
j manuscript hn been tHithorid
> contractor of Ihi U, S. Government

jnder contract*. No. W-3I-I09-ENG-38.
4ccordin<r<v, th* U. S. Government retains •
lontxelus'vji. royally-free license to publish
>' rev-cduji the published form of this
:ontributio«* or allow othtrs to do so, for
J. S. Government purposes.

June, 1985

INTERPRETATIONS OF THE NUCLEAR DEPENDENCE
OF DEEP-INELASTIC LEPTON SCATTERING

Edmond L. Berger

High Energy Physics Division CONF-8503146—2
Argonne National Laboratory

Argonne, I l l i n o i s 60439 DE85 018413

ABSTRACT

A review is presented of data and theoretical interpretations of

A dependent effects observed in the deep inelastic scattering of neutrinos and

charged leptons from nuclei. After a detailed summary of the experimental

situation and survey of the broad spectrum of proposed explanations, I

concentrate on the implications of a pion exchange model. This conventional

nuclear physics approach provides a unified quantitative description of all

features of the present data except, possibly, for the normalization at

small x. The pion exchange model reproduces the magnitude and shape of the

depression below unity of the ratio of structure functions F^x.Q )/F?,(x,Q )

for 0.2 < x < 0.6, observed in all experiments, its rise above unity as x •>• 1,

and the weak enhancement of the antiquark distribution q (x) demonstrated by

the neutrino experiments. If the normalization of the European Muon

Collaboration data is reduced by 5%, the model would be in fine agreement for

all x. Expectations are presented for the A dependence of massive lepton pair

production in hadron collisions. The review concludes with a list of

desirable future experiments.
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1. INTRODUCTION

Sustained interest in nuclear effects in deep inelastic scattering in

both the particle physics and the nuclear physics'* communities may be traced to

the observation that the inelastic structure function F2(x,Q2) of an iron

nucleus differs significantly, as a function of the Bjorken scaling variable

x, from the structure function of deuterium. This phenomenon has become known

as the EMC effect, based on its first observation by the European Muon

Collaboration1 (EMC). More recent experimental work2"5 by other groups has

confirmed important features of the original data, while raising questions

about the x and/or Q2 dependences at small x (x < 0.2). Here Q2 is the usual

square of the invariant four-momentum transfer from the initial to the final

lepton. The EMC effect has led to a wide spectrum of theoretical interpreta-

tions.6"14

In this paper I present a review of theoretical interpretations of the

deep inelastic lepton data, and I discuss implications for other hard-

scattering,processes. In Section 2, I begin with a summary of data from both

neutrino and charged lepton beams, discuss their consistency, and offer some

qualitative observations on their implications. Throughout this paper REMc
 i s

used to denote the ratio F^(x,Q2)/F^(x,Q2); F£(X,Q 2) is the inelastic

structure function per nucleon measured from nucleus A. The subscript "EMC"

is helpful, if not indeed necessary, to avoid confusion wiih the traditional

use of R to denote the ratio of the cross sections for absorption of

longitudinal and transverse currents, uL/crT. Information from neutrino

experiments ' is expressed best in terms of a potential enhancement of the

antlquark probability distribution (per nucleon) measured in nuclei, q (x).

Section 3 Is devoted to a survey of the broad spectrum of theoretical



interpretations proposed for the EMC effect. Some of these imply radical

departures from conventional views of the nucleus, suggesting that quark and

antiquark degrees of freedom must be treated explicitly as degrees of freedom

of the whole nucleus. In Section 4, I concentrate on a "conventional" pion

exchange interpretation ' of the EMC effect that I developed at Argonne in

collaboration with Fritz Coester and Robert Wiringa. Its implications for the

valence and sea quark momentum distributions in nuclei are emphasized in a

relatively model independent manner. Comparisons are presented with data on

REMC< X»Q 2> a n d qA<x,Q2>.

My principal conclusion is that the plon exchange model provides a

unified quantitative description of all important features of the data except,

perhaps, for the normalization of Rg^(x,Q ) for x < 0.2. The model

reproduces the magnitude and shape of the depression of ^EMC^3^ below unity

for 0.2 < x < 0.6, observed by all experiments, the rise of ^g^(x) above

unity as x •*• 1, and the weak enhancement of q (x) demonstrated by the neutrino

experiments. The "sore thumb", the magnitude of the excess above unity of the

, fiatio REMC^ X^ ^ o r x ^ 0.2, is observed only by the original EMC experiment.

If the normalization of the EMC data on REMC^ X'^ 2^ 1 S r e d u c e d b v 5^» the model

would be in perfect agreement. This 5% reduction is within the range of

experimental normalization uncertainties.

The absolute normalization of the data on REJ^Q(X,Q ) for small x is

crucial. If the magnitude is as large as indicated by the central values of

the original EMC data, then conventional nuclear physics cannot explain the

effect and "new physics" is indicated. However, if new experiments at high Q

confirm a magnitude 5 to 7% lower, consistent with the quoted uncertainties of

the original experiment, then the pion exchange model provides an adequate



interpretation of all the data, and no "new physics" need be invoked.

Different approaches developed to explain the EMC effect in FA(x,Q2) make

different statements regarding the x dependence of the antiquark density

q (x). For example, in the pion exchange model » and in cluster models,

q (x) is broader than qN(x). On the other hand, in rescaling models, •

q (x) is expected to be a narrower function of x. These differences may be

examined experimentally in massive lepton pair production (the Drell-Yan

process), hA + y X, as described in Section 5. Inelastic photoproduction or

leptoproduction of bound heavy onium states, e.g. yA •»• y'J/iJi X, should provide

information on the A dependence of the gluon structure function, G (x,Q^).

I conclude in Section 6 with a wish list of future experiments.

2. SURVEY OF PERTINENT DATA; NOTATION

2.1 Deep Inelastic Muon and Electron Scattering

The measured doubly differential cross section d cr/dQ dx for yA •*• y'X or

eA + e'X may be expressed in terms of the inelastic structure function per

nucleon, F^Cx.Q2) as

2 2 2
d o 4ira r,, » . y
dQ2dx

In this equation, x is the usual Bjorken scaling variable, defined as

M

Here p^ is the four-vector momentum of the target nucleus, and q is the four-
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vector momentum transfer between the initial and final lepton; Q = -q . M

denotes the nucleon mass. For scattering from a nuclear target, the

kinematically allowed range of x extends beyond unity. In Eq.(l), y =

Q /(2MEx), where E is the lab energy of the incident lepton, and R = o^/oj is

the ratio of the cross sections for absorption of longitudinally and
transversely polarized virtual photons.

1 ^In Fig.1, available data are collected on the ratio of the

differential cross sections for the scattering of electrons and inuons from

iron (Fe) and from deuterium (D):

aFe(x,Q2)

oD (x,Q2) (3>

Calculations in the context of the quark parton model yield predictions for

FA(x,Q ) and, therefore, we wish to interpret the data in Fig.l as the ratio

of the structure functions, F|e(x,Q2)/F2(x,Q2). Inspection of Eq.(l) shows

that this ratio is precisely equal to the ratio of the cross sections j_f_ R =

al/°T i s independent of the baryon number A of the nucleus.

In the cases of the EMC and BCDMS data, R is measured to be negligible

for the ranges of x and Q represented in Fig.l. Correspondingly, for these

two experiments, the data points represent the ratio F ^ / F S unambiguously. In

the case of the SLAC data, the measured values of o>/crT are not negligible and

may exhibit dependence on A. Unfortunately, the SLAC measurements of R have

been made thus far only in the region of x where no discrepancy is observed in

Fig.l between the SLAC eN and the CERN pN data samples. For Q2 = 5 GeV2, and

an average x = 0.5, the measurements provide Rpe - RD = 0.152 + 0.066, a two

standard deviation effect. It has been noticed by several authors that if



one assumes that this average value applies for all x, then one can extract

from the SLAC data an experimental ratio F|e(x,Q2)/F2(x,Q2) which agrees well

with the CERN uN data, including the magnitude of the excess of Rgĵ Q above

unity for x < 0.2. Given the uncertainties in the data themselves and in the

assumption of x independence of R, I think it is preferable to leave the data

unaltered. Throughout this paper data on the ratio REMC^ X'Q ' defined in

Eq.(3) will be used as published by the experimenters. Theoretical curves,

however, will always be the ratio FA(x,Q2)/F2(x,Q2).

