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The eff'ects of nucleon-nucleon correlations and color transparency on the final-state interaction of the

struck nucleon in electron-nucleus scattering at high-momentum transfer are discussed. The results of
realistic microscopic calculations show that both the mechanisms lead to an enhancement of the nuclear

transparency, and that the correlation effects are larger up to momenta gz —4 (GeV/c) z.
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The possible occurrence of the effect generally referred
to as color transparency (CT) was predicted by Brodsky
[I] and Mueller [2] in the early 1980s. The mechanism
leading to CT can be qualitatively understood by consid-
ering the expansion of hadronic wave functions in a com-
plete set of Fock states having a specific number of
quarks. Since the amplitudes for exclusive processes in-

volve a factor 1/Q for each constituent, the valence state
having the lowest number of quarks is expected to be
dominant in scattering processes involving large momen-
tum transfer Qz. The transparency effect follows from
the fact that such a state, being smaller in size, interacts
weakly with nuclear matter. In the standard CT scenario
a hadron traveling through the nuclear medium after ab-
sorbing a large momentum is initially "small, " its typical
transverse size being —1/Q, and evolves back to its stan-
dard configuration within a distance from the interaction
point which increases with increasing Q . Explicit mod-
els to describe the evolution of the hadronic cross section
associated with the occurrence of CT, inspired by the par-
ton model and perturbative quantum chromodynatnics
(PQCD), have been proposed in Ref. [3].

An experiment to measure the effect of CT in proton-
nucleus scattering has been recently carried out at
Brookhaven [4]. Its results seem to agree fairly well with
the theoretical predictions based on the PQCD model of
Ref. [31 up to incident proton momenta p;„,-10 GeV/e,
while showing a completely diAerent behavior at larger
momenta.

Experimental evidence for the occurrence of CT can
perhaps best be obtained from (e,e') and (e,e'p) electron
scattering experiments at high-momentum transfer, by
studying the A and Q dependence of the nuclear absorp-
tion of the struck proton. In fact, CT is expected to lead
to a modification of the final-state interaction (FSI) of
the struck nucleon with respect to that calculated from

the elementary nucleon-nucleon (NN) scattering ampli-
tudes.

In this paper we discuss a semiclassical treatment of
FSI in electron-nucleus scattering which can be readily
extended to include the effect of CT. The present ap-
proach, which can be regarded as a generalization of the
widely employed Glauber theory [5], allows for a con-
sistent treatment of the correlation effects arising from
the fact that the struck nucleon was bound in the nuclear
target in the initial state. We first give a short outline of
the theory and then discuss the results of numerical cal-
culations of the inclusive (e,e') cross section of nuclear
matter at momentum transfer Q-2 GeV/c and of the to-
tal nuclear transparency evaluated for the (e,e'p) reac-
tion in quasifree kinematics at Q =2 to 10 (GeV/c) on
12C 56Fe and 208Pb

Let p be the momentum of the struck nucleon, with the
i axis defined along p. In the quasifree kinematics, for
large momentum transfer q, p-q. Let r'=b+pz' be the
position of the nucleon when it is struck, with b being the
impact parameter. According to Glauber multiple scat-
tering theory [5], the state of the struck nucleon traveling
through the nuclear medium is described by the wave

function

e~(r) =e' 't~v(r),
t z

gz(r) =pz(b+pz) =exp, dz" V(b+pz"), (2)
p

where v is the velocity of the nucleon. The imaginary
part of the scattering potential V(r" =b+pz") gives the
decay of %'~(r). In the standard Glauber approximation
(GA) it is approximated by

ZV(r") = —,
' Izvop(r")+ p(r") [Jf (0)]= —W'(r"),

2''p
(3)
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where p(r") is the target density at r", cr is the total NN
cross section, and f~(0) is the forward scattering ampli-
tude. The total nuclear transparency is then obtained as

T=— d bdz'p (r')exp, dz" W(b+pz")P At' "='

G(z"-z') = fb Z

,
dz'"z' —z «'

Jfr (k)
(2z) 2f1 (0)

x dre'"' ~' ' (r)

It may be easily verified that if g(r) = I, i.e, if there are
no correlations, then G(z" —z') =1. Moreover, if 2f~(k)
is taken to be independent of the momentum transfer k,
i.e. , if the NN scattering potential has a very small range,
then G(z" —z') =g(z" —z').

