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Neutron structure function and inclusive deep inelastic scattering from3H and 3He
at large Bjorken x
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A detailed study of inclusive deep inelastic scattering~DIS! from mirror A53 nuclei at large values of the
Bjorken variablex is presented. The main purpose is to estimate the theoretical uncertainties in the extraction
of the neutron DIS structure function from such nuclear measurements. On the one hand, within models in
which no modification of the bound nucleon structure functions is taken into account, we have investigated the
possible uncertainties arising from~i! charge symmetry breaking terms in the nucleon-nucleon interaction,~ii !
finite Q2 effects neglected in the Bjorken limit,~iii ! the role of different prescriptions for the nucleon spectral
function normalization providing baryon number conservation, and~iv! the differences between the virtual-
nucleon and light-cone formalisms. Although these effects have not yet been considered in existing analyses,
our conclusion is that all these effects cancel at the level of'1% for x&0.75, in overall agreement with
previous findings. On the other hand, we have considered several models in which the modification of the
bound nucleon structure functions is accounted for to describe the EMC effect in DIS scattering from nuclei.
It turns out that within these models the cancellation of nuclear effects is expected to occur only at a level of
'3%, leading to an accuracy of'12% in the extraction of the neutron to proton structure function ratio at
x'0.7–0.8. Another consequence of considering a broad range of models of the EMC effect is that the
previously suggested iteration procedure does not improve the accuracy of the extraction of the neutron to
proton structure function ratio.
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I. INTRODUCTION

The investigation of deep inelastic scattering~DIS! of lep-
tons off the nucleon is an important tool to obtain fundam
tal information on the structure of quark distributions in t
nucleon. In the past years several experiments have b
performed in order to study the region of small values of
Bjorken variablex[Q2/2Mn, which is dominated by sea
quarks and gluons. Recently, experiments at HERA h
pushed the measurements at largex to a new high-Q2 do-
main, while dijet measurements at Tevatron have reached
kinematics where knowledge of the quark distributions in
nucleon atx*0.6 becomes important~for a recent discussion
and references see@1#!.

One of the major uncertainties in large-x studies comes
from a poor knowledge of thed-quark distribution in the
nucleon. The reason is that it is very difficult to extra
d(x,Q2) from measurements off hydrogen targets: it ent
as a correction in case of inclusive electron scattering off
proton atQ2!MW

2 ~whereMW is the mass of theW boson!,
while measurements using semi-inclusivee1p→e1p6

1X and large-Q2 e61p→n( n̄)1X scatterings have no
reached a sufficient degree of statistical accuracy yet. A
result, one has to rely on the extraction ofd(x,Q2) from the
data involving DIS off the deuteron.

On the theoretical side the predictions for the behavior
the ratiod(x,Q2)/u(x,Q2) at x→1 vary very significantly.
Deviations from the SU~6! value d(x,Q2)/u(x,Q2)50.5
could come either from nonperturbative effects, which co
lead, as suggested first by Feynman@2#, to d(x,Q2)/
0556-2813/2002/66~2!/024001~22!/$20.00 66 0240
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u(x,Q2)→0 @corresponding toF2
n(x,Q2)/F2

p(x,Q2)→1/4# at
x→1 @3# or from the hard scattering~perturbative QCD!
mechanism, yieldingd(x,Q2)/u(x,Q2)→1/5 @corresponding
to F2

n(x,Q2)/F2
p(x,Q2)→3/7.0.43# at x→1 @4,5#. Thus ex-

perimental data onF2
n(x,Q2)/F2

p(x,Q2) at large x have a
high degree of theoretical significance.

The first extraction of the ratioF2
n(x,Q2)/F2

p(x,Q2) from
the SLAC DISp(e,e8)X andD(e,e8)X data@see@6~a!# and
references therein# used the West procedure@7#, which is
based on a covariant electron-deuteron scattering forma
with the interacting nucleon off mass shell and the specta
nucleon on mass shell. Such a procedure leads to the
called West corrections tot(g* 1d)/@s tot(g* 1p)1s tot(g*
1n)#,1 in the impulse approximation~the numerical value
of this ratio is around 0.980–0.985). The application of t
West procedure has provided a limiting value (F2

n/F2
p)ux→1

'1/4, which has been adopted in most of the global fits
parton distribution functions~PDFs! ~see, e.g.,@8–11#!. Later
@12,13# it was pointed out that the West correction leads to
violation of the Gross–Llewellyn-Smith~baryon charge!
sum rule, because of the neglect of relativistic corrections
the normalization of the deuteron wave function in Ref.@7#.
Furthermore, it was pointed out in@12# that modeling the
deuteron wave function with one on-mass-shell and one
mass-shell nucleon without taking into account other degr
of freedom unavoidably leads to the violation of the energ
momentum sum rule, which expresses the requirement
the sum of the light cone fractions carried by all partons a
up to 1. Then an alternative light-cone~LC! formalism was
suggested@14# which satisfies both the baryon charge and
©2002 The American Physical Society01-1
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momentum sum rules. Both the virtual-nucleon convolut
~VNC! model @12# and the LC formalism@14# lead to an
enhancement ofF2

D(x,Q2) at large x as compared to the
SLAC procedure and hence to a further decrease of the
tracted value of then/p ratio, F2

n/F2
p , at largex.

The discovery of the EMC effect@15# has clearly indi-
cated gross deviations of theF2

A/F2
D ratio from the predic-

tions based on the Fermi motion approximation in the ki
matical regions at largex relevant for the extraction ofF2

n/F2
p

from the deuteron inclusive data. This led immediately to
conclusion@16# that the value ofF2

n/F2
p extracted by SLAC

was underestimated. Therefore an approximate proced
which was argued to depend only marginally on the det
of the EMC effect@16–18#, was suggested forx&0.7. The
use of this procedure by the SLAC experimental group@19#
has confirmed the conclusion of Ref.@16#, finding that the
value ofF2

n/F2
p at x'0.7 may be much closer to the pertu

bative QCD~PQCD! asymptotic value of 3/7.0.43.
Over the years a number of further studies of deute

structure functions have been performed using the V
model@20# and most of them have adopted the normalizat
of the deuteron wave function of Ref.@12#. Some of these
studies have included also pion degrees of freedom to fix
momentum sum rule problem. Other studies have consid
off-mass-shell effects in the structure function of the int
acting virtual nucleon. Within the latter the issue of the e
traction of the ratioF2

n/F2
p was analyzed in Ref.@21#, where

the extracted values for then/p ratio atx&0.7 turned out to
be very similar to the findings of Refs.@19,18#.

It should be also mentioned that quite recent analy
@1,22# of leading and higher twists in proton and deuter
DIS data have found that the latter are consistent wit
significant enhancement of thed-quark distribution at largex
with respect to the standard PDF behavior ofd/u→0.

The realization that the extraction of the large-x n/p ratio
from deuteron DIS data is inherently model dependent
led to the suggestion of two new strategies. One is the us
tagged semi-inclusive processes off the deuteron@23,24#,
which require the detection of a low-momentum protonp
&150 MeV/c). The other one is the determination of th
DIS structure functions of mirrorA53 nuclei@25,26#. In the
former one cantag the momentum of the struck neutron b
detecting the slow recoiling proton; in this way it is possib
to select initial deuteron configurations in which the tw
nucleons are far apart, so that the struck nucleon can
considered as free. In principle, one can use here an an
of the Chew-Low procedure for the study of scattering of
pion @27# and extrapolate the cross section to the neut
pole. The neutron structure function can then be extrac
directly from the semi-inclusive deuteron cross section w
out significant nuclear model dependence@23,24#. In the lat-
ter one tries to exploit the mirror symmetry ofA53 nuclei;
in other words, thanks to charge symmetry, one expects
the magnitude of the EMC effect in3He and 3H,

REMC
A ~x,Q2![

F2
A~x,Q2!

F2
D~x,Q2!

F2
p~x,Q2!1F2

n~x,Q2!

ZF2
p~x,Q2!1NF2

n~x,Q2!
,

~1!
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is very similar and hence the so-called super-ratio@25#

SREMC~x,Q2![
REMC

3He ~x,Q2!

REMC

3H ~x,Q2!

5
F2

3He~x,Q2!

F2

3H~x,Q2!

2F2
n~x,Q2!1F2

p~x,Q2!

2F2
p~x,Q2!1F2

n~x,Q2!

~2!

should be very close to unity regardless of the size of
EMC ratio itself@25,26#. If this is true, then/p ratio could be
extracted directly from the ratio of the measurements of
3He to 3H DIS structure functions without significan
nuclear modifications. However, it should be pointed o
that, even if charge symmetry were exact, the motion of p
tons and neutrons in a nonisosinglet nucleus~let us say3He)
is somewhat different due to the spin-flavor dependence
the nuclear force.

The aim of this paper is to perform explicit calculations
the EMC effect for both3He and3H targets, taking properly
into account the motion of protons and neutrons in mir
A53 nuclei. We explore in greater details the VNC mod
used in@25,26# in order to analyze the effects of~i! charge-
symmetry breaking terms in the nucleon-nucleon (NN) in-
teraction,~ii ! finite Q2 effects in the impulse approximation
~iii ! the role of different prescriptions for the nucleon spe
tral function normalization providing baryon number cons
vation, and~iv! the role of different PDF sets. Additionally
we compare the predictions of the VNC model and the
formalism in the approximation where no bound nucle
modification is taken into account. It will be shown that th
inclusion of these additional effects leaves the super-ratio~2!
close to unity within 1% only forx&0.75, confirming there-
fore the findings of Refs.@25# and@26#, where deviations of
the order of 2% and 1% were found, respectively.

However, it is well known that the VNC model undere
timates significantly the EMC effect at largex. Also, if the
VNC model is adjusted to satisfy the momentum sum rule
adding pionic degrees of freedom, it leads to a signific
enhancement of theq̄A /q̄N ratio atx*0.1, where a suppres
sion is observed experimentally@28#. Moreover, the VNC
model is just one of the many models of the EMC effe
Similarly the LC formalism without bound nucleon modifi
cations strongly disagrees with data at largex. Hence, to
provide a more conservative estimate of the possible rang
deviations of the super-ratio from unity we will also inves
gate carefully various models of the EMC effect which i
terpret this effect as due to modification of the wave funct
of either individual nucleons or two-nucleon correlations. W
will show that the cancellation of the nuclear effects in t
super-ratio~2! within the broad range of the models consi
ered occurs only at the level of'3%, restricting signifi-
cantly ~up to '12%) the accuracy of the extraction of th
freen/p ratio from the ratio of the measurements of the3He
to 3H DIS structure functions.