Among the qualitative features evident in Fig.l, all experiments agree

upon the depression of REMC below unity in the region 0.2 < x < 0.8. Only the

SLAC data extend coverage to x large enough to observe an increase of RgjyjQ

with x as x *• 1. For x < 0.2, the CERN EMC data show a pronounced rise of

~15Z in REMg(x,Q ) as x +• 0, whereas the SLAC data indicate no enhancement of

%MC a b ° v e unity in this region of x.

In addition to the influences of o^fa^, other phenomena may contribute to

the different patterns exhibited at low x in Fig.l. These include possible

dependence of REMC(x,Cr) on Q , and a possible error of up to 7% in the EMC

group's relative normalization of the iron and deuterium data (in addition to

the indicated systematic uncertainty). The EMC and BCDMS data samples were

obtained at large Q2 (EMC: <Q2> « 200x GeV2), whereas the SLAC data points at

low x are associated with Q of 2 and 5 GeV . While only a small dependence

of REMC on Q
2 (=10% between Q2 = 5 and 20 GeV2) is needed at small x to bring

the SLAC and CERN data into agreement, there is no evidence within the

individual data samples for a trend of this sort. If the EMC data points are

reduced in normalization by 5%, the EMC and BCDMS points would be in better

agreement. Moreover, any discrepancy between the SLAC and CERN data would be



limited to the interval x £ 0.1 where non-asymptotic effects may be

significant in the range of Q covered at SLAC. The overall normalization of

RgM«(x) at small x is quite important, as will become clear when theoretical

interpretations are discussed in Sections C and D.

The Fe data of the BCDMS group shown in Fig. 1 do not extend to small

enough values of x to establish whether R E^Q(X) in their case rises clearly

above unity for x < 0.2. However, data taken by the same group with a N£

target extend down to x = 0.1 and demonstrate that RgM^(x) does indeed exceed

unity in the interval 0.1 < x < 0.3.

Since Fe and D each contain approximately equal numbers of neutrons and

protons, and, thus, equal numbers of up and down quarks, the x dependent

effects shown in Fig.l are not associated with a difference in the x

dependences of up— and down-quark densities u(x) and d(x).

2.2 Structure Functions in the Parton Model

For deep-inelastic muon or electron scattering, F2(x,Q ) may be expressed

as a sum over contributions from the different quark and antiquark flavors:

F2(x,Q
2) = x I e2[qf(x,Q

2) + qf(x,Q
2)] . (4)

Here ej denotes the fractional charge of the quark of flavor f, and qj(qf) are

the quark (antiquark) probability distributions. For deep-inelastic neutrino

scattering, Eq.(4) is replaced by one in which the factor ei is omitted.

The success of the parton model indicates that quarks and antiquarks in

nucleons behave as if they are free and non-interacting when the nucleon is

probed at large Q2 in deep inelastic scattering. The same incoherence

assumption was expected to be valid at the nucleon level for deep inelastic
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scattering from a nucleus. Thus, prior to the EMC data, it was assumed that

to a good approximation

(A-Z)F£(X,Q2) , (5)

except for x < 0.01, and for x > 0.6. Here FJ> and F^ are structure functions

for free protons and neutrons, respectively. At small x (e.g. x < 0.01)

shadowing was expected to cause deviations from simple additivity, whereas

Fermi smearing associated with motion of nucleons within the nucleus would

violate Eq. (5) at large x (x > 0.6). However, for intermediate values of x,

traditional interpretations of the quark-parton model led to the expectation

that RKMC^ X) W O U ^ be ver>y nearly unity and show no significant dependence on

x.

An isoscalar nucleus N contains equal numbers of protons and neutrons.

Thus, one may define a structure function per "isoscalar" nucleon as

= I[FP(x,Q
2) + Fn(x,Q2)] . (6)

Isospin symmetry relationships between up and down quark densities in the

proton and neutron state that u^(x) = dn(x), d^(x) = un(x). Likewise, for the

strange quark content, s^(x) = sn(x). For deep-inelastic muon and electron

scattering these allow us to rewrite Eq.(6) as

) = i {| x[u(x) + u"(x) + d(x) + d(x)] + | xs(x)} . (7)

In Eq.(7), all quark and antiquark densities refer to those for free protons;



s(x) = s(x) is assumed, and we ignore any contributions from the charm sea.

The Q2 dependence of the densities on the right hand side has been suppressed

in the notation.

Making the usual decomposition of u(x) and d(x) into valence and sea

components, uvai(x) - u(x) - u(x), one may define the valence and sea

components of an isoscalar nucleon as

SN(x) - I [u(x) + d(x)] . (9)

Because the total number of valence quarks in a proton is three, / VN(x)dx =

3/2.

In terms of Eqs.(7)-(9),

tf (x,Q2) = x[| VN(x,Q2) + i|. SN(x,Q2) + | s(x,Q2) ] . (10)

The further assumption of SU(3) symmetry for the ocean would allow us to

simplify Eq.(10) by equating s(x) with SN(x).

The rise of REMC with x as x + 1 is interpreted usually in terms of Fermi

smearing. In the region 0.2 < x < 0.8, the valence quarks dominate the

behavior of F2(x,Q ). Correspondingly, the depression of REM£ below unity in

this region of x indicates a decrease with A of the valence quark momentum

distribution for x > 0.2, i.e. a degradation of momentum carried by the

valence quarks. For x < 0.2, both valence and sea quarks contribute

significantly to F2(x,Q ), with the sea becoming increasingly important as
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x ->• 0. The rise of REMC(x,Q ) as x + 0 has been discussed in terms of a

n

significant increase of the sea with A, an interpretation challenged by

neutrino data, as discussed below.

2.3 Neutrino and Antineutrino Experiments

The doubly differential cross sections for deep inelastic neutrino and

antineutrino scattering are

-y) • Tt&Tp?^ t <r - £ - ? W » • UD

Here R = ffL/crT = FL/2xFp with FL = F2 - 2xFj.

Again, if isospin invariance is assumed and the contributions of heavy

flavors such as charm are neglected, the structure functions per nucleon for

scattering from an isoscalar target N may be expressed as

= x[u + d + u + d + 2s] ; (12)

— —
= x(u + d - u - d + 2s) ; (13a)

^ = x(u + d - u - d - 2s) . (13b)

In the simple case in which R=0, F2 = 2xF1, and Eq.(ll) may be rewritten as
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,2 vN _ 2 W , _
2_£_ = £JEx[(u + d + 2a) + (l-yr(u + d)] ; (14a)

2 vN 2 ,
£ * _ = £2*5. x[(u + 3 + 2s) + (l-yr(u + d) ] . (14b)
dxdy IT L

Inspection of Eq.(14) shows that one may extract the separate momentum

distributions of the quark and antiquark contributions either from data on the

y distributions at large y or from linear combinations of a and orV •

Particularly interesting for the purposes of this review are the antiquark

momentum distribution

xq"(x,Q2) = x(u + d + 2 B ) , (15)

obtained from o (x,y) at large y, and the valence quark momentum distribution

xVN(x) - | x ( u + d - u - d ) , (16)

obtained from the difference u v W - a v . [V (x) was defined previously in

Eq. (8)).

In the CDHS experiment-, the sea combination x(u + 3 + 2s) observed in Fe

is extracted from the antineutrino y distribution at large y, and the x(3 + s)

sea observed in hydrogen is? also extracted in a similar fashion. Their ratio

is reproduced as R- in Fig. 2. Here,

n f* n2l - X ^ X » Q 2 > + d(x,Q2) + 2g(x,Q2)]Fe

q 2x[d(x,QZ) + s"(x,(T)]P

No significant deviation from unity is observed. For the ratio of the seas
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integrated over x,

K s / dx x(u + d + 2s)
F e ^

q 2 / dx x(d + s) p

a value of 1.10 ± 0.11 ± 0.07 is quoted. These data correspond to an average

Q2 = 66x GeV2. The ratio Foe(x)/FR(x) is also studied in the CDHS neutrino

experiment. While no significant deviation from unity is observed, the

results also agree within experimental uncertainties with the SLAC results on

F2Fe(x)/F|D(x). The neutrino data^ on R E M C ^ disagree with tb<» magnitude of

the rise at small x observed in the EMC data, Ref. 1. As remarked above in

the discussion of the comparison of the EMC and SLAC data, it is possible that

the discrepancy at small x may be due to the fact that the neutrino results

are obtained at smaller values of Q .