The function G(z" —z') has a very weak dependence
on the density of the uniform medium, as illustrated in

Fig. 1. The largest difference between OG(z) calculated
at equilibrium density of nuclear rnatter (thin solid line of
Fig. I) and that evaluated at half equilibrium density
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FIG. 1. The ocy(. ) is compared with o6 (z,po/2) and
oG (z,po) in nuclear matter.

(4)

where p~(r') is the proton density.
In Ref. [6] the Glauber approach has been generalized

to the case of a nucleon initially bound in the target
ground state, as it is appropriate for (e,e'), and (e,e'p)
experiments. Because of the strongly repulsive core of
the NN interaction and to the Pauli statistical correla-
tions the two-body density pz(r", r') is not uniformly dis-
tributed at r"-r'. Nucleons in nuclear ground states are
essentially surrounded by a hole produced by nuclear
correlations. As a consequence, the nuclear density p(r")
entering the definition of W has to be replaced by the
product G(r",r')p(r"), where the function G(r", r') is re-
lated to the pair correlation function g(r", r') [7], defined
as the ratio between the two-body density function
pz(r", r') and its uncorrelated estimate p(r")p(r'). The
calculation of G(r",r') is discussed in Ref. [6] for the
case of uniform nuclear matter in which both 6 and g are
functions of the interparticle distance ~r" —r'~. In this
case one obtains

(dotted line of Fig. 1) occurs at z =0 and is -S%.
Therefore, it may be reasonable to approximate the
G(z" —z') in nuclei by G(z" —z') calculated for nuclear
matter. One then obtains the correlated Glauber approx-
imation (CGA) for T:

1T= — d bdz'p(r')

xexp —,dz" aG(z" —z')p(r") (6)

The modification due to CT can be easily included in

either GA or CGA, by replacing the constant cross sec-
tion cr by crcT(z" —z'). We have used the PQCD model
of Ref. [3] in which

z (9kr) z«, (z) =~ —+
L gz L

B(L —z)+H(z —L) I,
(7)

where (k7)'~ -0.35 GeV/c and L =2p//r. m, with hm
=0.7 GeV .

It should be noted that the ground-state correlations
and CT both lead to a suppression of the absorptive part
of V at small z"—z', and therefore have to be regarded as
competing mechanisms whose relative importance has to
be carefully investigated. This feature is illustrated in

Fig. I where the z dependence of OG(z) and ocT(z) are
compared for two different values of Q and proton
momentum ~p~ =Q +co with co=g /2m. It turns out
that the hole at small z produced by NN correlations is

much larger than the one associated with CT at Q =2
(GeV/c), whereas the situation starts to reverse at

Q =7 (GeV/c) .
The theoretical procedure described above has been re-

cently applied to study FSI effects in inclusive electron-
nucleus scattering at momentum transfer Q-2 GeV/c
[6]. The (e,e') cross section has been calculated for
infinite nuclear matter, using the spectral function of Ref.
[8] and including the contributions of both elastic and in-

elastic electron-nucleon scattering processes. In Fig. 2
the theoretical results are compared with the empirical
nuclear matter cross section obtained from the extrapola-
tion of the existing data to infinite A [9]. The three
theoretical curves correspond to different treatments of
the absorptive part of the potential felt by the struck nu-

cleon traveling through the nucleon medium. The dash-
dotted line represents the results of the standard GA,
whereas the so1id and the dashed curves have been ob-
tained using CGA, with and without inclusion of CT, re-
spectively. ÃÃ correlations and CT both produce an ap-
preciable lowering of the I SI. CT significantly affects
the cross section in the low-energy loss wing [co & 800
MeV, corresponding to Q —2.7 (GeV/c) ], bringing the
theoretical predictions in good agreement with the data.

