and Martinelli are presented below.

Our aim is to use the various models of quark distribu-
tion functions in the nucleus to compute the DY cross
section. The expression (5.7) depends on a different com-
bination of structure functions than that measured in DIS.
In particular, experiments can separate the term in which
a target antiquark is annihilated by making measurements
for fairly large values of x

~
for which the projectile sea is

essentially absent, thus providing information about the
target ocean.

It is worth emphasizing here that we advocate the use
of proton beams. Pion beams contain valence antiquarks,
so there is no kinematic regime sensitive to the target anti-
quark distributions.

B. Nuclear calculations

Searches for nuclear dependence of parton structure
functions have been carried out. ' If the impulse approxi-
mation were valid, the nuclear DY cross section would be
proportional to the number of nucleons, A. Indeed the A

dependence of the cross section do/dM is well approxi-
mated by a linear form when M is large enough, as shown
in Fig. 16(a) of Ref. 73. If the A dependence of da/dM
is parametrized by A /a is essentially unity for M &5
GeV. For smaH masses do/dM is proportional to A
as expected from nuclear shadowing. These data indicate
that the dominant effect of the target nucleus is to pro-
vide A nucleons. %e propose using the double-
differential cross section d2o/dMdy to look for an A
dependence similar to that seen in DIS. In certain
kinematic regions nuclear effects do stand out.
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FIG. 13. Drell-Yan cross-section ratios for Fe to 0 at
x& ——0.7 with differing choices of quark distributions in D: (a)
Ericson- Thomas pion model; (b) Carlson-Havens six-quark
model; (c) dynamical rescaling; (d) pion model of Berger, Coes-
ter, and Wiringa. Momentum-dependent distributions are
evaluated at Q =SO GeVi.

Our procedure is to study and compare the nuclear
Drell-Yan cross sections predicted by each of the different
classes of models. For ease of comparison with earlier
sections we shall continue here to show results for the nu-

clei Fe and D.
One can first work at small xi to see that the ratios of

Fe to D Drell-Yan cross sections reproduce the trends
seen in DIS. That this is indeed the case is shown in Ref.
32. The pattern of enhancement at low xi and depletion
at medium xz is reproduced in all of the models.

The target sea dominates at large x ~, and there one an-
ticipates significant differences between the models. The
essential results are displayed in Fig. 13 in which compar-
isons between the various models are made. Up to five
different sets of distribution functions are used for each
model.

It is worthwhile to discuss the kinematics used in mak-
ing the computations of Fig. 13. The ratios shown are
evaluated at a fixed value of Q (Q =50 GeV ). The re-
lation Q /s=xix2 indicates that the proton's laboratory
energy varies from about 1330 to 380 GeV as xz ranges
between 0.2 and 0.7. This huge range of beam energies is
very difficult to obtain. However there is another way to
look at these plots. We deal with ratios, and these are al-
most independent of Q . Varying the fixed value of Q
between 25 and 200 GeV changes none of the parton-
model ratios by more than about 2%. Thus the results of
Fig. 13 as well as the figures given below can also be
viewed as ratios obtained as fixed laboratory energy, cf.
Sec. V D below.

To organize the discussion of Fig. 13, first compare the
different models using one structure function set, say
DO1. Especially noteworthy is that each of the different

models presents curues with very different shapes. Huge
differences between the models are apparent. Results are
shown for xi ——0.7, but very similar results are obtained
for xi ——0.5. We next discuss some specific points.

The two pion enhancement models lead to very dif-
ferent DY results. The Ericson-Thomas approach gives
an f (y) which is large only for y &0.3 (Fig. 3). Hence
the enhancement of ocean quarks is limited to small
values of xz. This model can lead to some ocean enhance-
ment for all values of x2. This occurs when a bag radius
R of about 0.8 fm or larger is used. [For smaller values
of R, there are more excess pions and less momentum car-
ried by the nucleons, so one sees an enhancement for
x2 ~0.2 and a depletion for xi ~0.3 (Ref. 32).] In con-
trast, the excess-pion distribution of Berger, Coester, and
Wiringa extends to momenta greater than ma. This leads
to huge enhancements of the Drell-Yan cross section for
heavy nuclei.

Now consider the six-quark cluster model. The explicit
functional dependence on x2/2, Sec. III, leads to an
enhancement of q (x2) for values of xz greater than
about 0.2.

Dynamical rescaling predicts a modification of the an-
tiquark distribution function. One employs q(x, gg ) in-
stead of q(x, g ). This changes the DY cross section per
nucleon in heavy nuclei, but not by much. Typical values
of the ratio q(x, gg )/q(x, g~) are a 3% increase at small
x and a 5% decrease at large x. This small sensitivity is
caused by the slow, logarithmic variation of the distribu-
tion functions. Small changes are therefore expected in
heavy nuclei, as are seen in Fig. 13.