A comparison of v and v data on H£ and Ne was made by the BEBC TST group,

and one of v data on D2 and Ne was made by the BEBC WA25/WA59 group. The

ratios of the cross sections d a/dydx show no rise at small x or at large y.

According to the analysis of Sarkar-Cooper ̂ t_ al_. , a large (e.g. 35%)

increase in the sea distribution can be excluded, whereas some support is

found for a softening of the valence quark momentum distribution. At low x,

the Q2 range spanned by these v,v data is 2 < Q2 < 10 GeV2, with <Q2> =

3.7 GGV at x = 0.075, but no Q variation is observed across the entire x,y

5 — —plane. The vNe, vD2 data also do not support A dependence of R = <JL/aT as a

possible explanation for the discrepancy at small x between the original EMC

data on REMc
 and a^ ° t n e r data.
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2.4 Massive Lepton Pair Production

Neutrino data provide the most direct way to extract the antiquark

distribution functions of nucleons. Massive lepton pair production—the

Drell-Yan process—offers another method. As has been discussed by several

authors,*" the A dependence of the cross section a(pA -»• y X) in carefully

chosen kinematic regions is determined by the A dependence of the ocean quark

90distributions of the target A. Data are shown in Fig. 3. In this figure,

cross sections for Pt and Be are compared as a function of the invariant mass

M of the virtual photon. The quantity a is defined as

( 1 8 )

The cross section aA denotes the differential cross section d a/dMdy at y = 0

for pA + Y X at 400 GeV/c. To the accuracy of the data available, no

significant dependence on A is observed. Averaged over mass, <a> =

1.007 ± 0.018 ± 0.028, for 5 < M < 11 GeV. The interpretation of these and

other data is discussed in Section 5.

2.5 Data Summary

i) All experiments agree that REMC(X,Q 2) ^ * ̂ o r ^»2 < x < 0.6. This

implies that the valence quark momentum is degraded,

ii) For x < 0.2, REMC(x,Q
2) > 1 at "high" Q2. Thus, at high Q2, there is a

change in the valence quark distribution at small x and/or the ocean is

enhanced there,

iii) As x •*• 1, REM<n(x,Q ) is the ratio of two small quantities which are

changing rapidly with x. The rise of Rgwg(x,Q ) as x + 1 may be due

17 17
entirely to Fermi smearing,1' but collective dynamical effects may
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also contribute,

iv) The neutrino and antineutrino data indicate at best only a small

enhancement of the ocean in Fe over that in D2: Rq(x) = l»10 ± 0.10.

Massive lepton pair production data may also be consistent with a small

increase (if any),

v) Other than the discrepancy at small x between the SLAC and CERN data, no

significant 0/ dependence is observed in REMC(x,Q ).

vi) The deviations of REMC(x,Q'
t) from unity increase as A is increased,

perhaps proportional to In A.

3. SPECTRUM OF INTERPRETATIONS

2
In all aporoaches, deep-inelastic lepton scattering at large Q occurs

from quarks and antiquarks. Distinctions have to do with the manner in which

the quarks and antiquarks are grouped (or confined) into color singlet degrees

of freedom within the nucleus. I will identify four major distinct approaches.

3.1 Full Deconfinement

In this approach, nucleons are ignored as the relevant degrees of freedom

in a nucleus. It is assumed that there is some reasonable probability that

the quarks and antiquarks are free to propagate throughout the nuclear volume,

considered as one "bag". Because of the enlarged size of the region over

which quarks and antiquarks are confined, smaller momenta are enhanced. This

leads to a degradation of the valence quark momentum distribution and

enhancement of the ocean. My own view is that this relatively unconstrained

scheme is unwarranted by the present experimental situation in deep inelastic

scattering, and that it ignores too much of the traditional success of nuclear

physics in describing nuclei as bound systems of nucleons.
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3.2 Multinucleon Correlations and Clusters

In this category I place those models in which nucleons, as the relevant

degrees of freedom, act in a dynamically correlated fashion or are grouped with

some probability into multinucleon clusters such as dibaryons, a particles,

and .so forth. In a cluster of 3N quarks, the scaled longitudinal momentum of

a given quark may extend to x = N, whereas in a free nucleon x is restricted

9 1

to x < 1. Proponents of the cluster approach use constituent counting rules"

or other prescriptions to specify the momentum sharing of the quark and anti-

quark constituents within the baryonic clusters. For example, counting rules

suggest that dibaryons provide quark structure functions per nucleon behaving

as (l-x/2)p, with p = 9 or 10. However, constituent counting rules were not

intended to apply in the small and intermediate regions of x where the behavior

of REMC^X^ * S m O S t startling. To the extent that they are predictive, these

prescriptions apply to the large x behavior of R E M Q ( X ) . Thus, they may be

relevant for explaining the rise of Rg^(x) as x + 1, if Fermi smearing is

insufficient. On the other hand, when fits are made to data, it is the low to

intermediate region of x which fixes the parameters of the models.
In a model based on six quark color neutral dibaryon clusters, Carlson

1 9
and Havens set

F^(x,Q2) = / dzf (z)Fj[| ,Q2] + / dzf (x)Fj[i ,Q2] , (19)
z>x z>x

with fN(z) = (l-f)6(l-z), and fB(z) = - f6(l-z). They choose f = 0.3 and

•n

ignore Fermi smearing. In Eq. (19), F^ is the structure function of the

dibaryon. Baryon number conservation is satisfied, as well as momentum

conservation,
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/ dz zfN(z) + / dz zfB(z) = 1 . (20)

In Fig. 4, a comparison is presented of the Carlson-Havens model with data.

22These curves were computed with the CDHS structure functions for the nucleon

and the Carlson-Havens formulas for the dibaryon structure functions. The

value f = 0.3 implies that 15% of nucleon pairs are dibaryons.

3.3 Rescaling and Possible Change in Size or Confinement Scale

Let r^ denote the effective radius of a nucleon bound within nucleus A,

and let mA denote the effective mass of the bound nucleon. It has been

conjectured for various reasons that nucleons either expand within nuclei,

r« > r™, or have lower masses, m^ < m^. Scaling laws may then be motivated in

'which

N
or

These expressions lead one to expect RgjjC^x^ ^ >̂ an<* tney may be relevant

therefore for the behavior of valence quarks, as long as x £ 0.7. They must

be supplemented by other assumptions if they are to explain a rise of RRMC^ X^

above unity for either small or large x.

In a recent series of papers it has been argued that the EMC effect may

be explained in terms of a change in the effective value of Q^ in nuclei.

Specifically, a "re-scaling parameter" 5A(Q
2) i s introduced, and it is

postulated that
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F^x.Q2) - F^(x,CA(Q
2)Q2) . (23)

The model is said to apply in the valence quark region, 0.2 < x < 0.7, but may

not be applicable for the antiquark distribution.10 Since Fermi smearing is

9 9

ignored, the model does not work for x £ 0.7. For 0/ = 20 GeV , the value

5 F e = 2.02 is claimed
10 to provide good agreement with the EMC data.1 This

9 2
hypothesis may be tested using the CDHS structure functions employed

throughout this paper. In Fig. 5 results obtained from Eq. (23) are compared

with data and with the results of the pion exchange model discussed in

Section 4. Following Ref. 10, Q2 is set equal to Q2 = 200x + 10 GeV2, and

5(Q ) - 5(QQ) . (24)

To bring the rescaling model into accord with the EMC results one would

have to assume an error of 7.5% in the relative normalization of the iron and

deuterium data, as is done in Ref. 10. This is at the outside edge of the

possible uncertainty quoted in Ref. 1. To examine whether the relatively poor

agreement in Fig. 5a might be due to the choice of structure functions, the ratio

F^e(x,Q2)/F|e(x,Q2/C) was computed from published23 EMC data for F|e(x,Q2).

