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Nucleon binding corrections to lepton-nucleus deep inelastic scattering:
Use of a realistic spectral function
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Nuclear spectral functions computed with realistic nuclear forces are used to compute mean separa-
tion energies and to estimate the binding corrections to lepton-nucleus deep inelastic scattering. The
separation energies are large and significant binding eA'ects are obtained.

I. INTRODUCTION

Lepton-nucleus deep inelastic scattering (DIS) experi-
ments have shown that the nuclear structure function
F2"(x) is difFerent from the one for a free nucleon, F2 (x)
[1—3]. A substantial part of the observed deviation of
R (x)=F2"(x)/AF2 (x) from unity ["EMC (European
Muon Collaboration) effect"] can be ascribed to effects of
nuclear binding and Fermi motion (4—7]. It is clearly
necessary to understand these conventional nuclear
effects very well. Only then can one verify the presence
of other physics.

Quantitative estimates of such conventional nuclear
effects begin with (but require more than) knowledge
of the nonrelativistic nuclear spectral function
S(p, E)=(0'~a~5(E H+E„)a~ ~%')—, where ~II is the
ground-state nuclear wave function, a destroys a nu-
cleon with momentum p, and E is the separation energy.
Until recently, detailed information about S(p, E) was
absent, and therefore only qualitative estimates of these
nuclear effects could be obtained.

Recently Benhar et al. [8] have obtained an accurate
approximation to the spectral function for nuclear matter
using the realistic Urbana V&4+ three-nucleon interac-
tion [9]. Their method is based upon the use of a
ground-state variational wave function containing all the
possible spin-isospin and tensor correlations. The inter-
mediate A —1 states a ~%') are approximated by orthog-
onalized correlated basis states.

A striking feature of the spectral function of Ref. (8) is
that the correlations cause large deviations from the
mean-field picture. There are significant probabilities to
find nucleons with high momentum and with large sepa-
ration energies. In particular, we find below that the
mean separation energy, & E ) -70 MeV, is much larger
than the values adopted in the past which were in the
range (E ) -26—40 MeV. Recent results [10] using the
Reid soft-core potential give &E ) =8S MeV. The large
value of &E ) and high-momentum components ob-
tained from a realistic S(p, E) may have significant conse-
quences for nuclear DIS.

The importance of including the effects of nucleon-
nucleon correlations and the resulting large mean remo-
val energies in calculating the EMC ratio has been em-
phasized by several groups [11—13]. In particular, Ciofi

II. THE CONVOLUTION MODEL

The most popular approach to the EMC effect is the
convolution formalism, first discussed in detail by Jaffe
[5]. This method is based upon the following assump-
tions: (i) only incoherent contributions are kept (the pho-
ton is emitted and absorbed by the same quark in the
same nucleon), (ii) final-state interactions of the hit nu-
cleon are neglected, and (iii) the structure function F2 (x)
of the bound nucleon is the same as that for a free nu-
cleon, i.e., off-shell effects are neglected. Assumption (i)
seems well justified, but assumptions (ii) and (iii) are
much more open to criticism.

Starting with the convolution formula for the nuclear
hadronic tensor

W„(P~,q) = f d p S(p) W„„(p,q),
the structure function per nucleon F~" (x) is given by

F,"(x)= f dz f„(z)F,(x /z)
X

(2)

degli Atti and Liuti [11]used microscopic spectral func-
tions for light systems (A =2, 3,4) to demonstrate that
including correlations enhances the computer EMC effect
in the direction of the experimental data for values of
x=0.5. Ciofi degli Atti and Liuti [12] also considered
the effects of correlations in heavier nuclei, using an ap-
proximation to the spectral function. We do not use this
approximation, but we find results similar to those of Ref.
[12]. Shlomo and Vagradov [13] showed that, for heavier
nuclei, the use of empirical removal energies improved
the agreement with experiment. Other works [14] focus
on the role of the fiux factor. Roznyek and Birse [15]
studied the inhuence of correlations for x ) 1. They used
the Jastrow method, so their wave functions are phenom-
enological.

The nuclear spectral function for nuclear matter was
computed from a nuclear force yielding good nuclear
matter saturation properties in Ref. [8]. This nice techni-
cal development makes it possible to quantitatively inves-
tigate the role of correlations for heavy nuclei. In the
present paper we use this spectral function to study the
nucleon binding and Fermi motion effects for DIS on nu-
clear matter.
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in the Bjorken limit. Here x =Q /2m~v and the convo-
lution function f~ defines the light-cone momentum dis-
tribution of the nucleon

0+ 3

f„(z)=f d p S(p)z5 z-
Pl~

(3)

where S(p) is the relativistic spectral function, which is
normalized as fd p (p +p ) /m&S (p )= 1. Hence, fz (z)
satisfies the normalization f ~ dz f„(z)= 1. The factor z
in Eq. (3) is also known as the fiux factor.

