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Disentangling Explanations of Deep-Inelastic Lepton-Nucleus
Scattering by Lepton-Pair Production
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Deep-inelastic lepton-nucleus scattering has shown that the momentum distribution of
quarks in a nucleon is modified by the nuclear environment. Several different explanations
have been proposed. These can be distinguished by proton-nucleus scattering experiments
which measure the production of lepton pairs in certain kinematic regions.

PACS numbers: 13.60.Hb, 12.35.Ht, 13.85.Qk, 25.30.—c

A surprising recent discovery is that the nucleon
structure function, as measured in deep-inelastic
lepton-nucleus scattering' (DIS), varies with the
target nucleus. This phenomenon has become
known as the EMC (European Muon Collabora-
tion) effect. Determining its precise cause would
have important implications for nuclear quark dis-
tributions and wave functions. Three different
classes of explanations have been proposed:
enhancement of pionic components of nuclear wave
functions, the presence of six-quark clusters, " or a
rescaling of the momentum-transfer dependence of
the structure function. All give similar results for
the ratio of structure functions per nucleon for iron
(Fe) and deuterium (D) (see Fig. 1). We show
that proton-nucleus scattering experiments, in
which a quark and an antiquark annihilate to pro-

~

duce a lepton pair via a virtual photon (Drell-Yan
process), can help distinguish different explanations
of the EMC effect.

Measurements of the nuclear (or A) dependence
of the dimuon production cross section have been
carried out and no such effect has been observed.
However, no systematic search in the most ap-
propriate kinematic region (low x, , high x2, see Fig.
3) has been made.

In the basic dilepton production process a quark
(or antiquark) in the projectile, carrying momen-
tum fraction xt, meets an antiquark (or quark) in
the target carrying a fraction x2 of the target
momentum per nucleon, and they annihilate into a
virtual (timelike) photon. The virtual photon then
decays into a pair of real leptons. The cross section
per target nucleon, d a.jdxt dx2, is given by

d2

dx) dx2

K4 ge,'[q,'(x, )q T(x2) +q P(xt)q,~(x2) ].
9s x )x2

Here ~ is the fine-structure constant, e, is the quark (antiquark) charge for the flavor a, js is the energy in
the center-of-mass frame of the projectile and one target nucleon, and q, t ~ (x) and q, t ~ (x) are the projec-
tile (target) quark and antiquark momentum distributions. Recent calculations7 strongly suggest that the
QCD cross section for dilepton production "factorizes" and so can be written in the Drell-Yan form (1),
even when corrections for gluonic effects are included. These effects are represented by the enhancement
factor, K, which has been found to be independent of x~ and x2 as well as of the target and projectile.

The Drell- Yan process complements DIS. To see this, recall that experiments with lepton beams measure
the target structure function

F2r (x) = x g, e,' [q,T(x) + q,T(x) ], (2)

where x is the fraction of the momentum per nucleon of the nucleus carried by a single quark. Equation (1)
can be written in terms of F2 (x) if one assumes that the projectile ocean is SU(3) symmetric and defines
proton (projectile) valence-quark distributions u, (x) =q, (x) —q, (x). By adding q, (xt)q, (xz) to the
second term and subtracting it from the first term of Eq. (1) one obtains

d o- K4vro. 1 ~ 2 pZ,e, u, (xi)q, (x2) + q, (xt)F2 (x2) .T

dx~ dx2 9s x~x2 x2
(3)

Deviations of the proton ocean from SU(3) symmetry are small, so that Eq. (3) is a useful guide to our
results. [The numerical work uses Eq. (1).]

Equation (3) shows that, for very small values of x~, the comparison between a heavy nucleus and D
should be similar to the DIS results. This is because the projectile ocean contribution tends to dominate. On
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FIG. 2. Ratio of the Drell-Yan differential cross sec-

tion for Fe to that for D, as a function of x2, at x~ = 0.1.

FIG. 1. Ratio of the structure function per nucleon,
F2 (x)/A, for Fe to that for D. The experimental points
assume R = a-L/a. r is constant.

the other hand, for large xt the first term of Eq. (3)
dominates, providing a direct probe of the ocean-
quark distribution of the target.

We discuss (without criticism) each of the com-
peting explanations and its consequences for both
DIS and Drell-Yan production.

(l) Pion enhancement (Ref. 3).—From the point
of view of ordinary nuclear structure physics, this is
the most conventional proposed explanation. The
pion cloud of each nucleon is augmented by the at-

tractive interactions with surrounding nucleons, so
that the chance for an incident virtual photon to in-
teract with a pion instead of a nucleon is increased.
Such contributions occur mainly for values of
x & 0.2 in the Ericson-Thomas model but nonnegli-
gible effects can exist for larger values in Berger,
Coester, and Wiringa. Thus pionic enhancement
tends to increase the structure function at small x.
The constraints of momentum conservation require
that an increase in the momentum carried by the
pions lead to a decrease in the momentum carried
by the nucleons. This effect depletes (both the
valence and sea parts of) the nucleon structure
function over the range 0 & x ( 0.7 and here ac-
counts for the observed reduction at midrange
values of x.