In this work we will not address all the EMC mode
predicting possible deviations from the convolution formu
1-2
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at largex. We feel, however, that it is worthwhile to mentio
at least few of them. An important issue in modeling t
EMC effect is the possible role of final-state interaction
fects even in the Bjorken limit. Though these effects a
absent if the scattering process is formulated directly
terms of parton degrees of freedom, the final-state inte
tions may be present in the case of a two-stage descrip
where the nucleus is described as a system of hadrons
next the scattering off the parton constituents of the hadr
is considered. However, it is very difficult to obtain sa
estimates of such an effect, and therefore we have no
cluded it in the present work. Another issue is the polar
ability of the nucleon intoD(1232) components, which con
tributes to three-nucleon forces adding a.10% correction to
the binding energy of the three-nucleon system. Con
quently, it may be possible that at largex one is not measur
ing only the nucleon structure function. Note here that int
ference among the scattering offD isobars and nucleons i
known to be relevant for a description of the polarizedA
53 structure functions@29#. The role of theD(1232) com-
ponent effects in the problem of extraction of theF2

n/F2
p ratio

deserves a special study, which is beyond the scope of
paper.

The plan of this paper is as follows. In Sec. II the form
ism needed to evaluate the nuclear structure functi
F2

A(x,Q2) within the VNC model and the LC approximatio
is presented. All the necessary inputs for a realistic estim
of the basic nuclear ingredient, namely, the invariant nucl
spectral function and its proper normalization, are discus
In Sec. III both the nuclear EMC effect and the super-ratio
mirror A53 nuclei are evaluated adopting the VNC mod
and the LC approximation, assuming also no modification
the bound nucleon structure functions. Section IV is devo
to estimate the deviations of the super-ratioSREMC(x,Q2)
from unity in several models of the EMC effect, in whic
modifications of the bound nucleon structure functions
considered. The issue of the extraction of then/p ratio from
the measurement of the ratio of the mirrorA53 structure
functions is fully analyzed in Sec. V. Our main conclusio
are then summarized in Section VI.

II. BASIC FORMALISM FOR INCLUSIVE DIS
FROM NUCLEI

There exist a number of treatments in the literature. Ho
ever, some of them do large-Q2 approximations right away
do not specify completely a prescription for treating o
mass-shell effects in the amplitude of virtual photon-nucle
interaction, etc. Hence we find it necessary in this section
rederive the basic formulas needed for the evaluation of
nuclear structure functionF2

A(x,Q2) within the VNC model
and the LC approach at finiteQ2.

In both cases no modification of the bound nucleon str
ture functions will be considered. We will refer to these a
proximations as convolution approximations.

A. Virtual-nucleon convolution model

The cross section for the inclusiveA(e,e8)X reaction can
be written in the following general form:
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dEe8dVe8
5

Ee8

Ee

a2

q4 hmnWA
mn , ~3!

where hmn[ 1
2 Tr( k̂2gmk̂1gn) is the leptonic tensor,k1

[(Ee ,kW1) andk2[(Ee8 ,kW2) are the four-momenta of the in
cident and scattered electrons, respectively, andWA

mn is the
electromagnetic tensor of the target, viz.,

WA
mn5 (

spin,X
^AuJA

m~q!uX&^XuJA
m†~0!uA&. ~4!

Within the covariant impulse approximation one assum
that the virtual photon interacts with a virtual nucleon a
the final hadronic stateX consists of the product of the in
elasticg* N interaction and the recoil (A21)-nucleon sys-
tem. Based on the Feynman diagram analysis of this sca
ing for the electromagnetic nuclear tensor@30# one obtains

WA
mn5(

N
E d4pSN~p!WN

mn . ~5!

Here the invariant nucleon spectral function in the nucleu
defined as

SN~p!5E d@pA21#G2~p,@pA21# !, ~6!

where p is the momentum of the virtual nucleon,@pA21#
denotes internal variables of the residual on-mass-shellA
21)-nucleon system, andG(p,pA21) is the covariantA
→N,(A21) vertex function combined with the propagat
of the virtual nucleon. Based on the requirement of baryo
number conservation@30# the nucleon spectral function i
normalized as follows:

E d4pA
p02pz

MA
SN~p!5E d4p

Ap0

MA
SN~p!51. ~7!

To proceed further, we express the electromagnetic ten
through the two invariant structure functionsW1 andW2:

Wj
mn52W1

j ~pj•q,Q2!S gmn2
qmqn

q2 D
1

W2
j ~pj•q,Q2!

M j
2 S pj

m2qm
pj•q

q2 D S pj
n2qn

pj•q

q2 D ,

~8!

wherej 5A,N. Multiplying the left and right sides of Eq.~5!

by k̃1
m[k1

m2qmk12 /q2 ~see, e.g.,@17,31#!,1 wherek125e1

2k1z and q25q02qz , and considering the limit ofe1 ,k1
→` with both Q2 andq0 fixed, one obtains

1Note thatk̃1
m automatically fulfills the current conservationq•Jj

50 andk̃1
250.
1-3
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W2
A~Q2,n!5(

N
E d4pS~p!W2

N~Q2,w̃!

3F 1

M2 ~11cosd!2S p21q2

Mn8

Q2 D 2

1
p'

2

2M2
sin2dG , ~9!

where sind5AQ2/uqW u, p25p02pz , n85p•q/M , and w̃2

5(p1q)2. Because of the off-shellness of the interacti
nucleon, one hasp2ÞM2. Contracting Eq.~5! with the unit
vectornm5(0,0,0,ny) one has

W1
A~Q2,n!5(

N
E d4pSN~p!

3H W1
N~Q2,w̃!1

p'
2

2M2
W2

N~Q2,w̃!J . ~10!

The inclusive cross section~3! can be expressed through th
structure functionW2

A andW1
A in a standard way:

ds

dEe8dVe8

5sMottH W2
A~Q2,n!12 tan2S ue

2 DW1
A~Q2,n!J .

~11!

In case of DIS one introduces the usual scaling function

F1
j 5MW1

j ,

F2
j 5nW2

j , ~12!

where j 5A,N. Using Eq.~12! in Eqs.~9!–~11! one gets

ds

dEe8dVe8

5sMott

1

nH F2
A~x,Q2!1

2n

M
tan2S ue

2 DF1
A~x,Q2!J ,

~13!

wherex5Q2/2Mn and

F1
A~x,Q2!5(

N
E d4pSN~p!

3H F1
N~ x̃,Q2!1

p'
2

2Mn8
F2

N~ x̃,Q2!J , ~14!

F2
A~x,Q2!5(

N
E d4pSN~p!F2

N~ x̃,Q2!
n

ñ

3F 1

M2 ~11cosd!2S p21q2

Mn8

Q2 D 2

1
p'

2

2M2
sin2dG , ~15!
02400
where ñ5(w̃21Q22M2)/2M5n81(p22M2)/2M and x̃

5Q2/2M ñ. Note that with such a definition of the argume
of F j ( x̃,Q2) it is ensured that the cross section is vanish
below the threshold for theeD→e8pn reaction.

1. Nuclear structure function F2
A(x,Q2)

In this subsection we will discuss the DIS structure fun
tion F2

A(x,Q2) in more detail. Let us introduce the scalin
variables

z5
Ap2

MA
,

aq5
Aq2

MA
, ~16!

and make use of the identityd4p5 1
2 dp1dp2d2p' ; then,

Eq. ~15! can be written as

F2
A~x,Q2!5

1

2 (
N

E dp1dp2d2p'dzSN~p!

3F2
N~ x̃,Q2!

n

ñ
dS z2

Ap2

MA
D

3F S MA

AM D 2

~11cosd!2S z1aq

Mn8

Q2 D 2

1
p'

2

2M2
sin2dG . ~17!

The integration overdp2 can be taken automatically, whil
the integration overp1 , which describes the virtuality of the
interacting nucleon, requires knowledge of the invaria
nucleon spectral function. One can proceed, however by,
serving that the virtuality of the interacting nucleon depen
on the structure of the recoil (A21)-nucleon system.
Namely, for the case of two-body breakup the invariant sp
tral function contains thed(p12p10) function with

p105MA2
~MA21

f !21p'
2

~A2z!MA /A
, ~18!

whereMA21
f is the mass of the recoilingA21 nucleus. In

case of the excitation of the recoil nuclear system into
continuum, one can use the observation, based on the m
nucleon correlation model@33#, that for different ranges ofz
the dominant value ofp1 in SN(p) depends on whether th
interacting nucleon is in the nuclear mean field or in 2N, 3N,
etc., correlations. Based on this model we can estimate
integrand in Eq.~17! as
1-4
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^p1&5MA2
MA21

2 1p'
2

~A2z!MA /A
at z<1.2–1.3,

^p1&5MA2MA222
M21p'

2

~22z!MA /A
at z.1.2–1.3 ~2N correlations!,

^p1&5MA2MA232
~2M !21p'

2

~32z!MA /A
at z.1.7–1.8 ~3N correlations!,

••• . ~19!

Using these approximations we can now integrate Eq.~17! over p1 arriving at

F2
A~x,Q2!5(

N
E dzd2p'rN~z,p'!F2

N~^ x̃&,Q2!
n

^ñ&
F S MA

AM D 2

~11cosd!2S z1aq

M ^n8&

Q2 D 2

1
p'

2

2M2
sin2dG , ~20!
e

ic

ni
li

-

l

u-

q.

-
s

f
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-
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where

^x̃&5
Q2

2M ^ñ&
,

^ñ&5
w21Q22M2

2M
,

w25Q21
1

2

MA

A
~p1aq1zq1!1

MA

A
p1z2p'

2 ,

^n8&5
1

2M
~p1q21p2q1!5

MA

AM
@p1aq1q1z#, ~21!

andp1 here defined according to Eqs.~18! and~19!. In Eq.
~20!, rN(z,p') is the one-body density function in th
nucleus, defined as

rN~z,p'!5
1

2E dp2dp1SN~p0 ,pz ,p'!dS z2
p02pz

MA /A D
5

MA

A E dp0SNS p0 ,p02z
MA

A
,p'D . ~22!

2. Bjorken limit

Equation ~20! allows us to calculate the inelast
A(e,e8)x reaction in a wide range of values ofQ2, i.e., large
enough that the condition for the closure over final hadro
states is achieved and the impulse approximation is va
Additionally, in DIS the range of the Bjorkenx should cor-
respond to the valence region (x.0.2–0.3) where shadow
ing effects are negligible. In the Bjorken limit, whereQ2,q
→` and x is kept fixed, Eq.~17! transforms to the usua
convolution formula used by many authors@25,30,32,34,35#:

F2
A~x,Q2!5 (

N51

A E
x

A

dzz fN~z!F2
NS x

z
,Q2D , ~23!
02400
c
d.

where f N(z) is the nucleon light-cone momentum distrib
tion in the nucleus,

f N~z!5E d2p'rN~z,p'!, ~24!

with the baryon charge normalization condition given by E
~27!.

