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Role of color neutrality in nuclear physics: Modifications of nucleonic wave functions
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The influence of the nuclear medium upon the internal structure of a composite nucleon is examined. Th
interaction with the medium is assumed to depend on the relative distances between the quarks in the nucle
consistent with the notion of color neutrality, and to be proportional to the nucleon density. In the resulting
description the nucleon in matter is a superposition of the ground state~free nucleon! and radial excitations.
The effects of the nuclear medium on the electromagnetic and weak nucleon form factors and the nucleo
structure function are computed using a light-front constituent quark model. Further experimental conse
quences are examined by considering the electromagnetic nuclear response functions. The effects of co
neutrality supply small but significant corrections to predictions of observables.@S0556-2813~96!00608-5#

PACS number~s!: 24.85.1p, 12.38.Bx, 21.65.1f
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I. INTRODUCTION

A. Motivation

Nucleons are composite color-singlet systems made
quarks and gluons. Their wave functions consist of ma
configurations as illustrated in Fig. 1. Some configuratio
are simple, with only three current quarks; most are m
complex with many partons. Configurations in which thr
quarks are close together have been dubbed pointlike
figurations~PLC’s! @1#. According to perturbative quantum
chromodynamics~PQCD!, such configurations are respo
sible for high momentum transfer elastic scattering reacti
@2,3#. Furthermore, the effects of gluon emission fro
closely separated color-singlet systems of quarks and glu
tend to cancel. This means that for processes in which
adds amplitudes before squaring, i.e., coherent proces
pointlike configurations do not interact with surrounding m
dia.

That color neutrality can suppress interactions is sim
to the cancellation of interactions which would occur if
electron and positron moved together at the same pos
through a charged medium~see, for example, Ref.@4#!. The
color neutrality feature of QCD has been verified. It is r
sponsible for the scaling of structure functions at low, but
too low, values of the Bjorken scaling variablexB j . ~See the
reviews@5–7#.! Furthermore, hadron-proton total cross se
tions shp grow linearly with the mean square radius of t
hadron@8#.

FIG. 1. Possible configurations of the proton wave function
54813/96/54~2!/920~16!/$10.00
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There are also configurations in the nucleon wave fun
tion in which the partons occupy a larger than average si
We call these configurations bloblike configurations~BLC’s!
or huskyons @9#. These configurations have complicate
strong interactions with the medium.~See @9#, which ex-
plores the consequences of huskyons.! Here we model the
interaction of the nucleon with the surrounding medium
terms of the interquark separation within the nucleon to i
vestigate the role of color neutrality and its consequences
nuclear wave functions.

Sixty years of studies of nuclear properties have show
that the nuclear wave function is dominated by clusters
color-singlet objects with the quantum numbers of nucleo
and mesons. The success of the nuclear shell model i
testimony to this fact. It is certainly possible, however, th
although bound nucleons largely maintain their identit
bound and free nucleons are not identical. Indeed, there a
number of interesting experimental findings which may ind
cate that medium modifications of nucleon properties are r
evant.

One of the most spectacular examples is the observat
of the first EMC effect@10# showing that the structure func-
tion of the bound nucleon was suppressed at largexB j . There
have also been numerous studies of the (e,e8) reaction
which find that the longitudinal response functionRL is sup-
pressed, while the transverse responseRT is not. See Ref.
@11# and references therein. The suppression ofRL is natural
in some theories@12#. This lore has been challenged recent
by Jourdan@13#, who argues that the ‘‘so-called quenching
mostly due to the limited significance of the data’’ and th
including data at high energy lossv leads to the result that
‘‘no A-dependent quenching is observed.’’ However, th
various errors listed in Jourdan’s Table 2 allow for up t
about 15% effects.

It has also long been stated that the nuclear value of
axial coupling constantGA is less than its value in free spac.
920 © 1996 The American Physical Society
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54 921ROLE OF COLOR NEUTRALITY IN NUCLEAR . . .
@14#. Furthermore, the large pionic enhancement expected
many models of nuclear structure was not observed@15#, but
there may be hints of a pionic enhancement@16#.