An experiment designed to study the Q and A depen-
dence of the quasielastic (e,e'p) scattering, in a kinemati-
cal region extending up to Q =7 (GeV/c), has been re-
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FIG. 2. Inclusive cross section for electron scattering by nu-

clear matter at incident energy 3.595 GeV and scattering angle
30'. Dash-dotted line: GA; dashed line: CGA; solid line:

CGA with ocT(z).
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cently proposed [10]. Since in the region of the quasi-
elastic peak the reaction mechanism appears to be well

under control and the effect of the nucleon being off-shell
is rather small, it is hoped that such data could provide
clear-cut evidence of the occurrence of CT.

The results for T of ' C, Fe, and Pb, calculated for
the kinematical conditions proposed in Ref. [10], are
summarized in Fig. 3. The calculations have been per-
formed using nuclear density distributions obtained by
fitting the elastic electron-nucleus scattering data. The
dotted and the dashed lines show the behavior of the total
transparency estimated with the GA and CGA, respec-
tively, and a constant o =43.3 mb. The corresponding
quantities obtained using crcT(z) are given by the dash-
dotted and the solid lines. As expected the correlation
eA'ects as well as CT increase T. It appears that up to
momentum transfer as high as Q -4 (GeV/c), NN
correlations produce a larger enhancement of T, than CT.
Moreover, the eff'ect of CT is somewhat smaller in the
CGA than in the standard GA. We remind the reader
that the signal useful for an investigation of CT is
—l —T.

A crude estimate of correlation effects on the nuclear
transparency has also been given in Ref. [11],where the
function G of Eq. (4) has been approximated with a step
function producing a correlation hole of radius 0.5 fm,
and an enhancement of less than (10-15)% has been
found. The larger correlation eAect found in the present
calculation is due to the fact that the realistic G(z),
shown in Fig. 1, is rather long ranged and its shape can
hardly be approximated by a step function of radius 0.5
fm.

The sensitivity of the CGA+ CT calculation to the in-

put o and G(r) is studied for Fe. The results obtained
on approximating the G(r) by the pair correlation func-

0.4 I i I

6 8
0 I(Gev/c)z]

IQ

FIG. 3. Total transparencies [Eq. (6)I of Pb, Fe, and
'zC evaluated as a function of Qz. Dotted line: GA; dashed
line: CGA; dash-dotted line: GA with ocT(z) (GA+CT);
solid line: CGA with ocT(z) (CG+CT). The dash-double-
dotted and dot-double-dashed lines show the sensitivity of the
CGA+ CT results to G(r) and cr.

tion g(r) are shown by the dash-double-dotted line in

Fig. 3. The resulting decrease in T is &0.005 at Q & I

and -0.025 at Q =10 (GeV/c)2. It is likely that the
total N-N cross section is reduced, from its free space
value of -43.3 mb at E~,b=1.5 to 4 GeV, in nuclear
matter due to Pauli blocking. Simple estimates suggest
that cr in matter is -37 mb for Q & 3 (GeV/c), and is
not too sensitive to Q . The results obtained using this
value of o are shown by the dot-double-dashed line in

Fig. 3. It appears that Pauli blocking could increase T by-0.05 even at large values of Q .
From this study of the FSI of the struck nucleon in

electron-nucleus scattering at high-momentum transfer
we conclude that ground-state correlations cause a
significant enhancement of the nuclear transparency T in

(e,e'p) experiments. It appears to be necessary to take
into account such enhancement in order to understand
the available measurements [12] of T for low-energy
(-180 MeV) protons by the (e,e'p) reaction [13,14].
As a consequence, their eAect has to be carefully taken
into account when studying the possible occurrence of a
new phenomenon such as CT. However, it should be pos-
sible to separate the eff'ects of CT and correlations by
measuring the Q dependence of T The correlation.
effects have no Q dependence other than the small varia-
tion of o. with proton energy. The CT eAect, on the other
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hand, has a characteristic Q dependence.
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