Introducing the compact notationf N
^ F2

N to indicate the
convolution~23! and assumingexactnuclear charge symme
try, the 3He and3H DIS structure functions can be written a

F2

3He5S^ ~2F2
p1F2

n!1D ^ ~2F2
p2F2

n!,

F2

3H5S^ ~2F2
n1F2

p!1D ^ ~2F2
n2F2

p!, ~25!

where

S~z![
f p~z!1 f n~z!

2
,

D~z![
f p~z!2 f n~z!

2
, ~26!

with f p(n)(z) being the light-cone momentum distribution o
protons~neutrons! in 3He. If D(z).0 @i.e., f p(z). f n(z)#,
then it is reasonable to expect that the EMC ratios~1! in 3He
and 3H are quite close each other, so that the super-ratio~2!
is close to unity, as observed in Ref.@25#. However, as will
be illustrated in detail in the next subsection, the spin-fla
dependence of the nuclear force~even without any charge
symmetry and charge-independence breaking terms! yield
f p(z)Þ f n(z). Therefore, whenD(z)Þ0, the difference in
the proton and neutron structure function@leading to 2F2

p

2F2
nÞ2F2

n2F2
p in Eq. ~25!# can give rise toREMC

3He ÞREMC

3H

and correspondingly to deviations of the super-ratio~2! from
unity depending on the size of the EMC effect itself.It is
important to note that the nuclear charge symmetry will n
limit such deviations.
1-5
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B. Nuclear density function and LC momentum distribution
in the VNC model

Now we further analyze the one-body density functi
rN(z,p') and the light-cone momentum distributionf N(z).
From Eqs.~7! and~22! one obtains the following normaliza
tion for the one-body density function@30#:

E d2p'E
0

A

dzzrN~z,p'!5E
0

A

dzz fN~z!51. ~27!

To construct the one-body density function and subseque
the light-cone momentum distribution we have to relate
invariant spectral functionSN(p) to the nonrelativistic spec
tral functionPN(p,E), which represents the joint probabilit
to find in the nucleus a nucleon with three-momentump

5upW u and removal energyE. Since the latter is defined a
E[EA2EA211EA21* @EA21* being the~positive! excitation
energy of the system with (A21) nucleons measured wit
respect to its ground state andEA (EA21) the binding energy
of the nucleusA (A21)#, the nucleon spectral function als
represents the probability that, after a nucleon with mom
tum p is removed from the target, the residu
(A21)-nucleon system is left with excitation energyEA21* .

Since the ~nonrelativistic! nucleon spectral function
PN(p,E) is normalized as

4pE
Emin

`

dEE
0

`

dpp2PN~p,E!51, ~28!

where Emin[EA2EA21 is the minimum value of the re
moval energy, one has some ambiguity in the relation
tweenSN(p) and PN(p,E). Two Ansätzewere suggested to
relateSN(p) and PN(p,E) which can be considered to rep
resent two extremes. In one@17,30,31# it is assumed that

SN~p!5
MA

Ap0
•PN~p,E!. ~29!

In this case the nonrelativistic transition fromSN(p) to
PN(p,E) is straightforward, since in this limit one ha
(MA /Ap0)→'1, and hence the renormalization is th
smallest for small nucleon momenta. AnotherAnsatz as-
sumes@35# that renormalization is momentum independe
so that

SN~p!'CN•PN~p,E!, ~30!

whereCN can be found from the requirement given by E
~7!. In this prescriptionf N(z) reads explicitly as

f N~z!52pMCNE
Emin

`

dEE
pmin(z,E)

`

dp

3pPN~p,E!
M

AM21p2
, ~31!

wherepmin(z,E) is given by
02400
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pmin~z,E!5
1

2

~MA2Mz!22~MA21
f !2

MA2Mz
, ~32!

with MA5A•M1EA and MA21
f 5MA211E2Emin . Note

that the normalization factorCN can be different for protons
and neutrons, in line with the normalization factor appear
in Eq. ~29!.

For a generic nucleus withA.2 the nucleon spectra
function can be written as~cf., e.g.,@33,35#!

PN~p,E!5P0
N~p,E!1P1

N~p,E!, ~33!

where P0
N(p,E) includes the contributions of all the fina

states belonging to the discrete spectrum of
(A21)-nucleon system~basically its ground and one-hol
states!, while P1

N(p,E) corresponds to more complex fina
configurations@i.e., the final states of the continuum spe
trum of the (A21)-nucleon system#, which are mainly one-
particle–two-hole~1p-2h! states arising from the 2p-2h exci-
tations generated in the target ground state by short-ra
and tensorNN correlations. In what follows we will refer to
P0

N andP1
N as the ground and correlated parts of the nucle

spectral function, respectively.
The nucleon momentum distributionnN(p) can be simply

obtained from the nucleon spectral function by integrat
over the removal energy; thus, Eq.~33! implies thatnN(p)
can be written as the sum of two components related to
ground and correlated parts ofPN(p,E), respectively, viz.,

nN~p![E
Emin

`

dEPN~p,E!5n0
N~p!1n1

N~p!. ~34!

Useful parametrizations of the results of many-body calcu
tions of nN(p), available for few-nucleon systems, comple
nuclei and nuclear matter, as well as its decomposition~34!
into n0

N(p) andn1
N(p), can be read off from Ref.@33~b!#.

As is well known, the calculation ofPN(p,E) for A.2
requires knowledge of a complete set of wave functions
(A21) interacting nucleons. Thus, since the latter on
should be obtained from many-body calculations using re
istic models of the NN interaction, the evaluation o
PN(p,E) represents a formidable task. In case of3He the
nucleon spectral function has been obtained using three-b
Faddeev@36# or variational@37# wave functions, whereas fo
A5` the evaluation ofPN(p,E) has been performed usin
the orthogonal correlated basis approach@38# and perturba-
tion expansions of the one-nucleon propagator@39#. Since in
this work we are interested in the evaluation of Eqs.~20! and
~23! for mirror A53 nuclei as well as forA.3 nuclei, in
what follows we will adopt the spectral function model
Ref. @33#, which was developed for any value ofA and
shown to reproduce in a very satisfactory way the nucle
spectral function in3He and nuclear matter calculated with
many-body approaches using realistic models of theNN in-
teraction.

Let us now briefly describe the~nonrelativistic! nucleon
spectral function adopted in case of3He and 3H. For the
former nucleus the ground componentP0

N(p,E) is given by
1-6
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P0
p~p,E!5n0

p~p!d@E2Emin
(3He)#,

P0
n~p,E!50, ~35!

where n0
p(p) is the proton momentum distribution corre

sponding to the 3He to deuteron transition andEmin
(3He)

.5.49 MeV. Note that the ground componentP0
n(p,E) is

identically vanishing because the residualpp system does
not possess any bound states. In case of3H, since charge
symmetry largely holds for the nuclear wave functions
3He and 3H, one can write

P0
n~p,E!5R~p!•n0

p~p!d@E2Emin
(3H)#,

P0
p~p,E!50, ~36!

wheren0
p(p) is the same momentum distribution appeari

in Eq. ~35!. The correction functionR(p), which includes the
effects due to charge symmetry and charge independ
breaking terms in theNN ~as well asNNN) interaction,
turns out to be quite close to unity, namely, within 2% –3
level of accuracy, as can be estimated from the explicit c
culations of 3He and 3H wave functions carried out in Ref
@41#. For n0

p(p) we use the simple parametrization obtain
in Ref. @33~b!# in case of the RSC model@40# of the NN

interaction. Note thatEmin
(3H).6.26 MeVÞEmin

(3He) because of
the different values of the experimental binding energies
3He and 3H.

As for the correlated partP1
N(p,E) for 3He we adopt the

model of Ref.@33# and the parametrizations ofn1
N5n,p(p)

corresponding to the RSC interaction. For3H we follow the
same logic of Eq.~36! and estimate the correction functio
R(p) from the calculations of Ref.@41#. An additional dif-
ference in the correlated parts may arise from the differ
values of the threshold for the three-body breakupEthr ~cf.
@33#!: namely, Ethr57.72 and 8.48 MeV in3He and 3H,
respectively.

In Fig. 1 we report the results for two ratios of light-con
momentum distribution functions, namely,f 3He

p / f 3H
n ~solid

line! and f 3He
n / f 3H

p ~dashed line!, estimated according to th

FIG. 1. The ratio of the light-cone momentum distribution fun
tions f 3He

p / f 3H
n ~solid line! and f 3He

n / f 3H
p ~dashed line!, estimated ac-

cording to the results of Ref.@41#.
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results of Ref.@41#. It can clearly be seen that the correctio
to the charge independence in case of3He and 3H nuclear
wave functions are typically at the level of 2% –3%.

Next we want to estimate the uncertainty introduced
the above-mentioned normalization procedures, given
Eqs. ~29! and ~30!. In Fig. 2 we report the results of ou
calculation of the proton and neutron light-cone moment
distributions in 3He according to Eqs.~30! and ~31! ~solid
and dashed curves for protons and neutrons, respectiv!
and according to Eqs.~24! and~29! ~solid and dashed curve
with circles for protons and neutrons, respectively!. It turns
out that the two different normalization prescriptions c
substantially differ at small values of the light-cone fractionz
and this may represent a potential source of uncertainty.

From Fig. 2 it can be seen also that within each norm
ization prescriptionf p(z)Þ f n(z). Such a difference is driven
by the presence in the three-nucleon wave function o
mixed-symmetryS8-wave component as well as ofP andD
waves arising from the spin-spin, spin-orbit, and tensor te
of the NN interaction, respectively. According to the resu
of sophisticated solutions of the three-nucleon ground st
both with and without charge symmetry~and charge inde-
pendence! breaking terms@41#, the probabilities of theS8, P,
andD partial waves arePS8.1.2% –1.5%,PP&0.2%, and
PD.7% –9%, depending on the specific model adopted
the NN ~as well asNNN) interaction. Therefore, we do no
expect that the dependence off N(z) on the particular nuclea
force model could be significant for the estimate of the d
viation of the super-ratio~2! from unity, as is also suggeste
by the results already obtained in Ref.@25#. Finally, we want
to stress that our results for the EMC ratio~1! obtained
within the convolution formula~23! for mirror A53 nuclei
have been positively checked against the corresponding
sults of Refs.@35# and@26#, where the nucleon spectral func
tion obtained from few-body variational techniques in ca
of the RSC potential has been employed; we have found
the differences do not exceed.1% in the wholex range of
interest in this work, viz., 0.3&x&0.9.