Thus there are several indications that nucleons could
modified by the medium. Since color is at the heart of QC
one might suspect that looking at the consequences that c
neutrality might have for bound composite nucleons mig
be worthwhile. These are the presumably small effects
nucleonic polarization. Nevertheless, as we show here, th
effects can have nontrivial consequences.

B. Assumptions

It is worthwhile to present a brief description of the spe
cific assumptions of our approach. The effects of nucle
modification are expected to be small, because the ene
differences between the nucleon and its excited states
typically several hundreds of MeV, much larger than th
typical energy denominators relevant in nuclear physics.
search for such effects, it is therefore sufficient to first co
sider how the composite nature of the nucleon and the co
aspects of QCD might modify the gross features of nucle
dynamics. Accordingly, we are primarily concerned with th
nonrelativistic motion of a nucleon in the average isosca
central mean field of the nucleus, which provides the dom
nant attractive force that holds the nucleus together. If t
modifications of this are small, then the modifications of th
other nuclear forces should be much smaller and perh
negligible. Recent treatments of mean field dynamics invo
solving the Dirac equation to determine the nucleon sing
particle wave functions under the combined influence of
attractive scalar and repulsive vector potential@17#. How-
ever, one can obtain the same energies and wave funct
by using the Schro¨dinger equation with an appropriately cho
sen single particle potential.

Thus we examine the dominant central potential whi
depends onRW , the position of the center of mass of th
nucleon, and is essentially proportional to the nuclear de
sity, and has a well depth of 50 to 60 MeV. Including th
effects of the composite nature of the nucleon requires t
one take the dependence of the central nuclear potentia
the positionsrW i of the partons inside the nucleon into ac
count. Thus we have the central potentialV5V(rW i ,RW ). What
else do we know? Color neutrality tells us thatV50 when
rW i5RW for all partonsi . Furthermore, interactions vanish a
r 2, wherer 2[S i, j (rW i2rW j )

2 @43–45#. Finally, we note that
the nucleonic average overrW i should correspond to the stan
dard nuclear shell model potential. These considerations
low us to write

V~r ,R!5V0r~R!
r 2

^r 2&
, ~1!

where ^r 2&[^f0ur 2uf0& is the nucleonic expectation value
of the operatorr 2, V0'250 MeV, andr(R) is the nuclear
density, taken here to be spherically symmetric, normaliz
so thatr(R50)51. This central potential depends on th
positions of the quarks inside the proton; therefore t
nucleon wave function will be different than in free space

The intent of this paper is to provide the formalism ne
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essary to treat an interaction such as that in Eq.~1! and to
assess its influence on a broad variety of observables. To t
end we treat the effects of the medium based on Eq.~1! as a
perturbation to the free nucleon.

C. Possible objections

There are several potential objections to this approac
Perhaps the most fundamental is that any modification of t
nucleon’s wave function must be caused by its interactio
with one or more other nucleons. Therefore any discussi
of the properties of a single nucleon must be incomplete
possibly ill defined. A better defined method could be t
simply develop a cluster model approach in which one fir
did all of the two-nucleon physics. The ultimate choice be
tween these two differing approaches will be made b
Nature—the approximation of two or more nucleon physic
by the modification of the properties of a single nucleon ma
or may not be valid. Experiments will decide. Here we onl
present a formalism and examples which are intended to
useful in interpreting experiments.

A related objection is whether our approach is consiste
with the requirements of current conservation. The domina
central potential arises from the exchange of neutral objec
so that in our treatment the nuclear charge is carried by co
stituent quarks that are confined in nucleons. Thus, in th
model, the only electromagnetic interactions are those b
tween photons and constituent quarks. It is therefore imm
diately evident that charge conservation is respected by t
approach. The conservation of the total vector current is d
pendent on the treatment of the medium. Here we treat t
medium as a first order perturbation on the electromagne
interaction. This perturbation to the current operator occu
between on-shell nucleon states, and can thus be written
the standard form. Violations of current conservation a
thus avoided at this level. This point will be discussed i
more specific terms in Sec. II where our treatment of th
medium is detailed.