9

The points so obtained are in agreement with the Q rescaling curve shown in

Fig. 5a. The computations were repeated with the Duke-Owens structure

functions, with essentially identical results.
A quantitative fit to the SLAC data2 for 0.1 < x < 0.7 may be obtained

from Eq. (23) if one fixes Q2 = 10 GeV2 and % = 1.52. However, this value c

£ is not that proposed in Ref. 10, and Q2 = 10 GeV2 is not applicable for
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all x for the SLAC data.

Since the QCD bound state problem is far from solved, it is unclear what

the relationship is between £ and the physical size of a nucleon. The authors

of Ref. 10 interpret their results in terms of an increase of 15% in the

effective size of nucleons in Fe nuclei. The similarity of the trends of the

EMC data and the rescaling curve has led to broad acceptance11 of the

qualitative conclusion that the quark confinement scale increases when a free

nucleon is embedded in a nucleus. While this concept may be correct

physically, the quantitative support for it in Fig. 5a is not compelling.

3.4 Conventional Nuclear Physics

In this traditional approach the essential hadronlc degrees of freedom in

f\ 7 P

nuclei are nucleons (including isobars, such as the A) and mesons. »» In

these models, the role of quantum chromodynamics (QCD) is confined to the

description of the structure of single hadrons. The models cannot be

"derived" from QCD since even bound-state wave functions of single hadrons

cannot, at present, be obtained in this manner. However, in any successful

model of the nucleon, the longest range structure is its virtual pion cloud.

Moreover, pion exchange supplies an attractive force which binds nucleons. It

is appropriate therefore to calculate in detail how the structure function per

nucleon is affected when pion exchange effects ' in nuclei are taken into

account explicitly. A specific model of this type is discussed in detail in

Section 4. It appears to account quantitatively for all features of the data

from both charged and neutral lepton beams, for all x, except, perhaps, for

the normalization of REMC(x,Q^) for x < 0.2.
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4. THE PION EXCHANGE MODEL

The nucleus is viewed as a system whose relevant degrees of freedom are A

nucleons plus some number of mesons. The mesons are associated with nuclear

binding. In the conventional view, the nucleon-nucleon potential features an

attractive one-pion exchange tail at large distances, an intermediate range

attraction dominated by two-pion exchange, and a strong short-range pheno-

menological repulsion. Deep inelastic lepton scattering occurs either from

(the constituents of) the nucleons or the pions. Differences between F^XjQ )

and FjCx^2) or between qA(x,Q2) and qN(x,Q2) are due to scattering from the

exchange pions in the nucleus. » In order to compute these differences, one

must first compute the probability distribution of pions and nucleons in a

nucleus. This is possible since the bound state wave function is known in

nuclear physics. By contrast, the analogous problem of computing the gluon

distribution of a nucleon at a given Q is not yet solved since one has not

solved the QCD bound state problem.

Three essential assumptions are:

i) A nucleus is a bound system of pions and nucleons with partons confined

within these hadrons.

ii) The quark and antiquark momentum distributions of the nucleons, qN(x,Q2)

and qN(x,Q2), and those of pions, q^Cx.Q2) and q^x.Q 2), are not affected

by the nuclear medium. They are the same as those measured on free

nucleons and pions.

iii) Hadrons in a nucleus contribute incoherently in deep inelastic lepton

scattering. This is the usual assumption made for nucleons within a

nucleus; it is extended to include the pions.

The incoherence assumption includes the assumption that final state
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interactions between the residue of the struck hadron and the spectator

hadrons in the nucleus do not affect the inclusive cross sections; it does not

require that such final state interactions vanish. This assumption means that

A O

the observed quark density per nucleon, q (x,Q ), is the sum of two terms,

qA(x,Q2) = qA(X,Q
2;u) + qA(x,Q2;N) . (25)

The method for computation of the pion and nucleon contributions, q (x,Q ;ir)

and q (x,Q ;N), is indicated below. An analogous equation applies for the

antiquark density q (x,Q ).

4.1 Pion and Nucleon Momentum Distributions

In Refs. 6 and 7, probabilities f^Cy) and fjj(z) in a nucleus are computed

from the nuclear multihadron Fock space wave function. These probabilities

are the number densities, per nucleon, of exchange pions and nucleons as

functions of the light-front fractional longitudinal momenta

Ap+ Ap+

— and z =
P+ P

+

and z = — - . (26)
P

(The + component of any four vector is the sum of the longitudinal component

and the time component.) Quantity A is the number of nucleons, and the

suparscript A is used to denote the entire nucleus. The fractions y and z are

invariant under longitudinal Lorentz boosts. The mean number of exchange

pions per nucleon is

/ fir(y)dy , (27)
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and the mean momentum (per nucleon) carried by these pions is

= / yf7r(y)dy . (28)

The mean number of nucleons, per nucleon, is obviously unity. Thus, the

function fjj(z) satisfies the normalization integral

/ fN(z)dz = 1 . (29)

In Refs. 6 and 7, fir(y) and ffl(z) are derived explicitly from a unified

framework in which conservation of momentum holds• It requires that

+ / zfN(z)dz = l . (30)

The variables y and z range over the interval 0 to A, but, in practice, fff

has its main support for y < 1, and fN(z) has its main support in the

neighborhood of z = 1.

4.2. Structure Functions

Given the assumptions mentioned above, the nuclear structure functions

may be shown to be a sum of convolutions of isolated—hadron structure

functions with hadron momentum distributions derived from nuclear Fock-space

wave functions. Specifically,

qA(X,Q
2) = / & f^q'Cf ,Q2) + / if fN(*)q

N(f , Q2) J (31)
y>x * z>x

= L ** £» ( y ) ? c7 *Q2) \L ̂  fN(z)?N(t -Q2] ; (32)
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and

,Q2) = / dzfN(z)F^[f ,Q
2] + / dyf¥(y)Fj[| ,Q

2] . (33)
z>x y>x

In these equations, qN(x,Q2), qN(x,Q2), and F^x.Q2) are structure functions

measured on unbound nucleons, whereas q (x,Q ), q (x,Q ), and F5(x,Q ) would

be obtained from measurements on free pions.

A brief comment is in order about the distinction between the pion

exchange model discussed here and other pion models. Authors of those models

focus on a medium-dependent enhancement of the pion clouds of individual

nucleons. They arrive at a convolution formula for the pionic enhancement of

the structure function

5 F£(X,Q2) = / dy fn(y)F*[f ,Q
2] (34)

y>x y

without the necessity for the momentum conservation constraint Eq. (30). In

these models the function f^ty) is not related to a nuclear wave function in a

manner which defines it a priori as a probability density of excess pions. It

is so interpreted a posteriori because of its appearance in the convolution

formula. In contrast, in the pion exchange model of Refs. 6 and 7, the pions

are treated as hadronic constituents of the medium, not associated with any

one nucleon. This difference has important qualitative consequences for the

justification of the convolution formulas (31)—(33) and momentum balance (30),

and quantitative consequences for the distribution f_(y).

/ -> Computation of f^(y) and <n_>

To obtain fir(y), we begin with the pion exchange model which underlies
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conventional nucleon-nucleon potentials. It is specified by a Kamiltonian of

the form

H = HN + / d
3k c ^ c ^ f c * ) ^ ) + H' , (35)

where HN includes the nucleon kinetic energy and a short-range

phenomenological potential, tô  = (tt + mjj) ' , and H' is the nucleon-pion

vertex interaction,

-3/2,: f 4 3 U f A3n, (• ,,3^,+ , j. f _ ^^T/A 2_ ™2^/ci?2J. A2^^2/^1

(36)

H« = (2Tr)~J/2f / d3k / dJp' / dJp6(Pr + it " P)[<A - nT)/(icN- A

^ ({) + c (~

The operators CjJ(p'). cN(p), c*(It), and ^(S) are nucleon and pion creation

and annihilation operators; f /4n = 0.08; A = 7 fin ; $ and T are spin and

isospin matrices.