FIG. 2. The nucleon light-cone momentum distribution in3He,
corresponding to the RSC model@40# of the NN interaction,
adopted in this work. The dashed and solid lines correspond to
neutron and proton momentum distributions, respectively. Li
with open circles correspond to the calculation with the normali
tion scheme of Eq.~29! and those without open circles to the no
malization scheme of Eq.~30!.
1-7
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C. Light-cone approach

In this subsection we discuss the formalism of LC dyna
ics in the approximation where the relevant degrees of fr
dom in the nuclear medium are the nucleons only, carry
therefore the total momentum of the nucleus. The struc
function in the LC framework can be represented as follo
@17,31#:

F2
A~x,Q2!5 (

N51

A E dz

z2 d2p'rN
LC~z,p'!F2

N~^x̃&,Q2!
n

^ñ&

3F S MA

AM D 2

~11cosd!2S z1aq

M ^n8&

Q2 D 2

1
p'

2

2M2
sin2dG , ~37!

where all the quantities on the right-hand side~RHS!, except
rN

LC(z,p'), are defined in Sec. II A 1. In the Bjorken lim
one obtains

F2
A~x,Q2!5 (

N51

A E
x

Adz

z
f N

LC~z!F2
NS x

z
,Q2D , ~38!

where f N
LC(z) is related torN

LC(z,p') according to Eq.~24!.
The quantityrN

LC(z,p') represents the nucleon LC densi
matrix in the nuclear medium. This function satisfies tw
sum rules: namely, from baryon charge conservation one

E dz

z
d2p'rN

LC~z,p'!51, ~39!

while the momentum sum rule requires

E dz

z
d2p'zrN

LC~z,p'!51. ~40!

Note that the last sum rule is not directly satisfied in t
VNC model, but it can be restored if mesonic degrees
freedom are explicitly introduced.

In generalrN
LC(z,p') is not known for nuclei withA>3.

However, for numerical calculations one can proceed us
the two following observations. First, in the nonrelativis
limit ~applicable for 0.7–0.8&z&1.2–1.3 and p'&kF

'200–300 MeV/c) the densityrN
LC(z,p') can be related to

the nonrelativistic nucleon momentum distributionnN(p) as

rN
LC~z,p'!uz'12pz /M'MnN~p!. ~41!

Second, within the two-nucleon correlation model@33# one
can relate the high-momentum tail of the nuclear LC den
matrix to the two-nucleon density matrix on the light co
@32#:

rN
LC~z,p'!'a2~A!rNN

LC~z,p'!

5
Ek a2~A!nNN~k!

22z
, ~42!
02400
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whereEk5AM21k2 and @32#

k5AM21p'
2

z~22z!
2M2. ~43!

The observation@33# that the two-nucleon correlations defin
the high-momentum tail of the nuclear momentum distrib
tion at momenta (.kF) allows us to replacenN(k) in Eq.
~42! by a2(A) nNN(k) at k.kF , wherea2(A) characterizes
the probability to find a two-nucleon correlation in the hig
momentum tail of the nucleon momentum distribution in t
nucleus A.2 Finally in the kinematical range where two
nucleon correlations dominate the proton-neutron pair,
can replacenNN(k) by the squared LC wave functio
uCD(k)u2 of the deuteron@32#.

The LC many-nucleon approximation for the nucle
wave function leads to a prediction for theF2

A/F2
N ratio

which qualitatively contradicts the EMC effect forx*0.5.
This reflects the need to include explicitly non-nucleonic d
grees of freedom in nuclei in order to explain the EMC e
fect. In the LC approximation a natural explanation is offer
by the deformation of the quark wave function in the bou
nucleon which will be considered in the Sec. IV D. In th
following section we will use the LC model to illustrate th
magnitude of the Fermi motion effects on the super-ratio~2!.

III. NUMERICAL ESTIMATES OF THE INELASTIC
CROSS SECTION

To check the reliability of our assumptions in the deriv
tion of Eq. ~20! as well as of the models used for the thre
nucleon spectral function, we first compare our calculatio
with the experimental data at moderate values ofQ2

;2 –3 (GeV/c)2. At these values ofQ2 the nuclear modi-
fication of the valence quark distributions~the EMC effect!
is expected to be small and thus the comparison with the
will allow to check the validity of Eqs.~20!–~22!. Figure 3
presents the comparison of our calculations with the exp
mental data of Ref.@43#, where for the nucleon structur
functionF2

N(x,Q2) we have used the parametrization of Re
@6# containing also the contribution of nucleon resonanc
For the evaluation ofF1

A @see Eq.~14!# we have used the
relation F1

N5F2
N@11(2Mx/n)#/2x(11R) with R50.18.

The comparison clearly demonstrates that Eq.~20! is a good
starting point for the discussion of higher-Q2 regime.

At larger Q2 the first question we want to address is ho
fast the Bjorken limit is established and how much t
nuclear recoil effects accounted for in Eq.~20! are important.
The finiteQ2 effects are governed by the scale of the targ
mass corrections (;M2/Q2 as well as the factors propor
tional toQ2/n2 andp'

2 /Q2). In Fig. 4 we compare the result
obtained for both the EMC ratio and the super-ratio for3He
and 3H targets atQ2510 (GeV/c)2, calculated within Eq.
~20! and the convolution formula~23!. It can clearly be seen

2An estimate ofa2(A) for a variety of nuclei can be found in Ref
@33#.
1-8
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FIG. 3. The cross section of inclusive3He(e,e8)X scattering as a function of energy transfern. Dashed line: inelastic contribution
calculated according to Eq.~20! and adopting for the nucleon structure function the parametrization of Ref.@6#, which includes nucleon
resonances. Dotted line: quasielastic contribution calculated according to Ref.@44#. Solid line: total cross section. The experimental da
~solid triangles! are from Ref.@43# and the kinematical conditions are shown in the insets.
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that while for the EMC ratio~1! the convolution formula
works within a 2% –3% level of accuracy at largex, in case
of the super-ratio~2! the differences between the no
Bjorken and the Bjorken limits cancel out almost complete

The next question is the expected uncertainty on the E
ratio due to the different normalization procedures of
nucleon spectral function discussed in the previous sect
In Fig. 5 we compare the calculation ofREMC

A53 andSREMC

performed within the convolution approximation using t
two different schemes of normalization given by Eqs.~29!
and~30!. It can be seen thatREMC

A53 exhibits some sensitivity
to the choice of the normalization scheme, while the diff
ences in the calculatedSREMC are well below;1%.

Next we address the sensitivity of the super-ratio~2! to
the particular choice of the PDF parametrization in t
02400
.
C
e
n.

-

nucleon. To this end we have calculated the super-ratio~2!
via the convolution formula~23! using the proton and neu
tron LC momentum distributions~31! with the normalization
procedure given by Eq.~30!. The RSC model@40# of theNN
interaction adopted in the calculation yieldsCn51.048 and
Cp51.033 for the normalization constants in Eq.~30!. We
have neglected the charge-symmetry breaking effects sh
in Fig. 1, and we have used different parametrizations of
nucleon structure function F2

N(x,Q2) taken at Q2

510 (GeV/c)2, namely, the GRV set@11# of PDFs and the
SLAC fit of Ref. @9#. Both the GRV and SLAC parametriza
tions are constructed in a such a way that the neutron
proton structure function ratio reaches the ‘‘nonperturbat
prediction’’ 1/4 asx→1 @see Fig. 6~a!#. We have therefore
applied to the GRV and SLAC structure functions anad hoc
e
s

FIG. 4. Thex dependence ofREMC
A ~a! andSREMC ~b! for 3He and 3H targets atQ2510 (GeV/c)2. Dashed and solid lines are th

results obtained using Eq.~20! calculated without invoking the Bjorken limit and Eq.~23! using the Bjorken limit, respectively. Line
marked by crosses correspond to3H target, unmarked lines to3He target. In~a! and~b! the CTEQ set of PDFs from Ref.@10# is adopted,
while in ~b! the results obtained using the parametrization of Ref.@6# for the nucleon structure functionF2

N(x,Q2) are also reported. The
charge-symmetry breaking effects shown in Fig. 1 are included in the calculations.
1-9
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FIG. 5. ~a! The EMC ratio@Eq. ~1!# in 3He ~thin lines! and in 3H ~thick lines! vs x at Q2510 (GeV/c)2. ~b! The super-ratio@Eq. ~2!#
vs x. Dashed and solid lines correspond to the results obtained using the normalization schemes of Eqs.~29! and ~30!, respectively. The
CTEQ set of PDFs from Ref.@10# has been adopted as input for the nucleon structure functionF2

N(x,Q2). The charge-symmetry breakin
effects shown in Fig. 1 are not included in the calculations.
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modification in the form of a distortion of thed-quark distri-
bution limited only at largex ~i.e., x*0.7), viz., d(x)
→d(x)10.1x4(11x)u(x). Such a modification has been d
rectly implemented in the GRV set of PDFs, while in case
the SLAC parametrization we have considered the follow
replacements: F2

p(x,Q2)→F2
p(x,Q2)$110.1x4(11x)/4%

and F2
n(x,Q2)→F2

n(x,Q2)$114•0.1x4(11x)%. In both
cases then/p ratio of the modified structure functions goe
to the ‘‘PQCD prediction’’ 3/7.0.43 asx→1 @see Fig.
6~a!#. Since the proton structure function is dominated
large x by the u-quark distribution, the above-mentione
modification does not change significantly the shape of
proton structure function; the effects are larger on the n
tron structure function, but by construction they are limit
in the regionx*0.7 @see Fig. 6~a!#.
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The results obtained for the super-ratio~2! are shown in
Fig. 6~b!. It can be clearly seen that the deviation of t
super-ratio from unity is small~less than 1%) up tox
.0.75, while it increases rapidly asx*0.75 and depends
strongly on the large-x behavior of then/p ratio. Our con-
clusion is that the VNC model predicts a deviation of t
super-ratio from unity within 1% only forx&0.75 in overall
agreement with the results of Refs.@25,26#. Note however
that thex shape and the average value of our results for
super-ratio are closer to the findings of Ref.@26# ~where a
spectral function similar to the one of the present work
adopted! and differs from the results of Ref.@25#, where
larger deviations~up to 2%) from unity were found. It is
likely that the difference is related to the different spect
functions used in the present work and in Ref.@25#, since the
FIG. 6. ~a! Neutron to proton structure function ratioF2
n(x,Q2)/F2

p(x,Q2) vs the Bjorken variablex at Q2510 (GeV/c)2. The solid
circles are the NMC data points as given in Ref.@45#. Thick dashed and solid lines correspond to the GRV set@11# of PDFs and to the SLAC
parametrization of Ref.@9#. Thin lines are the modified GRV and SLAC fits, as described in the text.~b! Super-ratio@Eq. ~2!# of the EMC
effects inA53 mirror nuclei. The meaning of the lines is the same as in~a!. Using the CTEQ parametrization@10# one obtains results very
similar to those reported for the GRV set@11# of PDFs.
1-10
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NEUTRON STRUCTURE FUNCTION AND INCLUSIVE . . . PHYSICAL REVIEW C 66, 024001 ~2002!
latter uses the VNC model with the same normalizat
scheme@Eq. ~29!# for the nucleon LC momentum distribu
tion.