Next consider the sensitivity of our results to the choice
of pion and nucleon structure functions. For the nucleon
we have used the two parameter sets given by Duke and
Owens, as well as that of Gluck, Hoffman, and Reya and
the BEBC parametrizations of Parker et al. ; for the pion
we have used the NA3 results and the Q -dependent fits
of Owens. There are some minor quantitative differences
in the results, as shown in Fig. 13. The qualitative
features of the results are independent of the choice of
structure functions. However, the pion-enhancement
model of Berger, Coester, and Wiringa and the six-quark
cluster model are much more sensitive to these variations
than the other models. In the large-xi region of interest,
this is because the significantly enhanced values of q (xq )

make the ratio sensitive to variations, rather than because
of actual variations.

The very clear result of all of these considerations is
that models with very similar nuclear DIS predict very
different lepton-pair production rates. Thus, one can
reasonably hope that an accurately done Drell- Yan experi-
ment could distinguish the different models.

C. Experimental questions

It is worthwhile to ask if an experiment which com-
pares dio /dMidx~ for a light and heavy nucleus has ever
been done. In our survey of the literature it seems possi-
ble that experiments could have measured and compared
d cr/dM~dxr for different nuclei but the only published
results are for single-differential cross sections. A de-
tailed nuclear comparison of the double-differential cross
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section has not been made.
Another question is "can the experiment be donee" It

is helpful to consider existing data. The double-
differential cross-section data from the 1980 experiment
by the Columbia-Fermilab —Stony Brook (CFS) Collabora-
tion is shown in Fig. 14(a) of Ref. 63. The kinematic re-
gion that we require is x2-0.4—0.5 with rapidity, y &0.
That figure shows that the cross section of interest is not
too small. Our special region was of no particular interest
to those experimentalists and the error bars were fairly
large —typically 20%, although some as small as 5% ap-
pear. While a dedicated experiment ought to be able to do
better, the fact still remains that this data is for PT and
we desire a light nucleus for comparison. For such a nu-

cleus, the statistics could be worse. However, notwith-
standing these experimental errors, the CFS group claim
to be able to extract antiquark distributions in Pt with
very high accuracy, as shown in Fig. 14. This is possible
by using information from DIS on the quark distributions
in the proton beam.

Also shown in Fig. 14 is the momentum distribution of

the ocean extracted by the Michigan-Northeastern-Tufts-
Washington (MNTW) Collaboration from their DY data
on W. The uncertainty in the MNTW flt is comparable
to that of CFS and the respective fits are consistent with
each other. Note that both curves should be lowered by
an appropriate K factor. The presence of this factor is
primarily responsible for the discrepancy, visible at low x,
with data on the ocean extracted from neutrino experi-
ments ' on Fe. To our knowledge, no neutrino experi-
ment has been able to extract useful nonzero results for
the ocean distributions for x values as large as has been
managed by the DY experiments. Except for very small
values of x, where antineutrino DIS is most useful, Drell-
Yan seems to be the best way to determine antiquark dis-
tributions. Thus a DY experiment dedicated to sming nu-
clear effects could determine important information re-
garding nuclear parton distributions. The requirements
will be high statistics, very good control of systematic er-
rors, and data for large rapidity.

Even if accurate data on light nuclei are difficult to ob-
tain, any information on the ocean distribution for heavy
nuclei would still be of interest as the following example
illustrates. Also shown in Fig. 14 is the prediction of the
model of Berger, Coester, and Wiringa. Because the pion-
ic contribution to the ocean in the region 0.4&x &0.6 is
several times larger in this model than the nucleonic con-
tribution (which is strongly depleted), this prediction is
not sensitive to our poor knowledge of the free nucleon
ocean. As can be seen the disagreement with data is
marked. Thus structure functions extracted from DY
data can already eliminate a model which is compatible
with all other data. Berger has argued that the CFS ex-
traction of the antiquark distribution requires the model-
dependent assumptions that the cross section is linear in
A for all xi and x2 and, that the quark distribution is
taken from CDHS. However, we believe that these effects
of such assumptions are too small to cure the order-of-
magnitude discrepancy evident displayed in Fig. 14. Note
that the DY curves are actually Exq(x) whereas the curve
labeled Berger et al. is just xq(x).

IO CFS
D. @CD corrections

"""." Berger etal
t 1 i 1

0.2 0 4 0.6
Bjorken x

FIG. 14. Ocean distributions extracted from DY experiments
on Pt {solid curve} by the CPS collaboration (Ref. 63), and %
(dashed curve) by the MNT% collaboration (Ref. 64). The data
points for various Q bins are those of the CPS collaboration.
They are compared veith data extracted by the CDHS (Ref. 82)
HP%FOR (Ref. 83) collaborations. Also shown is the predic-
tion of the pion model of Berger, Coester, and Vfiringa at
Qi= 100 GeV2.