(4)

results, displayed as a ratio of the Fe and D cross
sections; are given in Figs. 2 and 3, for x& ——0.1 and
0.7. For values of x2 & 0.3, use of this pionic
enhancement model causes the Drell-Yan process
in nuclei to be suppressed. The effect is especially
significant, and detectable, at large values of x&, it
is an immediate consequence of the sea suppression
in this model. The results are given for fixed
Q =xtx2s, though experiments are carried out at
fixed s. (Cross-section ratios are not very depen-
dent on Q .)

It is worth noting that the quark distributions of
Eq. (6) are sensitive to the specific model for
f (y). For example, if the one of Berger, Coester,

2533

q."(x)= Jl (dy/y)ftt(y)q. (x/y) +Jt (dy/y)f (y)q, (x/y),

where f (y) is the momentum distribution of the
excess pions per nucleon in the nucleus; that of Er-
icson and Thomas is used. ' The momentum distri-
bution of the nucleons, fv(y), is taken from the
nucleon Fermi-gas distribution, as modified by the
requirement that the momentum carried by pions is
removed from the nucleons (see Llewellyn Smith3).
(Effects of delta components of nuclear wave func-
tions are ignored since they are small. ) The pion
and nucleon quark distributions are from Badier
et al. and Parker et al. The results for F2'(x)/
F2 (x) obtained with Eq. (4) and this input are
sho~n in Fig. 1.

We also use Eq. (4) to calculate the cross section
for the Drell-Yan process on a heavy nucleus. The
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for a nucleus are

q,"(x) = (1 —f6)q, (x) + f6q,6 (x), (5)
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FIG. 3. Same as for Fig. 2, but for xi ——0.7.

and Wiringa (with its large extent in y) replaces that
of Ericson and Thomas, the Drell- Yan ratios are
enhanced for all x2. Indeed for x

&
= 0.7 and

x2 ——0.5 the ratio obtained from Fig. 6 (solid curve)
of Berger et al. is about 2.5.

(2) Six quark cluste-rs. The basic—notion is that
nuclear wave functions include six (or more)
-quark cluster components with significant probabil-
ity. For specific computations we use the six-quark
approach of Carlson and Havens (CH). However,
the results are typical of all models in this class.
According to QCD counting rules' the structure
function of a six-quark object is very different from
that of a three-quark nucleon. Thus DIS from a
nucleus containing these objects differs from that
on a nucleon. The resulting quark distributions"

where f6 ( = 0.3) is the presumed fraction of the
nucleons in Fe that form six-quark clusters. In this
model the sea is enhanced significantly at all values
of x, while the valence quarks are depleted in the
region between x = 0.1 and x = 0.7. These features
allow the model to describe DIS (see Fig. l).

Although the DIS results of the Ericson-Thomas
pion-enhancement model and the six-quark cluster
model are very similar, the Drell-Yan cross sections
are radically different (see Figs. 2 and 3). This is
because the sea enhancement, prevalent for all
values of x2 in the latter model, causes a large in-
crease in the Drell- Yan process for values of
x& & 0.5. Since the two models differ by as much
as 40% in kinematic regions that are experimentally
accessible, accurate Drell- Yan data can separate
these two models.

(3) Hybrid model Pio.—n exchange between nu-
cleons is a long-range effect, while six-quark cluster
formation is a short-range effect. Thus it is plausi-
ble that both are features of nuclear wave func-
tions. ' ' To obtain a hybrid model consistent with
the DIS data it is necessary to reduce the magni-
tudes of the nuclear pionic and six-quark cluster
components from the values used in the separate
models. For the pionic model this is achieved by an
increase of the nucleon bag radius from 0.7 fm
(used by Ericson and Thomas) to 0.9 fm. The
latter value is in better accord with nucleonic prop-
erties. ' Furthermore, a recent (p,p') scattering ex-
periment' which is sensitive to pionic enhance-
ments has found no such effects. Thus nuclear
augmentation of pions may be much smaller than
originally believed. Correspondingly f'6 is reduced
from 0.3 to 0.1. The resulting hybrid model con-
tains nucleons, pions, and six-quark clusters. The
quark distribution per nucleon is now

1 f

f~(y)q. —+ Jt f.(y)q: —+feq" l
(6)

where q is the momentum fraction per nucleon car-
ried by pions ( —0.03).

The hybrid model is essentially an average of the
pion-enhancement and six-quark cluster models.
Thus one expects that the nuclear DIS data will be
reproduced and the Drell-Yan results will be rough-
ly the average of those of models 1 and 2. That
these natural speculations are borne out is demon-
strated in Figs. 1—3, except at large x in Fig. 1

where the CH model lacks a correction for Fermi

motion. Thus a Drell-Yan experiment that finds no
3 dependence will not rule out pion-enhancement
or six-quark cluster formation. A reasonable, but
not unique, interpretation of such a result would be
that both effects are present.