The x shape of the super-ratioSREMC(x,Q2) shown in
Fig. 6~b! can be better understood by looking at Fig.
where the EMC ratioREMC(x,Q2) in the two-mirrorA53
nuclei is separately reported. It can be seen that the co
lution approach predicts a larger deviation from unity in3H
than in 3He for x&0.75. This is a direct consequence of t
higher kinetic energy of the neutron~proton! with respect to
the proton~neutron! in 3He (3H) due to the spin-flavor de
pendence of the nuclear force@see the discussion after Eq
~25!#. The super-ratioSREMC(x,Q2) is therefore larger than
1 up to x.0.75 @see Fig. 6~b!#, but such a deviation from
unity is small because the EMC ratio itself is predicted to
quite small in the two-mirror nuclei~less than a 1% effect!

FIG. 7. The EMC ratio@Eq. ~1!# in 3He ~thin lines! and in 3H
~thick lines! as predicted by the convolution formula~23! at Q2

510 (GeV/c)2. The solid lines correspond to the SLAC@9# pa-
rametrization of the nucleon structure function, while the das
lines are the results obtained using the modified SLAC fit at largx
as described in the text. The thin dashed and solid lines are al
indistinguishable.
02400
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e

within the VNC model. Forx*0.75 the EMC ratio increase
above unity very sharply; generally speaking, this is rela
to the fact that the nucleon structure function goes to zero
x→1, while the nuclear one is nonvanishing because of
Fermi motion of the nucleons in the nucleus. Moreover,
slope of the rise ofREMC(x,Q2) is larger in 3H than in 3He
due to the decrease ofF2

n/F2
p at x→1. Note also that the

EMC ratio in 3H is sensitive to the modification of thed/u
ratio at largex, whereas the EMC ratio in3He is not~see Fig.
7!. Thus, for x*0.75 the super-ratioSREMC(x,Q2) drops
below 1 and becomes a rapidly varying function ofx with a
remarkable sensitivity to the large-x shape of the nucleon
structure function.

Finally the last source of uncertainty we want to consid
within the convolution approximations is the difference b
tween the predictions of the VNC model and the LC form
ism. In Fig. 8 the predictions for the EMC ratio calculate
within the VNC model according to Eq.~20! and the normal-
ization scheme of Eq.~29! are compared with the corre
sponding ones of the LC approach@see Eq.~37!#. In both
cases we have adopted theF2

N parametrization of Ref.@6#,
which contains the contribution of nucleon resonances.
follows from Fig. 8~a! the LC approximation predicts large
value of the EMC ratio as compared with the VNC mod
As a result the super-ratio within the LC approximation
smaller~closer to 1! as compared with the prediction of th
VNC model. Note also that the effects of nucleon resonan
are still visible in Fig. 8~a! for x*0.8, corresponding toW
,2 GeV atQ2510 (GeV/c)2. Therefore, if one wants to
investigate only the leading twist of the nucleon structu
function, one can either limit the range of values ofx or
increase sufficiently the value ofQ2.

To sum up this section, we conclude that all the cons
ered uncertainties within the convolution approximation,
which no nuclear modification of bound nucleons is cons
ered, do not yield deviations of the super-ratio~2! from unity
larger than 1% atx&0.75 (2% atx&0.8).

d

st
arametri-

FIG. 8. ~a! The EMC ratio@Eq. ~1!# in 3He ~thin lines! and in 3H ~thick lines! vs x at Q2510 (GeV/c)2. ~b! The super-ratio@Eq. ~2!#

vs x. Dashed and solid lines correspond to the results obtained using the VNC model and the LC formalism, respectively. The p
zation of Ref. @6#, which includes nucleon resonances, has been adopted as input for the nucleon structure functionF2

N(x,Q2). The
charge-symmetry breaking effects shown in Fig. 1 are not included in the calculations.
1-11
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FIG. 9. The EMC ratio@Eq. ~1!# in 4He ~a! and 56Fe~b! at Q2510 (GeV/c)2. Open circles are data from Ref.@46#, while in ~b! the solid
squares are from Ref.@47#. The solid lines are the results of the convolution formula~23!, calculated adopting the SLAC@9# parametrization
of the nucleon structure functionF2

N(x,Q2) and the model of Ref.@33# for the nucleon spectral functionPN(k,E).
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IV. MODELS OF THE EMC EFFECT WITH
MODIFICATIONS OF THE BOUND NUCLEON

STRUCTURE FUNCTION

Although within the VNC model and the LC approach t
nuclear corrections to the super-ratio~2! are '1% at x
&0.75, it is hardly safe to treat this as an ultimate estimate
the nuclear effects. The VNC model is just one of the ma
models of the EMC effect. Also, literally, the VNC mode
predicts the parton densities to violate the momentum s
rule ~for instance, by;5% for an iron target!. When this
feature is fixed by adding mesonic~pionic! degrees of free-
dom, one predicts an enhancement of the antiquark distr
tions in nuclei atx>0.05 which grossly contradicts th
Drell-Yan data@28#. It is also well known that the convolu
tion approximations underestimate significantly the EMC
fect at largex ~cf., e.g., Refs.@17,35# and@46#!. Experimental
data are available for a variety of nuclei and in Fig. 9 w
have limited ourselves to the cases of4He and 56Fe. The
convolution formula within the VNC model, Eq.~23!, has
been evaluated adopting for the nucleon spectral func
PN(k,E) the model of Ref.@33# and our results turn out to b
in agreement with the findings of Ref.@35#. From Fig. 9 it
can clearly be seen that the convolution approach is not
to reproduce the minimum of the EMC ratio aroundx'0.7
as well as the subsequent sharp rise at largerx. Note that the
disagreement is even larger within the LC approximat
~see dashed curves in Fig. 16!.

Therefore, it is reasonable to expect that the results of
convolution approximation for mirrorA53 nuclei can suffer
the same drawback. Moreover, it is very important to as
any isospin dependence of the EMC effect in order to ext
in a reliable way the neutron structure function from3He and
3H data. An isospin dependence for the EMC effect is na
rally expected from the differences in the relative motion
pn andnn (pp) pairs in 3H (3He). The results obtained fo
3H in Ref. @42# in case of the ArgonneV18 1 UrbanaIX
models of theNN andNNN interactions are reported in Fig
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10. It can clearly be seen that, since the interaction of apn
pair is more attractive than the one of ann pair, the proton is
closer to the3H center of mass than the neutron. The cor
sponding root-mean-square radius turns out to beA^r pn

2 &
.2.5 fm andA^r nn

2 &.2.8 fm. As a consequence, the ove
lapping probability is larger for apn pair than for ann pair.
As a matter of fact, from Fig. 10 it follows that the partial
integrated probability to find aNN pair with r NN<1 fm is
;40% larger for apn pair than for ann pair. We stress tha
this is a very important isospin effect in mirrorA53 nuclei.

Thus in order to draw final conclusion about the size
the deviation of the super-ratioSREMC(x,Q2) from unity we
should investigate effects beyond those predicted by the
volution approach.

The discovery of the EMC effect at largex has triggered a
huge theoretical effort which has led to the development o

FIG. 10. The distributionsgNN(r NN) of the relative motion of a
nn pair ~solid circles! and of apn pair ~open squares! in 3H, as a
function of the relative distancer NN between theNN pair. The
results reported correspond to the the ArgonneV18 and UrbanaIX
models of theNN and NNN interactions, respectively, obtaine
using the Green function Monte Carlo method of Ref.@42#. The
distributions are normalized as*0

`drNNgNN(r NN)51.
1-12
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NEUTRON STRUCTURE FUNCTION AND INCLUSIVE . . . PHYSICAL REVIEW C 66, 024001 ~2002!
large number of models~see, e.g., Refs.@48,49,16,46# and
references therein!. In this work we will limit ourselves to
consider some of these models, which are of interest fo
estimate of the possible deviation of the super-ra
SREMC(x,Q2) from unity. We will use the experimenta
points presented in Fig. 9 in order to constrain as much
possible the parameters of these models. Note that the
perimental uncertainties in the EMC ratio in4He are signifi-
cantly larger than the corresponding ones in56Fe; therefore,
new measurements on4He targets with reduced errors wi
certainly help in improving our knowledge of the EMC e
fect in light nuclei.

A. Nuclear density model

It was argued in@16,17# that as result of a diluteness o
the nuclear systems, the nuclear effects for the deviatio
the nuclear structure function from the sum of the nucle
structure functions can be treated as a series in the powe
k2/M2 andeA /M . This approximation holds in a number o
dynamical models, like the rescaling model@48–50#, the six-
quark (6q) cluster model@51,52#, the color screening mode
~suppression of small size configurations in bound nucleo!
@16,17,53#, and pion models@54#. Hence in the region of
small enoughx ~i.e., x&0.7), where terms}k4/M4 can be
neglected, an approximate factorization should take plac

R̄EMC
A ~x,Q2!215b~x,Q2! f ~A!, ~44!

where R̄EMC
A (x,Q2)[F2

A(x,Q2)/@ZF2
p(x,Q2)

1NF2
n(x,Q2)# and

f ~A!}^k2&/M2 ~45!

or to the average virtuality of the nucleon. Equation~44! is in
a very good agreement with the SLAC data on theA depen-
dence of the EMC effect. Numerical estimates using E
~44! and~45! and realistic deuteron and iron wave functio
lead to@16#

F2
D~x,Q2!

F2
p~x,Q2!1F2

n~x,Q2!
21'

1

4

F2
Fe~x,Q2!

F2
D~x,Q2!

21. ~46!

For A*12 one has approximatelŷk2&/M2}^rA(r )&
[r(A), wherer(A) is the average nuclear matter densi
leading to

REMC
A ~x,Q2![

R̄EMC
A ~x,Q2!

R̄EMC
D ~x,Q2!

5a~x,Q2!@11r~A!b~x,Q2!#. ~47!

Note in passing that such an approximation is definitely
applicable at very largex, since short-range correlation
dominate forx*1 and therefore the relationREMC

A (x)}rA is
expected not to hold anymore. Also one hardly can direc
use this approximation for the deuteron since the notion
average nuclear density is not well defined in this case.
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Analysis of the data on the EMC effect using Eq.~47!
~including deuteron and4He data! has been carried out in
terms of the average nuclear densityr(A) in Ref. @46#. The
quantitiesa(x,Q2) andb(x,Q2) were fitted to the data; thei
values for variousx bins can be easily read off from Table IX
of @46#. The nuclear densityr(A) was assumed to be give

by r(A)53A/4pRe
3 where Re5A 5

3 r c,A , with r c,A repre-
senting the rms electron scattering~charge! radius of the
nucleus. In particular, the valuesr(4He)50.089 fm23 and
r(56Fe)50.117 fm23 were adopted in@46#. We will refer
hereafter to Eq.~47! as the density model.