The above derivation of F2" follows the technique of
Ref. [7], and the form is essentially the same as that of
Ref. [6].

In practice, the relativistic spectral function is not
available and we have to deal with a nonrelativistic ap-
proximation. The connection between these two spectral
functions is not obvious. We simply replace the relativis-
tic quantity zS(p) in Eq. (3) by the nonrelativistic one
zS(p, E), with p =mz Eand —S(p,E)=S(p,E). This
replacement ignores relativistic effects such as terms of
order p ~

m~. Our purpose here is to investigate the
consequences of the large value of (E); the derivation
of a fully relativistic spectral function is beyond the scope
of this work.

The net result is that

and the kinetic energy per nucleon by

g2 2

&T&=fdE f d p S(p,E)=36 MeV.2' (9)

Further investigation reveals that as expected about 50%%uo

of the contribution to & T & comes from p )p~, and about
40% of the contribution to &E&. The latter value is
much larger than generally assumed.

An additional point to investigate is whether the Kol-
tun sum rule [17] is satisfied. This states that

and thus the quasiparticle strength Zz, which is the
discontinuity of n (p) at p~, is Z~ =0.73.

The empirical value of Zz as found in (e, e',p) experi-
ments on heavy nuclei [16] is generally somewhat smaller
(Z~-0. 60). This difference may be explained by surface
effects in finite systems, which lead to an additional
smearing of the Fermi surface.

The fraction of nucleons with momenta p &pz is [8]
pp

4~ n p p dp =0.85 .
0

The lowest E and p moments of S are relevant for
DIS. We integrate and find that the mean removal ener-
gy is given by

&E &
= fdE f d p ES(p,E)=71 MeV, (8)

f&~(z)=2mm&z fdE f p dp S(p,E),
~min

(4) (10)

where p;„=mz(1 z)+E is u—sed in Eq. (2) to obtain
Fz (x).

III. PROPERTIES OF THE
(NQNRKLATIVISTIC) SPECTRAL FUNCTIGN

if only two-body forces are present. The left-hand side is—16 MeV, while the right-hand side is —17 MeV. The
near equality indicates that the effects of three-body
forces are not dramatic.

IV. RESULTS

In the mean-field approximation the spectral function
for nuclear matter has the simple form

S (p, E) ~ 8(p~ —
ip i )5(E —

e~ ), (5)

where e is the single-particle energy, and pz is the Fermi
momentum. This spectral function enters if the reactions
knocking out nucleons led only to two-body final states.

The calculation of Ref. [8] shows that the effect of
two-body correlations leads to two types of modifications
of Eq. (5). (i) For p &p/, about 15%%uo of the single-particle
strength is spread over a large missing energy E region
(several hundreds of MeV); this effect is caused by mixing
of the one-hole (lh) state with high-lying two-hole —one-
particle (2h-lp) states in the A —1. system. (ii) A de-
pletion of about 15% of the strength of normally occu-
pied states (p &pz) which is spread over a large p, E re-
gion; this is due to the presence of 2p-2h admixtures in
the initial state.

Numerical integration of S(p, E) over all values of E
lead to the single-nucleon density n (p). In particular [8],
the single particle occupancies near the Fermi surface are
given by

It is useful to study the effects of the & T & and &E &

moments of S on f (z) separately. To do that, consider
the averaged quantity [7]

mg /m~
&z&= f dzzf(z)= +—

0 mz 3 m~2

&E&+2 &&&

711~ 3 P?l~

The numerical values obtained above lead to &z & =0.94.
The convolution function f (z) is shown in Fig. 1. Ob-
serve that f (z) peaks at z =0.95; this net shift results
from a cancellation of a negative shift due to &E & and a
smaller positive shift due to & T &. The peak is at a value
of z slightly higher than & z &.

Some qualitative insight into the effect of the convolu-
tion can be obtained by expanding Fz (x) around z =1 up
to &E &/m& and &p &/m& (valid for x &0.6)

2

Fz (x)=F (x)—xF '(x) + F "(x)

(12)
0.79 at p =p~ —e,

n (p) = fdE S(p, E)= '
p p6 (6) It is not obvious how to compare the present result for

Fz" (x) for nuclear matter with the data for finite nuclei.
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