Since the pion number density, p1f(^), is given by the expectation value

of the number operator c^(S)cTr(6) , it can be obtained" by calculating the

linear response of the ground-state energy to an infinitesimal change, o-Clt) ->•

+ n(£), in the pion kinetic energy term of Eq. (35). In Refs. 6 and 7,

^ is the measured structure function of an isolated nucleon, including the

effects of its pion cloud. Therefore, the density ?„(£) must be the excess

density due to pion exchange. After the nucleon self energy is eliminated

from the calculation of pion numbers, just as it must be eliminated from the

calculation of ground-state energies, the required pion exchange density per

nucleon is obtained from the expression
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Two points should be stressed. Any method which allows the calculations of

ground-state energies, and hence pion exchange energies, will also yield

corresponding pion exchange densities. To obtain consistent results, the

parameters and approximations used in obtaining pion-exchange potentials must

also be used in the calculation of the pion exchange densities.

In Refs. 6 and 7, the potential energy of interaction, E p o t, is

approximated by pion exchange. Various forms were considered which include

NNTT, NAIT, and AAir vertices. Correspondingly, two-pion exchange

contributions are included. Detailed calculations were made in Ref. 7 with

two different potentials, labeled V^gQ and V23. These as well as other

potentials (which yield equally good fits to nucleon-nucleon data) lead to

values for <nff> which differ by no more than =30%. This provides an estimate

of the theoretical uncertainty in the normalization of the final computations

of REMC(x,Q
2).

For the preferred V230 potential in Ref. 7, the mean numbers of exchange

pions per nucleon are <n^> = 0.02, 0.09, 0.10, 0.12 for D, Al, Fe, and Au

respectively. Note that <n^> increases rapidly with A for small values of A,

then tends to level off. Qualitatively, this implies that both the slope of

REMC(x) and its extrapolated intercept at x=0 should also increase rapidly for

low values of A but then show little change with A for A ? Al, in agreement

with data.

The light-front density f^Cy) needed in Eqs. (31)-(33) can be obtained6

by relating it to Pff(^)« Shown in Fig. 6 are distributions f,,(y) for
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aluminum, iron, and gold. The momentum distribution P1T(^) peaks near k=3m1J..

Thus the "transverse mass", (m + kj) , which governs the gross shape of

f^Cy) cannot, even for qualitative purposes, be approximated by m^. For small

values of k the excess pion density P^C^) is negative due to Pauli blocking of

the nucleons pion cloud. This feature shows up in f,,.(y) as a depression in

the neighborhood of y = 0.2. In the absence of this negative contribution

f^Cy) would be flat in the region between the two peaks. Note that f^Cy) is

not concentrated at very small y. It extends with substantial amplitude f.o

y = 0.8 and beyond. Recall that / dy f (y) = <n >, and that <y> = / y f (y) dy

is the fraction per nucleon of the momentum of the nucleus carried by the

exchange pions. In the calculation, <n^> = 0.095 and <y> = 0.052 for Fe.

Thus, the mean light-front momentum represented by the distribution in Fig. 6

is <y>/<nir> = 0.5, to be compared with <z> = 0.95 for nucleons. There are not

many exchange pions, but those that are present carry a healthy dose of light-

97
front momentum. Detailed investigations have shown that the final results

for F^Cx.Q ) are insensitive to the deta'ls of the functional shape of f (y).

The essential quantitative and qualitative features of the results for Rjmc(x)

and q(x) are controlled by <nir> and <y>.

Note that the nucleon-nucleon potential includes NAir vertices. This

means that in addition to pions one phould explicitly treat A's as

constituents of nuclei. This is easy to do. It requires simply adding

another term to the right hand sides of Eqs. (29), (30), and (31)-(33).

However, the values computed for <n^> are too small to alter F^ appreciably,

ranging from <n^> = 2.7% to <n^u> 3.4%. It is safe to ignore the A's.

4.4 Implications

Equations (31) and (32) apply for each quark flavor (i.e. q = u,d,...).
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Because plons contain valence antiquarks, Eq.(32) implies a potentially

dramatic difference between the antiquark distributions of free and bound

nucleons. Unfortunately, as shown below, these differences do not become

significant until x £ 0.3 where deep inelastic lepton scattering data are

sparse. Massive lepton-pair production data might be very instructive on this

point, as discussed in Section 5.

The valence quark distribution is obtained as the difference 1ya

qA(x) - qA(x). For "isoscalar pions", appropriate in this context,

q^Cx) = q^x). Thus,

^ v * > O f •q2) • <38>

Equation (38) shows that the pion contribution f^Cy) does not affect the

valence quark distribution function directly. The shape of the nucleon

distribution, fN(z), has only a modest dependence on A.

Other quantitative and qualitative conclusions may be drawn directly from

Eqs.(31)-(33) and (38) which are independent of the numerical details of the

computation. These include:

(i) Because / fN(z)dz = 1, the number of valence quarks per nucleon is

preserved, as it should be:

(39)

(ii) The net momentum carried by valence quarks is reduced:

(40)
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According to Eq.(30), <z> = 1 - <y>. This is roughly a 5% reduction.

The A dependence of qyai(x) is due to the A dependence of <y> which is

determined by the density of pions. Success in describing the data on

REMC(x) for 0.3 < x < 0.8 is determined by <y>.

(iii) The relative simplicity of Eq.(38) suggests that experimental results on

A *y
the A dependence of q^ai(x,Q ) would be useful. Such information has

not yet been extracted from the neutrino data,

(iv) In deep-inelastic neutrino scattering, the integral / F^ (x)dx

represents the total momentum fraction carried by quark and antiquark

constituents in the nucleon. This integral is not necessarily left

invariant. Employing Eqs.(30) and (33) one may show that

(41)

Thus,

f VV^/ir'\Av = f 1.

2

only if <y> = 0, or if

F, (x)dx (42)

F™(x)dx = / *f (x)dx . (43)

Moreovar, we see that the fractional increase in the momentum fraction

carried by the quarks and antiquarks is

/ FVI(x)dx

J F _(x)dx
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In our explicit calculations, <y> is about 0.05. Correspondingly, the

exchange pions do not lead to a significant change in the net momentum

fraction carried by quarks and antiquarks, nor, correspondingly, of that

carried by gluons. At truly asymptotic values of Q , Eqs. (42) and (43)

should be valid in any model. However, they need not hold at finite

values of Q , where a substantial fraction of momentum is carried by

valence quarks,

(v) Employing Eqs.(32) and (30), we derive

xqA(x)dx - / xq"N(x)dx = <y>{/ xq^Wdx - / xqN(x)dx} . (45)

For the specific CDHS structure functions22 used in Ref. 7, / xqN(x)dx =

0.05 for the sum u + a, whereas / xqTr(x)dx = 0.23. Thus, Eq. (45)

implies that the fractional momentum per nucleon carried by u and 3

antiquarks increases by 0.18 <y> - 0.01 when a free nucleon is imbedded

in an iron nucleus. This is only a 20% effect, integrated over all x.

4.5 Comparisons with Data

Explicit parametrizations derived by the CERN-Dortmund-Heidelberg-Saclay

(CDHS) collaboration were used for the nucleon's quark and antiquark

densities qN(x,Q2) and qN(x,Q2) in Eqs. (31) and (32). These functions agree

in shape and normalization with the CDHS and BEBC D2 data
29 on xuv(x), xdy(x),

and x(d"(x) + s(x)). The parametrizations are also in good agreement with CDHS

and EMC data on F^XjQ 2) and F^N(x,Q2). These remarks are important. If one

wants to compute reliable modifications, and ratios such as Rgwf.(x) and Rr(x),

it is essential to begin with realistic free nucleon structure functions.
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There are no direct measurements of deep-inelastic lepton scattering from pion

on

targets. However, if the Drell-Yan model is assumed to apply, structure

functions may be extracted from data on massive lepton pair production irN +

Y X. A detailed analysis of this type was performed by the CERN NA10

collaboration, resulting in a determination of the effective valence and
2

ocean components of the pion quark and antiquark densities for Q in the

neighborhood of 25 GeV^. These NA10 functions were used in Ref. 7.