Note that the fit in Eq.~47! has been done in Ref.@46#
using charge rather than matter radii of nuclei, which is
good approximation for largeA andZ5N nuclei since in this
case

^r c,A
2 &5^r matter,A

2 &1^r c,proton
2 &1^r c,neutron

2 & ~48!

and

^r matter,A
2 &@^r c,proton

2 &, ^r c,neutron
2 &. ~49!

For light isosinglet nuclei Eq.~48! is expected to hold. How-
ever, the predictions of the density model for light isosing
nuclei should have a rather qualitative character since
~49! does not hold for deuterons and barely holds for the4He
nucleus. Moreover, the step leading from Eqs.~44! and~45!
to Eq. ~47! is not justified.

We have mentioned above that the density model w
proposed in Ref.@16# only in case of sufficiently heavy nu
clei. If we want to apply Eq.~47! to mirror A53 nuclei, the
first question is which density we have to use. As alrea
observed in Fig. 10, the neutron~proton! is closer to the3He
(3H) center of mass than the proton~neutron!. This means
that the neutron~proton! has more kinetic energy than th
proton ~neutron! in 3He (3H).3 According to the RSC inter-
action, the neutron in3He possesses on average about 25
kinetic energy more than the proton. Since the deviation
the EMC ratio from unity may be related to the mean kine
energy of the nucleon and to the derivatives of the nucle
structure function~cf. @17#!, we expect a different EMC ef-
fect in mirror A53 nuclei, driven by the spin-flavor depen
dence of theNN interactionand by the different quark con-
tent of the proton and neutron~cf. Fig. 6!. In case ofA53
systems it should be emphasized that what matters ultima
is the matter size and not the charge radius. The rela
between charge and matter radii for3He and3H targets dif-
fers from Eq.~48!, namely,

^r c,3He
2 &5^r matter,proton

2 &1^r c,proton
2 &1^r c,neutron

2 &/2,

^r c,3H
2 &5^r matter,neutron

2 &1^r c,proton
2 &12^r c,neutron

2 &,
~50!

3In what follows we neglect the small isospin violation driven b
charge-symmetry breaking effects in the relative motion of thepp
pair in 3He and of thenn pair in 3H.
1-13
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FIG. 11. ~a! The EMC ratio@Eq. ~1!# in 3He ~thin lines! and in 3H ~thick lines! vs x at Q2510 (GeV/c)2. ~b! The super-ratio@Eq. ~2!#
vs x. The meaning of the lines is the same as in Fig. 7. In~a! the open and solid circles correspond to the predictions of the density m
~51! for 3He and3H, respectively, adoptingrp(3He)5rn(3H)50.050 fm23 andrn(3He)5rp(3H)50.068 fm23. In ~b! the prediction of
the density model is represented by the open squares.
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where^r matter,proton
2 & and^r matter,neutron

2 & are the matter den
sities of protons and neutrons in3He. Thus a relation similar
to Eq. ~48! can be obtained only for the isosinglet com
bination of the 3He and 3H targets since in this
case ^r c,(3He13H)/2

2 &5^r matter,(proton1neutron)/2
2 &1^r c,proton

2 &
15^r c,neutron

2 &/4, which coincides with Eq.~48! up to the
small term^r c,neutron

2 &/4.
In the case of3He and3H nuclei we need to account fo

the fact that it is the difference between the matter radii
protons and neutrons in3He ~or in 3H) that should be con-
sidered in estimating the different EMC effects for these
clei within the density model. To be able to use the resu
of the fit of Ref. @46# one should use for proton~neutron!

densityrp(n)(A)53A/4pRp(n)
3 , whereRp(n)5A5

3 r p(n) and

r p(n)
2 5^r matter,proton(neutron)

2 &1r 0
2 , where the parameterr 0

accounts for the fact that the fit of Ref.@46# is based on the
use of the nuclear charge radius. For estimation purpose
take r 0.A^r c,proton

2 &1^r c,neutron
2 &.0.7 fm.

Using these densities one can now estimate the EMC
fects within the density model, modifying Eq.~47! as fol-
lows:

R
EMC

3He
'aS 11b

2rpF2
p~x,Q2!1rnF2

n~x,Q2!

2F2
p~x,Q2!1F2

n~x,Q2!
D ,

R
EMC

3H
'aS 11b

2rpF2
n~x,Q2!1rnF2

p~x,Q2!

2F2
n~x,Q2!1F2

p~x,Q2!
D . ~51!

In Fig. 11 the predictions of the density model~47! for
both the EMC ratio and the super-ratio are reported and c
pared with the results of the VNC model. For proton a
neutron matter radii we adopt the valuesA^r matter,proton

2 &
51.7560.03 fm and A^r matter,neutron

2 &51.5560.04 fm,
obtained from the results of Refs.@55–57#. Since in this
simple model we neglect small effects of the isospin vio
tion which could lead to ^r matter,proton

2 &Þ(3He)
02400
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Þ^r matter,neutron
2 &(3H), the above results correspond

rp(3He)5rn(3H).0.050 fm23 and rn(3He)5rp(3H)
.0.068 fm23.

It can be seen from Fig. 11 that the deviation of the EM
ratios from unity is different for3He and 3H targets by ap-
proximately the same amount in percentage, but the den
model predicts a deeper EMC effect. Therefore, at varia
with the VNC model, the deviation of the super-rat
SREMC(x,Q2) from unity can reach a.2% level already
aroundx.0.7–0.8 in the density model, because the lat
predicts a larger EMC effect with respect to the VNC fo
mula.

However, we stress again that one should be very car
in applying the density model for light nuclei, such as3He
and 3H, since for the lightest nuclei the Fermi momentu
distribution is very steep and theA dependence of the EMC
effect may not have the same form as the one for he
nuclei. Therefore the predictions of the EMC effect for3He
and 3H targets based on the density model should be con
ered for illustrative purposes only.

B. Quark confinement size

In Refs. @49,50# it was proposed to explain the EMC e
fect at largex via the softening of the~valence! quark distri-
butions in nuclei~i.e., a more efficient gluon radiation in
bound nucleons than in free nucleons! caused by an increas
of the confinement volume of the quark in a bound nucle
One can combine the model of@49# with the VNC model by
including in the latter modifications of the structure functio
of the virtual nucleons. For simplicity one can neglect t
dependence of the modification on the nucleon moment
treating this effect on average. In this case one can write

F2
A~x,Q2!5 (

N51

A E
x

A

dzz fN~z!F2
NS x

z
,jA~Q2!•Q2D ,

~52!
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FIG. 12. The EMC ratio@Eq. ~1!# in 4He ~a! and 56Fe ~b! at Q2510 (GeV/c)2. Experimental points and the solid lines are as in F
9. The dashed lines are the results of the rescaling formula~52!, calculated adopting, in Eq.~53!, lA /lN51.036 and 1.047 for4He and56Fe,
respectively.
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wherejA(Q2) is the~dynamical! rescaling factor, whoseQ2

dependence, dictated by PQCD, is given by

jA~Q2!5FlA
2

lN
2 Gas(m

2)/as(Q
2)

, ~53!

with lA andlN representing the quark confinement sizes
the bound and free nucleons, respectively. A change oflA
with respect tolN may be viewed as a change in the nucle
size in the nuclear medium~this interpretation is usually ref
ereed to as the nucleon swelling!. In this respect, it should be
pointed out that:~i! in Ref. @58# an increase not larger tha
.6% of the proton charge radius is found to be compati
with y scaling in 3He and56Fe; ~ii ! the analysis of the Cou
lomb sum rule~CSR! made in Ref.@59# suggests an uppe
limit of .10% for the change of the proton charge radius
56Fe; ~iii ! recently@60# the experimental values of the CS
in 12C and 56Fe have been reanalyzed atQ2.0.3
02400
e

(GeV/c)2, implying an upper limit of.8% for the increase
of the proton charge radius~cf. @61#!.

Thus, we assume that (lA /lN21) is proportional to the
nuclear densityr(A) in a such a way that an increase of 6
is reached only for the heaviest nuclei@namely, atr(A)
50.15 fm23); this corresponds tolA /lN51.036 and 1.047
for 4He @r(4He)50.089 fm23# and 56Fe @r(56Fe)
50.117 fm23#, respectively. In case of the deuteron we a
sume no swelling~i.e., lD /lN51). The results of the calcu
lations, adopting for the mass scalem2 in Eq. ~53! the value
0.6 (GeV/c)2 as in@49,35#, are reported in Fig. 12 for4He
and 56Fe and in Fig. 13 for the mirrorA53 nuclei. It can be
seen that theQ2-rescaling approach@Eq. ~52!# provides a
better description of the EMC data at largex for both 4He
and 56Fe than the convolution formula~23!. For 3He and3H
the predictions of the rescaling approach~corresponding to
l 3He/lp5l 3H /ln51.020 and l 3He/ln5l 3H /lp51.027,
respectively! provide a possible mechanism to achieve
es

FIG. 13. ~a! The EMC ratio@Eq. ~1!# in 3He ~thin lines! and in 3H ~thick lines! vs x at Q2510 (GeV/c)2. ~b! The super-ratio@Eq. ~2!#

vs x. The solid and dashed lines correspond to the convolution~23! and rescaling~52! formula, respectively. In the latter case the valu
l3He/lp5l3H /ln51.020 andl3He/ln5l3H /lp51.027 are adopted in Eq.~53!.
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M. M. SARGSIAN, S. SIMULA, AND M. I. STRIKMAN PHYSICAL REVIEW C66, 024001 ~2002!
.1.5% deviation of the super-ratioSREMC(x,Q2) from 1
already aroundx.0.7–0.8.

C. Six-quark clusters

Another mechanism proposed for the explanation of
EMC effect is the formation of clusters of six~or more!
quarks when two~or more! nucleons are overlapping in th
nucleus@51,52#. This mechanism also provides a softening
the quark distribution in nuclei, since the phase space av
able in a cluster of six~or more! quarks is clearly larger than
in a nucleon. In what follows we limit ourselves to the ca
of 6q clusters and we adopt the procedure of Ref.@62# in
order to evaluate the 6q cluster contribution to the nuclea
response.

The main point is to take into account the decomposit
~33! of the nucleon spectral function into a ground (P0

N) and
a correlated (P1

N) part. Indeed, since two nucleons can ov
lap only in the correlated partP1

N , the modification of the
convolution formula~23! due to the possible presence of 6q
clusters can be written as

F2
A~x,Q2!5 (

N51

A E
x

A

dzz f0
N~z!F2

NS x

z
,Q2D

1 (
N51

A S 12
P6q

S1
N D E

x

A

dzz f1
N~z!F2

NS x

z
,Q2D

1P6qF2
A(6q)~x,Q2!, ~54!

where, following Eqs.~31! and ~33!, one has

f i
N~z!52pMCNE

Emin

`

dEE
pmin(z,E)

`

dp

3pPi
N~p,E!