(4) Rescaling the momentum transfer (Ref. 5).—
As shown by Close, Roberts, and Ross (CRR), the
Fe structure function evaluated at 0 is similar to
that of D evaluated at (0 ((=—2 for the Fe tar-
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get). This scale change could be due to an increase
in the confinement size, but the exact mechanism is
not specified. (The models of Refs. 3 and 4 incor-
porate some deconfinement effects. ) The conse-
quences of the CRR approach for DIS and the
Drell-Yan process may be found by use of the QCD
evolution equations to obtain quark distributions at
gQ from that at Q . The features of such a pro-
cedure are well known: As Q increases the
valence quark distribution is suppressed at large x
and (at small x) the sea is enhanced. At larger
values of x, the sea is also suppressed. To obtain
specific results, we use the quark distributions of
Gluck, Hoffmann, and Reya' and compare them
for Q2=25 GeV (for the nucleon target) and 50
GeV (for Fe). We find that the sea is enhanced
for x & 0.1, but suppressed for x ) 0.2. This,
along with the valence suppression, gives a reason-
able explanation of the DIS data (Fig. 1). Because
of the sea-quark depletion at medium x, one ex-
pects the Drell-Yan results of the CRR approach to
be qualitatively similar to those of the pionic-en-
hancement model. This is the case, but the effects
are weaker in this rescaling model (see Figs. 2 and
3).

A final question is whether an experiment would
be limited by small cross sections. This is not the
case; the computed cross sections for x&=0.7 and
x2=0.5 are comparable with the ones measured to
10'/0 accuracy in typical Drell-Yan experiments. 6

Different models that "explain" the nuclear DIS
data lead to different sea-quark distributions. This
could enable the Drell- Yan process to ferret out the
correct explanation.

We thank R. K. Ellis, S. D. Ellis, and J. R. Ruth-
erfoord for useful discussions. This work was sup-
ported in part by the U.S. Department of Energy.

tJ. J. Aubert et al. , Phys. Lett. 123B, 275 (1983).
2A. Bodek et al. , Phys. Rev. Lett. 50, 1431 (1983), and

51, 534 (1983); R. G. Arnold et al. , Phys. Rev. Lett. 52,
727 (1984) .

M. Ericson and A. W. Thomas, Phys. Lett. 128B, 112
(1983); C. H. Llewellyn Smith, Phys. Lett. 128B, 107
(1983); E. L. Berger, F. Coester, and R. B. Wiringa,
Phys. Rev. D 29, 398 (1984); J. Kubar, G. Plaut, and
J. Szwed, Z. Phys. C 23, 195 (1984).

4R. L. Jaffe, Phys. Rev. Lett. 50, 228 (1983); C. E.
Carlson and T. J. Havens, Phys. Rev. Lett. 51, 261
(1983).

~F. E. Close, R. G. Roberts, and G. G. Ross, Phys.
Lett. 129B, 346 (1983); R. L. Jaffe et al. , Phys. Lett.
134B, 449 (1984); F. E. Close et al. , Rutherford Ap-
pleton Laboratory Report No. RAL-84-028 (unpub-
lished); O. Nachtmann and H. J. Pirner, Z. Phys. C 21,
277 (1984).

sl. R. Kenyon, Rep. Prog. Phys. 45, 1261 (1982).
7G. Altarelli, R. K. Ellis, and G. Martinelli, Nucl. Phys.

B157, 461 (1979); J. C. Collins, D. E. Soper, and G. Ster-
man, Phys. Lett. 134B, 263 (1984).

sJ. Badier et al. , Z. Phys. C 18, 281 (1983).
9M. A. Parker et al. , Nucl. Phys. B232, I (1984). For

the parameter y (describing the sea) we use the newer
value 6.18 from M. Jonker et al. , Phys. Lett. 128B, 117
(1983), instead of the Parker et al. value.

toD. Sivers, Annu. Rev. Nucl. Part. Sci. 32, 149 (1982).
We use the nucleon structure function of Ref. 9 in-

stead of that of CH. This causes negligible changes for
DIS and facilitates Drell-Yan comparisons. The qualita-
tive results for Drell-Yan ratios are not influenced by the
choice of nucleon structure function.

See, e.g. , E. M. Henley, L. S. Kisslinger, and G. A.
Miller, Phys. Rev. C 28, 1277 (1983).

t3A. W. Thomas, Adv. Nucl. Phys. 13, 1 (1983).
t4T. A. Carey et al. , Phys. Rev. Lett. 53, 144 (1984).
i5M. Gluck, E. Hoffman, and E. Reya, Z. Phys. C 13,

119 (1982).

2535