In Fig.7, for uN + g'X, calculated values of REMC^ X >^ ^ a r e Presented a s

a function of x for three nuclei, Al, Fe, and Au, and compared with available

data. For all three nuclei, agreement between theory and experiment is

acceptable for x ? 0.3. The rapid increase of REMC^ X^ as X + 1 IS due to

Fermi smearing, represented by the function f^(z) in Eq. (33). In the region

x > 0.6, calculated values of REMC^X^ a r e sensitive to features of the nuclear

wave function which were approximated in only a rough manner. The comparison

with data in Fig.7 indicates that the weak A dependence of F^Cx.Q v observed

in the SLAC data is reproduced.

In Fig.7(b), agreement with the SLAC data extends down to x = 0.1, but,

below that value, effects in the data (such as non-asymptotic contributions at

low Q or shadowing ) begin to depress RRMC^ X^ below unity. Such effects are

not included in the model. For x & 0.3, the EMC data rise as x + 0

substantially faster than the pion model can accommodate. On the other hand,

if the normalization of the EMC data is reduced by 5%, then the theoretical

cur re is in excellent agreement, as shown in Fig.8. This reduction is within

the 7% normalization uncertainty quoted in Ref.l.

The depression of %MC^ X^ ^e^-ow unity for 0.3 < x < 0.7 is associated

with momentum conservation, an essential component of the pion exchange
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model. Momentum carried by the exchange pions and that lost to Fermi smearing

result in less being carried by valence quarks in the region 0.3 < x < 0.7.

In Fig.9, expectations are presented for the enhancement of the ocean,

R-(x), defined in Eq. (17). Results calculated with the V2gQ and V2g nucleon-

nucleon potentials are shown, as well as the effects of an arbitrary

additional enhancement of the nucleon ocean by 10 to 15%. For x £ 0.3, the

V28 and V230 potentials lead to an RT(X) well within the range of values

quoted by the CDHS collaboration4 (c.f. Eq.(17)) K- = 1.10 ±

0.11 (stat.) ± 0.07 (syst.), and consistent with the bounds obtained from

bubble chamber results. For V2g, K- = 1.14, and for V2gQ, K- = 1.11. For an

arbitrary additional enhancement of the nucleon ocean by 10% or 15% K- rises

to 1.20 or 1.25, respectively. An enhancement of 15Z is at best marginally

within the experimental limits. (Computed values of K- are obtained upon

integrating numerator and denominator of Rr(x) from x = 0.01 to x = 0.5). The

increase of R;j(x) predicted by the model as x increases beyond x « 0.3 is

associated with valence antiquarks in the exchange pions. It occurs in a

kinematic region in which the ocean is itself observed to be negligibly small

experimentally.

Especially in view of the possibility that the magnitude of the rise in

X»Q ' a t sma^ x m a v n o t ^e confirmed by future experiments, one may note

that all other features of the present data on Rg^C and R- are in excellent

agreement with the approach based on conventional nuclear theory.

One might consider increasing <nff> and modifying <y> in an attempt to

devise a function Rg^C^x^ w n i c h comes closer to reproducing the unadjusted EMC

data points for x < 0.3 in Fig.7(b). However, a large enough increase in <n^>

to accommodate the EMC data at small x inevitably causes an unacceptably deep
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depression in REMCJ(X) a t i n te r m e d i a t e x values, in the neighborhood of

x = 0.5. Since all three data sets in Fig.7(b) appear to agree on the

magnitude of Rgjj(;(x) in the intermediate x range, it is hard to motivate the

necessary increase in <n >, even on purely phenomenological grounds. Note,

moreover, that the necessary large increase (<nir> /• 0.3) would be unacceptable

because of its implications for K-, and inconsistent with the nuclear models.

4.6 Conclusions Regarding the Pion Exchange Model

In the pion exchange model, • the nuclear structure functions are

derived as a sum of convolutions of (measured) isolated-hadron structure

functions with hadron momentum distributions obtained from nuclear Fock-space

wave functions. The momentum distributions are computed from an unified

framework in which conservation of momentum (Eq. (30)) is an essential

component. This implies that all features of the data at small, medium, and

large x can be addressed together in a unified way. In iron, the mean number

of exchange pions per nucleon is <î 1T> = 0.10. The model leads to the

following point of view regarding the A dependent effects observed

experimentally in FA(x,Q2) and qA(x,Q2):

i) The antiquark density is increased modestly at small x, by about 10% in

the model, consistent with all data sets.

ii) In the pion exchange model, a modest increase is expected in R E MQ(X,Q
2)

at small x (x £ 0.2). In the SLAC data at low Q2, this increase may be

offset partially by nonasymptotic effects for Q Z 2 GeV or by

shadowing effects. The computed increase is too small to account for

the magnitude of the original EMC results, but the model reproduces all

data if the experimental RgMC^'Q ' is reduced by 5%, which is within

the 7% normalization uncertainty quoted in Ref.l. The unmodified EMC
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data may indicate the presence of additional physics, whose importance

may grow with Q .

iii) The magnitude of the depression of RgMC(x,Q ) below unity for

0.3 < x < 0.8 is reproduced well in the model, as is its dependence on

A. There are two origins to the effect, both associated with momentum

conservation, Eq. (30). Because of Fermi smearing of the nucleon's

quark distribution, Rgjyj(-i(x,Q ) is depressed below unity for x "K 0.8, and

the momentum carried away by the exchange pions depresses it further.

ey

iv) The rise of REMC(x,Q ) at x + 1 is associated with Fermi smearing.

v) The model does not lead to any significant growth of Oy/o<v with A. If

such an effect is confirmed in further more precise experimental work

now in progress, it would require an explanation outside the scope of

the model. From the point of view of the model, it would be surprising

if the A dependence of o^/o^ is confirmed as an explanation for the

differences between the EMC and SLAC data on REMC^ X»Q ' a t s m a H x«
vi) Little dependence on Q2 is expected in the ratios RpMr(x,Q ) and

R-(x,Q ), and essentially none is observed within the range of values of

Q studied in the individual experiments.

An equation analogous to Eqs. (31) and (32) may be written for the gluon

structure function G (x,Q ). Its evaluation requires knowledge of the gluon

densities of the nucleon and the pion, GN(x,Q2) and G^x.Q 2). Unfortunately,

little is known about Gn(x,Q ), and there is considerable uncertainty about

GN(x,Q2). According to constituent counting rules,2 G1r(x) should decrease

less steeply than GN(x) as x increases; e.g., GN(x) ~ (l-x)2Gir(x) at

large x. In the pion exchange model, just as q (x) is predicted to be broader

in x than qN(x), GA(x) is also anticipated to be broadened relative to GN(x)
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by the contribution of the exchange pions. In the model, as discussed in

Section 4.4, very little change is expected in the momentum integral

/ xGA(x)dx.

4.7 What Else Might be Needed?

All features of the data but one are reproduced by the pion exchange

model. The exception is the magnitude of the excess above unity of the ratio

REMC(x) = F*(x)/F2(x) for x < 0.2, observed only by the original EMC

experiment. Even this can be accounted for if the normalization of the EMC

data is reduced by 5%. If the magnitude of the low x enhancement in ? E M C is

confirmed, its explanation requires a modification of one or more of the three

basic assumptions stated at the beginning of Section 4.

Before constructing a new model of the nucleus one should perhaps ask

purely phenomenologically how much (medium dependent) modification of the

nucleon quark and antiquark distributions is necessary to account

quantitatively for the magnitude of the central values of the original EMC

data. The modifications turn out to be very small. To account for medium

dependent effects, simple representations of the valence and sea quark

distributions of nucleons in an iron nucleus were considered. In the medium,

the following replacements were made

xVN(x) •• (1 - D)xVN(x) + DxV^(x) , (46)

and

xSN(x) • (1 + D )xSN(x) , (47)
s

xsN(x) + (1 + D )xsN(x) . (48)
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On the right hand side of Eqs. (46)-(48), VN(x), SN(x) and sN(x) are the free

nucleon structure functions defined in Eqs. (8)-(10) and computed from the

99

CDHS functions. In Eqs. (46)-(48), D and D are adjustable constants.