M

AM21p2
, ~55!

with i 50,1. In Eq. ~54!, P6q is the probability to have a
six-quark cluster in the nucleus,S1

N is the normalization of
the correlated part of the nucleon spectral function, viz.,

S1
N[4pE

Emin

`

dEE
0

`

dpp2P1
N~p,E!, ~56!

while F2
A(6q)(x,Q2) is given by

F2
A,6q~x,Q2!5

A

2 (
b

E
x/2

MA/2M

dzc.m.

3zc.m.f̃
b~zc.m.!F̃2

bS x

2zc.m.
,Q2D , ~57!

where b5(u2d4,u3d3,u4d2)5(@nn#,@np#,@pp#) identifies
the type of 6q cluster, f̃ b(zc.m.) is the light-cone momentum
distribution describing the center-of-mass motion of theq
cluster in the nuclear medium, andF̃2

b(j,Q2) is the structure
function of the 6q cluster. Following Ref.@62#, we adopt for
02400
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f̃ b(zc.m.) the momentum distribution of the center-of-ma
motion of a correlatedNN pair ~with the same quark conten
of the 6q cluster! as resulting from the spectral functio
model of Ref.@33#. In this way we take into account that th
6q bag may be not at rest in the nucleus.

As for F̃2
b(j,Q2) we follow a simpleQ2-independent pa-

rametrization proposed in Ref.@52~a!# and inspired by quark
counting rules, viz.,

F2
b~j!5H a~12j!141S (

j
ej

2DbAj~12j!10J , ~58!

where the coefficientsa andb can be found in Ref.@52~a!#.
Note that the charge factor (( jej

2) is different for the various
types of 6q clusters: namely, ( jej

254/3,5/3,2 for
@nn#,@np#,@pp# clusters. Therefore, the 6q cluster contribu-
tion is different in 3He and3H, because@nn# and@pp# bags
have at least different quark content. Note that an additio
difference may come from differentx distributions in@pn#
and @nn#,@pp# bags.

The only remaining parameter is the 6q bag probability
P6q in the nucleus. Since the probability for two nucleo
overlapping is proportional to the nuclear density, we assu
P6q to be proportional to the densityr(A). We fix the con-
stant of proportionality by requiring the best reproduction
the EMC data of56Fe, obtaining in this wayP6q.15% in
iron and P6q.11% in 4He. We assume no 6q bag in the
deuteron, while for mirrorA53 nuclei we getP[ pp]([ nn])
56.4% andP[np]58.6%. The results of our calculations a
reported in Figs. 14 and 15. It can be seen that the pres
of 6q bags can have an important impact on the poss
difference of the EMC effect in3He and 3H, leading to a
deviation of the super-ratio~2! of .3% already aroundx
.0.7–0.8.

D. Color screening model

In inclusiveA(e,e8)X reactions the most significant EMC
effect is observed atx;0.5–0.6. This range ofx corresponds
to high-momentum components of the quark distribution
the nucleon and therefore the EMC effect is expected to
mostly sensitive to nucleon wave function configuratio
where three quarks are likely to be close together@16,17#.
We refer to such small-size configurations of quarks as po
like configurations~PLCs!. It is then assumed that for largex
the dominant contribution toF2

N(x,Q2) is given by PLCs of
partons which, due to color screening, weakly interact w
the other nucleons. Note that due to PQCD evolut
F2

N(x,Q2) at x*0.6, Q2*10 (GeV/c)2, is determined by
the nonperturbative nucleon wave function atx*0.7. Thus it
is actually assumed that in the nonperturbative nucleon w
function pointlike configurations dominate atx*0.7.

The suppression of PLCs in a bound nucleon is assum
to be the main source of the EMC effect in inclusive D
@16,17#. Note that this suppression does not lead to a not
able change in the average characteristics of the nucleo
nuclei @16#. To calculate the change of the probability of
PLC in a bound nucleon, one can use a perturbation se
1-16
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FIG. 14. The EMC ratio@Eq. ~1!# in 4He ~a! and 56Fe ~b! at Q2510 (GeV/c)2. Experimental points and the solid lines are as in F
9. The dotted lines are the results of the 6q bag formula~54!, calculated adoptingP6q511% and 15% for4He and56Fe, respectively.
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over a small parameter,k, which controls the corrections t
the description of the nucleus as a system of undeform
nucleons. This parameter is taken to be the ratio of the c
acteristic energies for nucleons and nuclei:

k5U^UA&
DEA

U; 1

10
, ~59!

where ^UA& is the average potential energy per nucleo
^UA&uA@1'240 MeV, and DEA'M* 2M;0.6–1 GeV
is the typical energy for nucleon excitations within th
nucleus.

The task now is to calculate the deformation of the qu
wave function in the bound nucleon due to suppression
the probability of PLCs in a bound nucleon and then to
count for it in the calculation ofF2

A(x,Q2). To this end we
consider a model, in which the interaction between nucle
is described by a Schro¨dinger equation with a potentia
V(Ri j ,yi ,yj ) which depends both on the internucleon d
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tances~besides nucleon spin and isospin! and the inner vari-
ablesyi andyj , whereyi characterizes the quark-gluon co
figuration in thei th nucleon@16,17,53#.

In the nonrelativistic theory of the nucleus the inte
nucleon interactionV(Ri j ,yi ,yj ) is averaged over allyi and
yj , and the Schro¨dinger equation is solved for the nonrel
tivistic potentialU(Ri j ), which is related toV(Ri j ,yi ,yj ) as
follows:

U~Ri j !5 (
yi ,yj ,ỹi ,ỹ j

^fN~yi !fN~yj !

3uV~Ri j ,yi ,yj ,ỹi ,ỹ j !ufN~ ỹi !fN~ ỹ j !&, ~60!

wherefN(yi) is the free nucleon wave function. Using fo
the unperturbed nuclear wave function the solution of
Schrödinger equation with U(Ri j ), one can treat (U
2V)/(Ei2EN), as a small parameter to calculate the dep
dence of the probability to find a nucleon in a PLC on t
es

FIG. 15. ~a! The EMC ratio@Eq. ~1!# in 3He ~thin lines! and in 3H ~thick lines! vs x at Q2510 (GeV/c)2. ~b! The super-ratio@Eq. ~2!#

vs x. The solid and dotted lines correspond to the convolution~23! and 6q bag ~54! formula, respectively. In the latter case the valu
P[ pp]([ nn])56.4% andP[np]58.6% are adopted.
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FIG. 16. The EMC ratio in4He ~a! and 56Fe~b! at Q2510 (GeV/c)2. Open circles are data from Ref.@46#, while in ~b! the solid squares
are from Ref.@47#. The dashed lines are the results of Eq.~37! calculated adopting the parametrization of the nucleon structure func
F2

N(x,Q2) of Ref. @6#, including nucleon resonances, and the model of Ref.@33# for the nucleon spectral functionPN(k,E). The shaded area
corresponds to the prediction of the color screening model withDE50.6 GeV~lower solid curve! andDE51 GeV ~upper solid curve!.
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momentum of the nucleon inside the nucleus. The quan
Ei introduced above is the energy of an intermediate exc
nucleon state. Such a calculation allows to estimate the
pression of the probability to find a PLC in a bound nucle
as compared to the similar probability for a free nucleon.
the DIS cross section the PLC suppression can be re
sented as a suppression factorgA(p2) which is multiplicative
to the nucleon structure functionF2

N(^x̃&,Q2) in the LC con-
volution formula~37!, viz. @16#,

gA~p2!5
1

~11k!2

5
1

@11~p2/M12eA!/DEA#2 , ~61!

whereDEA5^Ei2EN&'M* 2M andp is the momentum of
the bound nucleon in the light cone.

The x dependence of the suppression effect is based
the assumption that the PLC contribution in the nucle
wave function is negligible atx&0.3 and gives the dominan
contribution atx*0.5 @16,31#. We use a simple linear fit to
describe thex dependence between these two values ox
@31#. Using Eq.~61! for largeA at x.0.5 when Fermi mo-
tion effects are small one can obtain an estimate forRA in
Eq. ~1! for largeA as follows:

RA~x!ux.0.5;gA~p2!'11
4^UA&
DEA

;0.7–0.8, ~62!

where^UA&'240 MeV. Since^UA&;^rA(r )& for A>12,
the model predicts also theA dependence of the EMC effec
which is consistent with the data@17#. However, for the
lightest nuclei where the Fermi momentum distribution
very steep, theA dependence due to the nuclear density
rather oversimplified. The correct estimation requires
convolution of Eq. ~61! with the structure function of a
bound nucleon in Eqs.~37! and ~38!.
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To estimate the suppression factor for large Fermi m
menta when the interacting nucleon belongs to nucleo
correlations, we use the same formula~61!, in which nowg
is defined through the virtuality of the interacting nucleon
many-nucleon correlations as follows:

k5
M v

22M2

M DEA
,

M v
25zS M j

2

j
2

MR
21p'

2

j 2z D , ~63!

where M j' jM and MR'( j 21)M are the masses of th
j-nucleon correlation and recoil (j 21)-nucleon system.

In Fig. 16 we present the comparison of the predictions
the color screening model with the EMC data for4He and
56Fe targets. The shaded area is defined by the valuesDE
50.6 GeV ~lower solid curve! and DE51 GeV ~upper
solid curve!.

In Fig. 17 our results obtained for3He and 3H nuclei
assuming the same range of values ofDE are presented. If
one assumes thatDE is the same for all nuclei, then eve
though we have large uncertainties for the EMC ratio@see
Figs. 17~a! and 17~b!#, the nuclear effects largely cancel o
in the super-ratio~2! @see Fig. 17~c!#. However, the assump
tion thatDE is independent of the specific nucleus is a cle
oversimplification, since the bound nucleon excitation inNN
correlations does depend on the isospin of theNN pair. In-
deed, as is shown in Fig. 10, one has more attraction
isosinglet than in the isovector pairs and the spatial distri
tions for different isospin states may substantially diff
Therefore, one can expect thatDE is smaller in isotriplet
states as compared to the isosinglet cases. To estimat
upper limit of uncertaintiesdue to the expected isospin de
pendence of bound nucleon excitation, we decompose
NN correlation into an isosinglet and an isotriplet contrib
tion. Then we assume for isotriplet states the minimal va
1-18
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FIG. 17. The EMC ratio in3He ~a! and in 3H ~b! vs x at Q2510 (GeV/c)2. The super-ratio@Eq. ~2!# vs x ~c!,~d!. In ~a!–~c! the dashed
curves correspond to the LC formalism~37! using for the nucleon structure function the parametrization of Ref.@6#, which includes nucleon
resonances. In~a!–~c! the shaded areas correspond to the predictions of the color screening model for isospin-independent valueDE,
namely, forDE50.6 GeV~lower! @upper for~c!# solid curves andDE51 GeV ~upper! @lower for ~c!# solid curves. In~c! the dotted line
corresponds to the prediction of the isospin-dependent screening model described in the text. In~d! the thin and thick solid curves correspon
to the predictions of the screening model within the quark-diquark picture, when only the valence quarks and the quarks in the di
suppressed, respectively.
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of DE50.6 GeV, whereas for isosinglet states we assu
no suppression at all. The prediction of this approximation
shown as the dotted curve in Fig. 17~c!.