We admit that there could be many effects other tha
color neutrality which cause significant modifications of th
properties of nucleons. For example, in the Serot and W
lecka model@17# the medium provides a decrease of th
nucleon mass by as much as 30%. See also the quark-me
coupling model of Ref.@18#, and the work of Refs.@19,20#.
It is entirely conceivable that similar effects to the nucleo
form factors could occur from a purely hadronic mechanism
i.e., independent of the relative quark separation. It has a
been argued that a more general scaling of hadronic mas
may arise in the nuclear medium@21#. The extension of QCD
sum rules to finite density further confirms the presence
large scalar and vector self-energy corrections@22,23#. Nev-
ertheless, these effects are assumed to have a different or
than that of color neutrality since their presence does not re
on the interquark separation within the nucleon. Our ai
here is to simply study the consequences of this single effe
in several different situations by identifying a pattern of pre
dictions. The study of many reactions is necessary, so
derive a formalism applicable to many reactions. This fo
malism may be useful in the study of other mechanisms f
medium modifications as well as other corrections to th
impulse approximation.



n

r

a

t

u

t

n

n

r

a
e
n
t

a

-

f

e

t

t
s
a
e

and
ed

ns
of
n.
re-
ple
nd
tic

en-
m
rs

m-

lor-
ian

e

-
the

and
ter-

-
oti-

an
on
und

e
ive

922 54M. R. FRANK, B. K. JENNINGS, AND G. A. MILLER
Another objection is that it is not clear when PQCD, a
hence its discussion of pointlike configurations, is applicab
The question of how high the momentum transfer must
for PQCD considerations to dominate calculations of fo
factors is controversial. The work of Refs.@24,25# is merely
the first example of a long history. More data are needed
settle this question. However, pointlike configurations m
arise from nonperturbative considerations as well@26,27#.
The singular nature of the nonperturbative confining inter
tion can lead to pointlike configurations. Indeed, many co
stituent quark and Skyrmion models seem to indicate
presence of pointlike configurations@26,28#. It is therefore of
interest to consider an interaction with the nuclear medi
which accommodates such objects.

The color screening effect that we explore is related to
phenomenon of color transparency~CT! @29–31#. This is the
idea that a highQ2 quasielastic reaction produces a pointlik
configuration which does not interact with the surroundi
nuclear medium. Thus initial and/or final state interactio
are reduced and the nucleus is rendered transparent du
the effects of color. But, so far, the evidence that color tra
parency actually occurs in nature is not conclusive. A BN
experiment@32# presents evidence@33# for CT in a (p,pp)
experiment at beam momenta of 6, 10, and 12 GeV/c ~4.5
GeV2,Q2,8 GeV2) but the (e,e8p) NE18 (Q251,3,5,7
GeV2) experiment at SLAC@34# sees no such evidence. A
recent FNL exclusiver production experiment appears t
give strong support to color transparency@35#. TheQ2 was
up to about 9 GeV2, but the energies of the outgoingr
mesons are very high. The BNL and FNL experiments m
not have guaranteed the necessary quasielastic nature o
experiment. The SLAC experiment did that. One interpre
tion of these results is that pointlike configurations are p
duced, but expand before leaving the nucleus. This exp
sion is a bigger effect for the NE18 experiment, which h
the lowest energy outgoing protons. Expansion is also a
effect for the BNL experiment, but the incident proton h
high enough momentum for this expansion not to complet
kill the influence of the pointlike configurations. The expa
sion effects are smallest for the FNL experiment, but
experimental resolution may be a problem.