Function Vi(x) was parametrized as

xV^(x) = dNx
Q(l - x)P(l + cxR) , (49)

with d« chosen to maintain the valence quark normalization condition

/ v«(x) d x = 3/2; Q» p» a n d R a r e adjustable constants.
0

Using the new functions V (x), SN(x), and s (x) in our convolution

formulas, we find that many different choices of the parameters (D, Dg, Q,

P, R) serve to produce acceptable fits to the data. As an illustration, a 10%

enhancement of the nucleon ocean with no change in the valence structure fits

the BCDMS data3 and is consistent with the sraall-x EMC data1 within the stated

systematic uncertainties (Fig.10a). The additional ocean represented in

Eqs. (47) and (48) by a value Dg > 0 may arise from an enhancement of the pion
o

cloud of individual nucleons, as discussed by Ericson and Thomas0 and by
Q

Llewellyn Smith. On the other hand, a modest change in the valence structure

(Fig.11) with no enhancement of the ocean also produces a curve consistent

with the EMC data for all x (Fig.10b). Such an alteration of the valence

quark distribution could not easily be blamed on the pion cloud and may be

indicative of a large core size, or the presence of other baryon states in the

nucleus. Because the low x enhancement in REM(,(x,Q ) is observed only for

Q2 £ 10 GeV2, it is possible that there is a threshold in Q2 associated with

the A dependent alteration of F^x.Q 2). From the point-of-view of

demonstrating clearly that the nuclear medium affects the parton degrees of
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freedom in an essential way, it is important to carry out a careful series of

experiments focussed on the Q and A dependences of FA(x,Q ) at small x

(0 < x < 0.2). Precise neutrino data on Rq(x) seem crucial for delineating

whether the rise in Rg{|C^x^ a t s m a H x *-s associated principally with a

modification of the valence or ocean distribution.

5. MASSIVE LEPTON PAIR PRODUCTION

In the Drell-Yan model for massive lepton pair production in hadron

collisions, hN -»• ppX, the pair arises from the decay of a massive photon y .

This virtual photon is produced in the annihilation of a quark (antiquark)

from hadron h with an antiquark (quark) from the target nucleon: qq •*• y .

The invariant mass M of the y is related to the fractional longitudinal

momenta of the annihilating partons by

M2 = s x ^ , (50)

and the scaled longitudinal momentum of the pair is

XF xi X2 *

Alternatively, one may measure the rapidity y of the lepton pair. In this

case

xL = fz exp(y) and x2 = /T exp(-y) , (52)

where T = M /s. If the doubly differential cross section d (j/dMdxp (or
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d a/dMdy) is measured as a function of both M and x-p, one may explore the

variation with x^ and -x.^ of the quark and antiquark structure functions of the

colliding hadrons. The Drell-Yan model provides a very successful description

of data for M ? 4 GeV.

For hA ->• y x» * use the notation c^(xj,X2> to denote either d ff/dMdxF or

d a/dMdy. For the ratio of the cross sections measured on nucleus A and

nucleon N, the model specifies that

A,,,*,) IX
D.Y. l'X2 = ~, T = y 2r-hf M2i Nr M2-, . h7 v,2i-Nr U2ii *a (x1,x2) J ef{qf(Xl,M )qf(x2,M ) + qj^.M Jqf(x2,M )}

The sum in Eq. (53) is over the different quark flavors; q-^XjM2) and qi(x,M2)

denote the antiquark and quark structure functions of hadron i. Higher order

QCD corrections should cancel to a good approximation in this ratio.

If the first terms are dominant in the numerator and denominator of

Eq. (53), then the ratio RD.Y.( X1> X2^ i s controlled by the A dependence of the

quark distribution function qA(x2,M
2). On the other hand, if the second terms

are dominant, the ratio provides information on the antiquark distribution

q (x2»M ). Judicious selections on Xj and x2 (i.e. on M and Xp) should permit

an investigation of q (x,M ) and q (x,M ) independently.

It is instructive to examine the implications of Eq. (53) separately for

proton and ir~ beams (i.e. h = p or ir~).

In pA * y x» e v e n i n t n e absence of A dependence, the second term in the

numerator or in the denominator of Eq. (53) is slightly larger than the first

even at the "symmetry point" Xj = X£ (ratio - 6/5). This is true because the

up and down quark densities in an isoscalar target are averages of the
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densities in a proton:

uN(x) = dN(x) = 0.5[up(x) + dp(x)] , (54)

and up(x) = 2dp(x). When Xj is large enough, e.g. Xj > 0.2s q
p(xj) « q p(x 1),

and Eq. (53) simplifies to

apA(
(55)

This approximation should be reliable as long as X2 is not too large. Because

e^ = 4e^ and qp * 2q§, the up flavor dominates in Eq. (55), and a further

simplification yields

ap' (x ,x~) u (x_,M ) ,
1 l L - - '- »z> (x > o.2) . (56)PH, \ + -N, M 2 , •

 R - ^ X 2 ' M J • («!
ar (XJ.X2) u (x2,M ) q

The ratio RJJ was defined previously in Eq. (17). Results of explicit

numerical calculations-" verify that Eq. (56) is a good approximation for

Xj > X2» i.e. for xF > 0 (or y > 0).

Equation (56) shows that the reaction pA •> y X should be a valuable

source of detailed information on the A dependence of the antiquark

distribution qA(x,Q2), notably that of the up flavor.

The Columbia Fermilab Stony-Brook collaboration^ investigated the A

dependence of pA •> y X at 400 GeV/c using platinum and beryllium targets.

Their data are concentrated near y = 0, at which xj = ^ = M//s . They

parametrize the A dependence by the functional form a « A a and determine o

according to Eq. (18). Their results are shown in Fig. 3. The data are
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consistent with a constant value of a over the mass and transverse momentum

ranges covered in the experiment. The experimenters quote an average

<a> = 1.007 ± 0.018 ± 0.028 for 5 < M < 11 GeV.

32Shown also in Fig. 3 is a curve computed with structure functions

obtained from the pion exchange model discussed in Section 4. The

A dependence of the theoretical expression for R PD #Y ^
X1 = X 2 = X^ follows

very closely in both magnitude and shape that of the pion exchange model

prediction for uA(x,M2)/uN(x,M2). At 400 GeV/c and y = 0, the predicted RD#Y.

rises from ~1.06 at x = 0.15 (M = 4.2 GeV) to ~1.7 at x = 0.45 (M = 12.7 GeV),

as expected from the behavior of the theoretical curves shown In Fig. 9. This

fairly dramatic anticipated increase of RQ.Y. with mass may whet a few

experimental appetites.

When a is computed, the magnitude of the predicted deviation from unity

is reduced considerably. (Isn't this the reason the EMC group chose ̂ EMC^x^

rather than the more traditional a parameter In presenting their results?)

For example, in the comparison of iron and deuterium, Rp.Y. = "̂* reduces to

a = 1.03; RQ Y = 1*4 reduces to a = 1.1; and R[)#Y.
 = 2.02 reduces to

a = 1.21.

As indicated in Fig. 5, the pion exchange model and the rescaling

model provide quite different expectations for R-(x). In the pion exchange

model, the antiquark distribution q (x) is broadened in a nucleus, whereas in

the rescaling model it becomes a narrower function of x. These differences

are apparent in the predicted mass dependences of RQ.Y ̂ X1 = X2 = M//s). In

contrast to the positive value of a - 1 and the rise with M shown for the pion

exchange model in Fig. 3, the rescaling model anticipates a nearly constant

value, varying from a = 0.99 at M = 5 GeV to a = 0.98 at M = 13 GeV. The
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data are not now sufficieirtly precise to indicate a preference.

For TT~A + y X, there are valence antiquarks in the beam to annihilate

with the valence quarks in the target. Correspondingly, for all xp, che first

terms are dominant in both the numerator and denominator of Eq. (53) (i.e.

they provide over 90% of the sum for most values of x F ) . Moreover, since the

up flavor supplies the principal contribution to qq •*• y , we may expect that

ir~A U ^ X 2 ' M ) 2
RD.Y.(X1'X2) = "NT T27 = W * 2 ' M > • (57)

u (x2,M )

Indeed, explicit numerical computations within the context of pion exchange

model verify that Eq. (57) is an excellent approximation.

Note the clear differences between Eqs. (56) and (57). In pA + y X, data

may be used to determine the A dependence of the antiquark distribution,

whereas in ir~A •*• y X, the behavior of RQ y (x) should follow very closely that

of R E M C(x).