Our purpose here is to study the influence of the
leading-order QCD corrections in Eq. (5.1), and to verify
that the model differences displayed in Fig. 13 persist.
The gluon-Compton terms of Ref. 78 provide a contribu-
tion that we have not incorporated above. We find that
only minor variations (never greater than about 4%) are
obtained.

First, consider DY ratios of Fe to D cross sections for
the QCD expression of Altarelli, Ellis, and Martinelli (5.1)
and the parton model. Recall that the most significant
QCD corrections are incorporated in the K factor of Eq.
(5.7). Since we consider ratios, the E factor drops out if
{5.7) is used, but not with (5.1). We call the formalism of
{5.1) "QCD corrected. " The one of (5.7) is denoted by
"parton inodel, " even though QCD effects change the
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strength of the cross section.
For small xi, the QCD corrections do not change the

DY ratios in any observable way. This is expected, since
the valence quarks of the target dominate. The rescaling
(with DO2) and Ericson-Thomas pion models are used.
(No one knows the scaling violations of a six-quark bag. }
Our numerical results are for fixed laboratory proton en-

ergy.
For xi ——0.7 there is some very small infiuence of the

QCD corrections, see Fig. 15. The DY ratios for fixed s
are similar to those at fixed Q . The QCD effects are
largest for the smaller beam energy, which for fixed xixz
corresponds to smaller values of Q and larger values of
a(Q~). The large value of A employed in DO2 leads to

- (a) DOi

l

)
'

l

Parton
xl = 0.7

QCD

———-- 100 GeV
2

-----800 GeV
2

0.9—

0.8'
0 0.2 0.6 0.8

FIG. 15. QCD corrections to the ratio of DY cross sections
in Fe to D at x& ——0.7 for two proton beam energies. QCD-
corrected (dashed curve) vs "parton model" (solid curve): (a)
Ericson-Thomas pion model; (b) dynamical rescaling.

larger (by about a factor of 2) QCD effects than would be
obtained with DO1. These days the smaller value of 200
MeV is preferred.

The influence of QCD corrections can be neglected un-
less the DY experiment is done at low beam energy, and a
large value of A is required to describe scaling violations.

VI. SUMMARY

A detailed study of the models of the EMC effect re-
veals that each has significant flaws or uncertainties. For
example, all of the models are very sensitive to the choice
of free nucleon structure function. The six-quark cluster
model (Fig. 5) has huge variations at x (0. The dynami-
cal rescaling gives a structure function ratio (Fig. 7) that
passes through unity at x =0.1 if conventional structure
functions (e.g., Refs. 40 and 41) are used. This is in con-
trast with the CRR result of -0.2 obtained with their
own function. The pionic models depend on imprecisely
known parameters. The model of Berger, Coester, and
Wiringa is in confiict with antiquark distributions (Fig.
14) extracted from Drell- Yan and other data.

Nevertheless, we find that each model has characteristic
features, and most of the present paper is concerned with
determining the experiments that illuminate these.

Natural processes to consider are neutrino and antineu-
trino DIS on nuclei which enables one to extract separate
valence and ocean distributions. However, most models
make similar predictions for the valence distribution at
small x, and all the models we have examined are unreli-

able in this experimentally difficult region. In contrast we
have found substantial qualitative differences between
various predictions for the ocean at intermediate x
(&0.3). Unfortunately, the ocean is dying out in this re-

gion and current prospects for measuring the tail of the
ocean distribution with antineutrinos do not seem bright.
Thus, the (anti}neutrino data do not distinguish the
models.

The process of J/I( production in muon-nucleus col-
lisi.ons, which is a possible means to determine the nuclear
gluon distribution, is also considered. There are uncer-
tainties in the free-nucleon gluon distribution function, as
well as in the knowledge of the mechanism for J/g for-
mation. The data is also limited to very low values of x.
Thus this interesting process is not yet very useful in

separating the models.
The Drell- Yan lepton-pair production in proton-nucleus

collisions is in our view the process with the best pros-
pects for determining unknown aspects of nuclear parton
distributions. For the experimentally accessible kinematic
regions in which the annihilation of a projectile quark and
a target antiquark dominate, the characteristic features of
the predicted nuclear ocean distributions lead to very dif-
ferent DY production cross sections in the various
models. Depending on the model parameters, the pion
enhancement effect gives slight decreases or slight in-

creases to the nuclear DY cross section per nucleon. The
six-quark cluster model predicts huge increases, while
dynamical rescaling predicts small decreases. Moreover,
the shapes of the double-differential cross sections are
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very different for each of the models, Fig. 13. These qual-
itative features are not changed by using different input
data such as different parton distributions of the free nu-

cleon. Furthermore, QCD effects such as the gluon-quark
Compton scattering processes do not significantly change
the predicted ratios of nuclear (per nucleon} to nucleon
DY cross sections.
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