D. Outline

None of the considerations of the above paragraphs
sufficient to rule out the existence of pointlike configur
tions, or the effects of color neutrality in nuclear physic
Indeed, pointlike configurations were introduced to expla
the EMC effect@1#. Frankfurtet al.postulated that such con
figurations do not feel the attractive nuclear interaction a
therefore appear in a smaller percentage in nuclei than in
space. This leads to a reduction of the nuclear structure fu
tion at xB j;0.4–0.6. This effect also reduces the cross s
tions predicted for (e,e8p) reactions, making color transpar
ency harder to observe@36#. Frankfurt and Strikman trea
their effect by taking the suppression to vary essentially a
u function inQ2, i.e., present atQ2 above a certain value bu
completely absent for lower values. Desplanques find
similar term by including the spatial variation of the nucle
scalar and vector mean fields over the volume of the nucl
@37#, but this effect depends on the gradients of the meso
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fields, and is smaller than the one considered here. Jain
Ralston@38# have argued that hard processes are modifi
significantly by medium effects.

Our aim here is to present a method for doing calculatio
which may be applied at both at high and low values
Q2. We also investigate a Lorentz covariant formulatio
Here is an outline. Our model and basic formalism are p
sented in the next section. Section III deals with some sim
examples which allow us to study our approximations a
expose the need for a relativistic formalism. The relativis
formalism, which applies the recent work of Schlumpf@39–
41#, is discussed next. Section V is concerned with a pres
tation of our detailed numerical results. We study mediu
modifications of the electromagnetic proton form facto
GE andGM and the axial vector form factorGA relevant in
the weak interaction. We discuss consequences in thee,e8
ande,e8p reactions. A concluding section discusses the i
plications of our results.

II. FORMALISM

We begin from general considerations. Suppose a co
singlet baryon moves in the nucleus subject to a Hamilton
H given by

H5H01H1 ~2!

whereH1 is a perturbing Hamiltonian, and

H05H0
c.m.1H0

rel. ~3!

HereH0
c.m. andH0

rel describe, respectively, the motion of th
center of mass~including effects of the medium on the
center-of-mass motion!, and the relative motion of the inter
nal degrees of freedom independent of the medium and
center-of-mass motion. The perturbationH1 describes mix-
ing between the center-of-mass and relative motions,
thereby incorporates the effects of the medium on the in
nal wave function.

We shall assume thatH1 is separable, that is,

H15H1
c.m.h1

rel, ~4!

whereH1
c.m. andh1

rel act only in the center-of-mass and rela
tive motion spaces, respectively. This assumption is m
vated by Eq.~1!, which entails thath1

rel causes a change in
the internal structure of the baryon. This implies that we c
chooseh1

rel to have no diagonal elements, and that the bary
in the medium is described as a superposition of the gro
and excited states.

We wish to consider the eigenstatesuCnm& of the Hamil-
tonianH in ~2!, defined by

HuCnm&5EnmuCnm&. ~5!

The form ofH0 in ~3! allows the unperturbed states to b
written as a direct product of center-of-mass and relat
motion states as

uCnm
~0!&5uFn&ufm&. ~6!

Here uCnm
(0)& satisfies the eigenvalue equation
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H0uCnm
~0!&5Enm

~0!uCnm
~0!&, ~7!

where H0
c.m.uFn&5jnuFn& and H0

relufm&5emufm&, with
Enm
(0)5jn1em .
The state vector of the full Hamiltonian can be written

first order inH1 as

uCnm&5uCnm
~0!&1 (

klÞnm

^Ckl
~0!uH1uCnm

~0!&

Enm
~0!2Ekl

~0! uCkl
~0!&. ~8!

To simplify our notation we restrict our discussion to t
nuclear ground state. For this case Eq.~8! can be rewritten as

uC00&5uC00
~0!&

1(
k

uFk&^FkuH1
c.m.uF0&(

lÞ0

^f l uh1
reluf0&

E00
~0!2Ekl

~0! uf l&.

~9!

It should be noted that in~9!, since h1
rel has no diagona

elements,lÞ0 and the sum onk is unrestricted. The energ
denominator in Eq.~9! is dominated by nucleonic excitatio
energies. These, typically hundreds of MeV, are much lar
than the nuclear energy differences which are typically t
of MeV. Thus we write

E00
~0!2Ekl

~0!'e02e l . ~10!

This allows the sum onk to be performed using complete
ness, so that

uC00&5F uf0&1(
lÞ0

^f l uh1
reluf0&

e02e l
uf l&H1

c.m.G uF0&. ~11!