Results on the nuclear dependence of ir~A •> y X have been published by the

CERN NA3 Collaboration^3, by a Chicago-Princeton Collaboration,34 and by the

CERN NA10 Collaboration. All groups find values of a consistent with unity

(e.g. <a> = 0.98 ± 0.04), and no significant variation of a with Xn over the

range of X£ covered experimentally (e.g. 0.1 < X2 < 0.4). Because

R D > Y.(
X) = I*00 ± °«15 corresponds to a = 1.0 ± 0.04 (for Fe), the precision

of the TT~A •*• y X experiments, and their coverage in X2, will have to be

significantly greater if effects of the type shown in Fig. 1 are to be

observed.
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6. CONCLUSIONS AND WISH LIST

The nuclear physics calculations"'' discussed here might have been made

years ago, just as the EMC data comparison might have been made years ago.

There is no doubt that the data begot the necessary theoretical efforts. The

successful comparison in Figs. 7-9 indicates that conventional nuclear models

are applicable in at least one physical domain in which they had not been

tested previously. This is a positive conclusion in the sense that an

established theoretical framework has received further verification. The

theory predicts that the mean number of exchange pions per nucleon in Fe in

<nir> = 0.10, with an uncertainty of perhaps ±30%. Scattering from these

exchange pions results in an enhancement of RJ;MC(X) a t sma-"--'- x* Conservation

of momentum leads to a depression of RgMc^x^ below unity for intermediate

values of x. The specific pion exchange model developed in Refs. 6 and 7

seems to provide a unified and quantitative description of the present data

from both charged and neutral lepton beams, for all x. It may be unique among

models in this respect.

Various departures from straightforward nuclear theory, such as partial

deconfinement, ' dibaryons, and color conductivity are not required to

explain the present data. They are not excluded by the data. Some or all of

these may be valid, but none is now,required.

The ball is in the experimenters' court. I mentioned earlier the

importance of the absolute normalization of R E M C ^ X ^ ^ o r x < 0*2 and large

Q . If new data with much smaller statistical and systematic uncertainties

confirm the magnitude of the central values of the data points at small x

reported in the original EMC paper , then traditional nuclear models will not

suffice. Some "new physics" would be required.
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A list of desirable data includes:

1) Precise measurements of R = Or/vy a t s m a H x (x < 0.3) over a wide range

of Q and A. These are important not only for resolving the discrepancy

between the SLAC and CERN data on R g M C ^ b u t a l s o a s t e s t s o f

predictions of perturbative QCD.

ii) Measurements of FA(x,Q ) in yN •*• g'X at small x over a wide range of Q

and A, with excellent control of absolute normalization.

Hi) Measurements of the A dependence of qA(x,Q2) and of qvaj(x,Q ) in v and v

experiments for Q2 £ 10 GeV2.

iv) High statistics experiments on inelastic photoproduction or

leptoproducttoa of the J/iJ/ from nuclear targets to determine the A

dependence of the gluon structure function,

v) Precise measurements of the nuclear target dependence of massive lepton

pair production with both ir~ and proton beams. The doubly differential

cross section d a/dMdxp should be measured over the widest possible range

of Xp as well as M.
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FIGURE CAPTIONS

Fig.l Compilation of data on the ratio of structure functions

F2e(x,Q2)/F$(x,Q2) for deep inelastic electron and muon scattering,

plotted as a function of x. Shown are published results from the EMC

Collaboration (Ref.l), from the BCDMS Collaboration (Ref.3), and from

SLAC experiments (Ref.2). The shaded band indicates the EMC group's

estimate of experimental systematic uncertainties.

Fig.2. The ratio RJJ(X) is plotted versus x. Here RJJ is defined as the ocean

combination x(u + 3 + 2s) observed in Fe divided by twice the

combination x(3 + I) observed in hydrogen. The data are from the CDHS

collaboration, Ref.4.

Fig.3 Nuclear dependence of massive lepton pair production, pA + y X, as a

function of the mass of the lepton pair. The parameter o is defined

in'the text, Eq. (18). Data are from Ito £t_ jil̂ ., Ref. 20. The solid

curve is the expectation of the pion exchange model of Ref. 7.

Fig.4 Solid lines show theoretical values of (a) REJK;(X) an(* ^ ) RJj(x)

computed from the six quark color neutral dlbaryon model of Carlson

and Havens, Ref. 12.

Fig.5 Comparison of the rescaling prescription with data and with the pion

exchange model. The solid curve shows Q2 rescaling with

Q2 = 200x + 10 GeV2 and £A given by Eq. (24). The dotted curve shows

results from the pion exchange model, (a) R^MC (b) RJJ.

Fig.6 The light-front momentum fraction distribution fn(y) of exchange pions

in aluminum, iron and gold, from Ref. 7.

Fig.7 Values of REMC(x,Q ) computed from the pion exchange model are plotted
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versus x for pN ••• p'X, for three nuclei: a) Al, b) Fe, and c) Au.

For the solid curves the function fw(y) is evaluated from the V2gQ

potential which provides (<nw>, <y>) = a) (0.089, 0.049); b) (0.095,

0.052); c) (0.114, 0.061). The dashed curve in (b) is from the V2g

potential for which <n > = 0.13 and <y> = 0.067. The data are from

Refs.1-3.

Fig.8 Values of REMg(x,Q ) versus x for uN + y'X for Fe. The data are from

Refs. 1-3 except that the EMC data, Ref. 1, are divided by 1.05. The

solid curve is from the pion exchange model of Ref. 7.

Fig.9 Theoretical antiquark enhancement Rr(x) compared with the data of

Ref.4. The solid and dashed lines are calculated with the V2gQ and

Vog potentials respectively. The shaded band shows the effect of an

additional 10 to 15% enhancement of the nucleon's ocean.

Fig.10 The ratio REMP^ X) °^ the structure functions obtained from the pion

exchange model with an additional ad hoc alteration of the nucleon's

quark structure, (a) Multiplicative enhancement of the ocean, no

change in the valence distribution; D=0, Dg=0.1. (b) No change in the

ocean. Change of valence quark distribution shown in Fig.ll.

Fig.11. Change in the nucleon's valence quark distribution used in Fig.10b.

The solid curve is the unmodified CDHS parametrization. The dotted

curve is calculated from Eqs. (46) and (49) with the parameters D=0.2,

Q=0.7, P=6, R=3, c=18.



BO
• H



1.4

1.2

oTl.O

0.8

0.6

—

-

ANL-P-17,806

-

I

—

—

—

. 1 1 . . 1 . . , 1

O.I 0.3 0.5
X

Fig. 2



ANL-P-17,897

p =400GeV/c

8 9
M(GeV)

Fig. 3



81
7

-1
7,

L-
P

<

1 • i • i * i

- \ — •

I . I . I

1

-

.

. .
 

1

1
CVJ 00

- - - d

CVJ
d

CD

d

- ^ d

-3-

bO

00
d

d

CVJ

d



CD

00

££
Q_

z

-

-

-

• • • • "

—

-

-

—

to

! •

-Q

1 |_

•

1 1 '

CO
^>

O Q
2 o
LJ OQ

X o

"° <;

1 ' !

X /\ /. « /
j/

I A i
CVJ O

• •

1 ' 1

<

in
•

V

' / '

/

/

/

00

d

1 i

1

i

1 1

i 1 i
C\J
—*

^ t i

- : O
« . . . €

1
mm

|

i S
G)
d

/ Q

•

1 1
CD

d

1
-

-

-
1

CD

d

/f

-

-

-

—

1

d

d
X

CVI
d

o ;

• H

00
d

CD

o
X

d

0.
2

o



vO



ANL-P-17,811

0.2 0.4 0.6 0.8
X

Fig. 7



ANL-P-17,811

EMC/1.05
BCDMS
SLAC

1 1 I I
0 0.2 0.4 0.6 0.8

X
Fig. 8



ANL-P-17,813

0 0.1 0.2 0.3 0.4 0.5
X

Fig. 9



ANL-P-I7,8I4

f. <m

0 0.2 0.4 0.6 0.8
X

Fig. 10



M
•H

(Ap



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.