The isospin dependence of the EMC effect emerges n
rally also in the quark-diquark model of the nucleon. With
this model one expects a different degree of suppression
valence quark and quarks in the diquark. In Fig. 17~d! we
have presented the predictions of the color screening m
within the quark-diquark picture, in which we have cons
ered two extreme cases: the first one when the suppres
occurs only for the valence quarks~thin solid curve! and the
second one when only the quarks in the diquark are s
pressed~thick solid curve!. To estimate the extent of th
suppression we assumeDE'MD2M.0.3 GeV which
roughly corresponds to the quark helicity-flip excitation
the nucleon.

As follows from Figs. 17~c! and 17~d! all these approxi-
mations produce at most a 2% –3% deviation in the sup
ratio ~2! aroundx.0.7–0.8, which may be considered as
upper limit of the uncertainties due to the EMC effect
mirror A53 nuclei within the color screening model.
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V. EXTRACTION OF THE nÕp RATIO

We now use the the results of the previous sections
address the issue of the extraction of the neutron to pro
structure function ratioF2

n(x,Q2)/F2
p(x,Q2) from the mea-

surements of the ratio of the mirrorA53 structure functions,
defined as

RF~x,Q2![
F2

3He~x,Q2!

F2

3H~x,Q2!
. ~64!

From Eq.~2! one gets

F2
n~x,Q2!

F2
p~x,Q2!

5
2SREMC~x,Q2!2RF~x,Q2!

2RF~x,Q2!2SREMC~x,Q2!
, ~65!

and correspondingly the uncertainty on the extractedn/p ra-
tio is given by
D~F2
n/F2

p!

F2
n/F2

p 5
3SREMC~x,Q2!RF~x,Q2!

@2RF~x,Q2!2SREMC~x,Q2!#@2SREMC~x,Q2!2RF~x,Q2!#
AFD~SREMC!

SREMC
G2

1FD~RF!

RF
G2

. ~66!
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One can easily see that in the RHS of Eq.~66! the quan-
tity in front of the square root provides a factor of.4 at x
*0.7; thus, even a small uncertainty in the super-ratio
largely amplified in Eq.~66!, yielding a non-negligible un-
certainty in the extractedn/p ratio at largex. Following Ref.
@25#, the total experimental error in the DIS cross sect
ratio of 3H and 3He is likely to be&1%. Therefore in Eq.
~66! we assume thatD(RF)/RF51% and from the results o
the previous sections we consider thatD(SREMC)/SREMC
53% for x>0.6, leading to a total uncertainty of.12% in
the extractedn/p ratio already atx.0.7. In Fig. 18 we have
reported thex dependence of the expected accuracy for
extraction of the ratioF2

n(x,Q2)/F2
p(x,Q2), and the shaded

areas include the combination of all the effects discus
above. Moreover, we have used the CTEQ@10# set of PDFs
~lower shaded area! and the modified CTEQ parametrizatio
~upper shaded area!, obtained from the CTEQ one as d
scribed in Sec. III, in order to reproduce an/p ratio ap-
proaching 3/7 atx→1. Figure 18 demonstrates that althou
mirror A53 measurements will significantly improve the e
isting accuracy of the neutron structure functions at largex,
they may not provide a 3s separation for the two prediction
of the n/p ratio having limiting values of 1/4 and 3/7 atx
→1.

In Refs. @25,26# it was suggested that, once the ra
RF(x,Q2) is measured, one can employ an iterative pro
dure to extract then/p ratio which can almost eliminate th
effects of the dependence of the super-ratioSREMC(x,Q2)
on the large-x behavior of the specific structure function in
put ~see Fig. 6!. Namely, after extracting then/p ratio as-
suming a particular calculation ofSREMC , one can use the
extracted neutron structure function to get a new estimat
SREMC , which can then be employed for a further extra
tion of then/p ratio. Such a procedure can be iterated un
convergence is achieved and self-consistent solutions for
extractedF2

n/F2
p and the super-ratioSREMC are obtained. In

Ref. @26# the numerical estimate of the iteration procedu
was performed within the VNC model and a good conv
gence was achieved forx up to .0.8. However, this resul

FIG. 18. The expected accuracy for the extraction of the neu
to proton ratioF2

n(x,Q2)/F2
p(x,Q2) vs x at Q2510 (GeV/c)2. The

lower and upper shaded areas correspond to the CTEQ and m
fied CTEQ parametrization described in the text. The solid circ
are the NMC data points as given in Ref.@45#.
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depends on the assumed validity of the VNC model in
considered range of values ofx. To check how well the it-
eration procedure will work in case of other models of t
EMC effect, we have considered the following two e
amples.

First, let us consider in Eq.~65! the nuclear structure
function ratioRF(x,Q2) which results from the use of th
modified SLAC parametrization ofF2

N(x,Q2) and the inclu-
sion of the effects of possible 6q bags within the VNC
model. Then we apply the iteration procedure assuming
the super-ratioSREMC(x,Q2) the convolution calculation
corresponding to the Donnachie-Landshoff~DL! fit @63# of
F2

N(x,Q2), which provides an/p ratio equal to 1/3 asx
→1. Figure 19 demonstrates that a consistency is achie
between then/p ratio used as the input and the extract
one. However, for the calculation ofRF(x,Q2) we started
from the modified SLAC parametrization which goes to 3
asx→1.

In the second example we calculate the nuclear struc
function ratioRF(x,Q2) using the modified CTEQ param
etrization within the LC approximation, adopting the col
screening model for the EMC effect~only with valence
quark suppression in the quark-diquark picture!. To do the
iteration we start with the super-ratioSREMC(x,Q2) calcu-
lated within the LC approximation without EMC effects u
ing the CTEQ parametrization for the nucleon structure fu
tion. Figure 20 demonstrates that the iteration diverg
already at values ofx (.0.7) smaller than the ones obtaine
in @26#, where only the VNC model was used. Belowx
.0.7 the iteration procedure converges to a value of then/p
ratio which differs from the ‘‘exact’’ one@used inRF(x,Q2)#
exactly by the amount of the EMC effect which is impl
mented in the calculation ofRF(x,Q2).

Both examples illustrate that the iterative procedure c
not improve the accuracy of the extraction of then/p ratio as
estimated in Fig. 18.

VI. CONCLUSIONS

In conclusion, we have performed a detailed theoreti
investigation of the EMC effect in3He and3H targets. First,

n

di-
s

FIG. 19. The neutron to proton ratioF2
n(x,Q2)/F2

p(x,Q2) vs x at
Q2510 (GeV/c)2. The solid circles are the NMC data points a
given in Ref.@45#. The solid line represents the DL parametrizati
@63# of then/p ratio. The open squares are the results of the extr
tion of then/p ratio adopting the the convolution formula~23! as
described in the text. The error bars are calculated via Eq.~66!.
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NEUTRON STRUCTURE FUNCTION AND INCLUSIVE . . . PHYSICAL REVIEW C 66, 024001 ~2002!
we have considered first the convolution approximat
within the VNC model and the LC approach. The differenc
in the motion of protons and neutrons in mirrorA53 nuclei,
resulting from the spin-flavor dependence of the nucl
force, have been taken into account. We have investig
various sources of uncertainties in the estimate of the su
ratio of the EMC effects in mirrorA53 nuclei, like: ~i!
charge-symmetry breaking terms in the nucleon-nucleon
teraction;~ii ! finite Q2 corrections to the Bjorken limit;~iii !
the role of different prescriptions to relate the invaria
nucleon spectral function to the nonrelativistic one, requi
to ensure baryon number conservation;~iv! the role of thex
shape of parton distribution functions; and~v! the differences
between the VNC model and the light-cone formalism.

Within convolution approach, in which no modification o
the bound nucleon is considered, the deviation of the su
ratio ~2! from unity is predicted to stay within 1% only fo
x&0.75, in close agreement with Ref.@26# and in overall
agreement with Ref.@25# @which by the way neglect the ef
fects ~i!–~iv!#, where 1% deviations were found from a
average value of the super-ratio equal to'1.01.

We have further argued that the previous estimate can
be considered as definitive for the purpose of extraction
theF2

n/F2
p ratio, since it is derived using just one of the ma

models of the EMC effect, which has in particular a numb
of problems in describing the nuclear data: namely, the
derestimation of the EMC effect atx*0.6. Hence we have
provided a detailed analysis of the super-ratio within a bro
range of models of the EMC effect, which take into accou

FIG. 20. Thex dependence of neutron to proton structure fun
tion ratiosF2n /F2p . The thick solid curve corresponds to then/p
ratio used to calculateRF . The thin solid curve is the ratio used a
input for the iteration procedure. The dashed curves correspon
the extracted ratio obtained after subsequent iterations.
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possible modifications of the bound nucleons in nuclei, l
~i! a change in the quark confinement size~including swell-
ing!, ~ii ! the possible presence of clusters of six quarks, a
~iii ! the suppression of pointlike configurations due to co
screening. Our main result is that one cannot exclude
possibility that the cancellation of the nuclear effects in t
super-ratio may occur only at a level of'3%, resulting in a
significant uncertainty~up to '12% for x'0.7–0.8) in the
extraction of the freen/p ratio from the ratio of the measure
ments of the3He and 3H DIS structure functions. Such a
uncertainty is comparable to the.18% difference between
the n/p predictions having limiting values of 3/7 and 1/4
x→1, which characterize the PQCD and Feynman mod
Another consequence of the use of a broad range of mo
for the EMC effect is that the iteration procedure cannot
general improve the accuracy of the extractedn/p ratio.

It is, however, important to note that despite such rest
tions the mirrorA53 measurements will provide an unpre
edented accuracy in the extraction of the neutron DIS str
ture function. Thus such measurements are very m
welcomed. It is, however, very important to compleme
them with the measurements of semi-inclusive processes
the deuteron, in which the momentum of the struck nucle
is tagged by detecting the recoiling one. Imposing the ki
matical condition that the detected momentum be lowp
&150 MeV/c), which means that the nucleons in the de
teron are initially far apart@17,23,24#, it is possible to mini-
mize significantly the nuclear effects. Furthermore, all t
unwanted nuclear effects can be isolated by using the s
reaction for the extraction of the proton structure function
detecting slow recoiling neutrons and comparing the res
with existing hydrogen data, as well as by performing tigh
cuts on the momentum of the spectator proton and then
trapolating to the neutron pole.
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