We define the quantity in brackets asuf̃&,

uf̃&[uf0&1(
lÞ0

^f l uh1
reluf0&

e02e l
uf l&H1

c.m., ~12!

which can be regarded as the modified nucleonic w
function.1 This wave function depends on the coordinates
the entire nucleus through the operatorH1

c.m.. The use of Eq.
~12! allows one to evaluate the effects of color neutrality
finite nuclei; this equation is our principal formal result. No
that the ability to define a modified nucleon wave functi
depends on the separable form of Eq.~4!.

The evaluation of Eq.~12! depends on knowing all of the
wave functions corresponding to the HamiltonianH0

rel. At
the present time there is no complete relativistic treatmen
excited state wave functions available, but progress has
cently been made in this direction@42#. We wish to obtain an
alternate method of evaluating the influence of the nuc
medium on nucleonic wave functions. Such can be obtai
using a closure approximation in which all of the strength
assumed~on average! to lie at an average excitation energ

1The use of the term bound or modified nucleon to represent
wave functionuf̃& is a convenient jargon; one should keep in mi
that there is only one nucleon state,uf0&.
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We usee02e l5DE. The expectation value of an operato
O can then be written to first order inH1 as

^f̃uOuf̃&5^f0uOuf0&1
H1
c.m.

DE
^f0u$h1

rel,O%uf0&, ~13!

where$A,B%5AB1BA. The right side of~13! is indepen-
dent of the excited state wave function, and can therefore
evaluated based on knowledge of the ground state wa
function and the excitation energy. Thus the uncertainty
the knowledge of the wave functions is replaced by the u
certainty in a single parameterDE, and by the further as-
sumption thatDE does not depend very strongly on the op
eratorO, i.e., thatDE is essentially process independen
The accuracy of this approximation and assumption is inve
tigated in Sec. IV. We shall discuss reasonable values
DE after discussing our choice of the operatorh1

rel.
Equation~13! has a simple physical interpretation. Con

sider, for example, the case where the operatorO is the
electromagnetic~EM! currentJm associated with a constitu-
ent of the stateuf0&. A modification of the form factor will
occur by the mechanism illustrated in Fig. 2. The curre
acting on the ground state excites an internal mode. T
excitation decays back to the ground state via the interact
with the medium provided byh1

rel. The extent to which the
form factor is modified is determined by the ability of the
EM current to produce an excitation and the ability of th
medium to absorb its decay and return the composite parti
to its ground state. The modification is directly accountab
to the density of the medium in the vicinity of the interactio
through the potentialH1

c.m.(R), and is suppressed by the ex
citation energyDE.

Medium effects are often estimated by taking the nucle
to be infinite nuclear matter, or by using a local density a
proximation. Equation~13! shows that instead one can evalu
ate the appropriate nuclear matrix which depends onH1

c.m.. It
should be stressed that we are treating the medium as a
turbation and we are working at first order.

A. Current conservation

We next show that Eq.~13! respects current conservation
To do this, a less schematic notation must be employed. W
denote the free on-shell proton stateuf0& as uN,l,p&, in
which the internal quantum numbers helicity and momentu
are displayed. Then CPT and Lorentz invariance yields t
result

the
d

FIG. 2. The matrix element of Eq.~12! ( j m commutes with
h1
rel).
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^N,l8p8uJmuN,lp&5ūl8~p8!FF1~Q
2!gm

1
F2~Q

2!

2MN
ismn~p82p!nGul~p!,

~14!

where the momentum transferQ252(p82p)2. We denote
the bound nucleon asuÑ,l,pW &. Equation~13! for the modi-
fication to a matrix element then implies

^Ñ,l8p8uJmuÑ,lp&5^N,l8p8uJmuN,lp&

1
H1
c.m.

DE
^N,l8p8udJmuN,lp&,

~15!

where dJm[2Jmh1
rel is the additional vector current pro

duced by the medium perturbation. Here, as in Eq.~1!, we
assume that the perturbation is a scalar. Further, becaus
are considering only the first-order perturbation, this curr
as well occurs between on-shell states. Equation~15! can
therefore be written in the same form as Eq.~14! with the
replacement ofF1,2(Q

2) by F̃1,2(Q
2). Current conservation

is respected at this level.

III. COLOR SCREENING

Consider now the motion of a composite color-sing
baryon through a nucleus. We are here interested in the p
erties of the ground and low lying nuclear states, so that
baryon is part of a bound state wave function. The confi
rations of the baryon are pictured in Fig. 1. Let the displa
ment of the center of mass of the baryon from the nucl
center be denoted asRW . The interactions between such
complicated system and the remainder of the nucleus m
depend on the positionsrW i of the partons inside the baryon

In general, the interactions between a nucleon and the
of the nucleus are complicated. Here we are studying
presumably small effects of nucleonic polarization, so
concentrate on the necessary modifications of the central
of the nuclear shell model potential. This is the largest int
action to consider, and a small modification of it might ha
significant consequences. Thus we have the central pote
V5V(rW i ,RW ). What else do we know? Color neutrality tel
us thatV50 when rW i5RW for all partons i . Furthermore,
interactions vanish asr 2, wherer 25S i, j (rW i2rW j )

2 @43–45#.
Finally, we note that the nucleonic average overrW i should
correspond to the standard nuclear shell model poten
These considerations allow us to write

V~r ,R!5V0r~R!
r 2

^r 2&
, ~16!

where ^r 2&[^f0ur 2uf0& is the nucleonic expectation valu
of the operatorr 2, V0'250 MeV, andr(R) is the nuclear
density normalized so thatr(R50)51.

We are concerned with fluctuations, so that it is con
nient to rewrite the central shell model potential as
-
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V~r ,R!5V0r~R!1V0r~R!
r 22^r 2&

^r 2&
, ~17!

so that the operatorH1 of previous sections can be identified
as

H15V0r~R!
r 22^r 2&

^r 2&
, ~18!

with H1
c.m.5V0r(R) and h1

rel5(r 22^r 2&)/^r 2&. This is the
simplest form ofH1 that we can write, which is consisten
with known properties. The behavior for large values ofr 2 is
simply a guess, but it is reasonable to expect that large, bl
like configurations should have strong interactions with th
medium.

Equation~16! includes the effects of color neutrality on
the total nuclear mean field and makes no distinction b
tween the scalar and vector mean fields. The effects of co
neutrality on the separate fields can be examined using
quark-meson coupling model@18#, but this would require the
extension of the applicability of that model to high values o
the transferred momenta.

We note thatH1 has the interesting property that

^f0uH1uf0&50, ~19!

which means that the color neutrality effect governed by o
perturbing Hamiltonian does not give a first-order shift in th
mass of the baryon. Such effects are by definition contain
in the first term of Eq.~17!.

Let us discuss some of the implications before presenti
the evaluation of specific models. First, consider the value
DE. We see that the operatorr 22^r 2& excites the breathing
mode of the nucleon. Thus it is reasonable to associateDE
with the energy at which the first resonance of the nucle
occurs. This is the Roper resonance withDE52500 MeV.
We are concerned with how certain matrix elements are
fluenced by the presence of the nuclear medium, so it
convenient to defined^O&[^f̃uOuf̃&2^f0uOuf0&. Then
using Eq.~18! in Eq. ~13! leads to

d^O&52
V0r~R!

DE K f0UOr 22^r 2&

^r 2&
Uf0L . ~20!

This shows that the nucleon’s properties as measured
d^O& depend on the position of the nucleon. The facto
2V0r(0)/DE is about10.2, which shows that the effects we
study here are small but not insignificant.

It is useful to consider examples. First supposeO5r 2.
Then

d^r 2&52
V0r~R!

DE K f0U r 42^r 2&2

^r 2&
Uf0L . ~21!

Writing r 45r 2(nufn&^fnur 2, subtracting the ground state
contribution, and examining the remainder and using com
pleteness shows thatd^r 2&.0. Within our model, color neu-
trality leads to an increase in the mean square radius of
nucleon. Note that the same argument cannot be used
show thatd^r 4&.0; indeed, this quantity could be negative
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Color neutrality does not correspond to a general scalin
the nucleon wave function. Each matrix element must
worked out independently.

Another example to consider occurs in the nonrelativi
quark model ifO5m[( i51,3m3( i ). In this case the expec
tation value ofO for a spin up nucleon is the magnetic m
ment of free nucleon. In the nonrelativistic quark model
wave function is a product of space and spin-isospin fu
tions. In this case, the integral over the spatial coordin
vanishes andd^m&50. Similarly, in the nonrelativistic quar
model the modification to the electric and magnetic fo
factors must be the same. It is necessary to extend t
considerations to relativistic models.

It is very interesting to consider the case wh
O5O05d@(rW12rW2)/A2#d@(rW11rW222rW3)/A6# for which all
of the quarks are at the same position. The expectation v
of O0 is the square of the wave function at the origin. In t
case the assumption thatV(r50,R) vanishes is sufficient to
give a result, i.e., no additional assumption about the de
dence onr 2 for large r 2 is needed. One finds immediate
@using Eq.~20!, for example# that

d^O0&52
2V0r~R!

DE
uf0~0!u2, ~22!

which corresponds to about a 20% reduction of the squar
the wave function at the origin. This result is in good agr
ment with a recent QCD sum rule calculation by Jinet al.
@46#.

It is worthwhile to compare our approach with that
Frankfurt and Strikman@1#. Those authors consider th
nucleon uN& as a sum of various configuration
uN&5uPLC&1•••. At highQ2 the form factors are assume
to be dominated by theuPLC& component. In the medium
uPLC& is replaced by (11H1 /DE)uPLC&. However,
r 2uPLC&50, so that the PLC acquires a factor
@12V0r(R)/DE#. This leads to 10–20 % reductions in for
factors, ifQ2 is greater than some value large enough
uPLC& to dominate. This result is recovered in our approa
if we assume that the only dependence of the form factor
the ~modification of the! nucleon wave function is throug
the wave function at the origin. Even more striking is t
feature that theuPLC& is suppressed, so that one expe
valence quarks to carry less momentum in the nucleus.
leads to an explanation of the EMC effect. Our approac
motivated by the original work of Frankfurt and Strikma
However, we do not make the ‘‘all or nothing’’ assumptio
in which uPLC& suppression turns on abruptly. Thus we a
concerned with making more detailed evaluations than
testing the assumptions of the early work. In particular,
wish to learn if these suppression effects persist if one u
more detailed models.

IV. TOY MODELS

To gain some insight into the results obtained for
nucleon in the relativistic framework to follow in Sec. V, it
useful to apply the formalism of the previous two sections
some simple nonrelativistic constituent quark models invo
ing ~mainly! only two quarks. These simplifications enab
us to obtain exact solutions and therefore to assess the v
of
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ity of our approximation scheme. We shall start by using th
harmonic oscillator model. However, such a model is n
expected to be a reasonable guess for large momentum tr
fers. Indeed, previous work@26,27# showed that the har-
monic oscillator does not have a pointlike configuration
Therefore we also consider the case of two quarks bound
a Coulomb potential. This model assumes that the attract
nature of the color electric force dominates over the long
range confining force. Finally, we consider a model wit
both a harmonic confinement and Coulomb term as
@26,27#.

A. Harmonic oscillator

Here we start by considering the ‘‘nucleon’’ to be mad
of two quarks, and employ the nonrelativistic constitue
quark model withH0

rel given by the harmonic oscillator form,

H0
rel5

p2

2m
1
1

2
mv0

2r 2. ~23!

We study the nuclear medium–modified nucleon wave fun
tion f̃ at R50. This is given by

F p22m
1
1

2
mv0

2r 21V0r~0!
r 2

^r 2&G f̃5Ef̃. ~24!

We may easily obtain the exact solution by realizing that
the medium the frequencyv0 is replaced byv with

v25v0
21

2V0r~0!

m^r 2&
5v0

21
4

3
V0r~0!v0 . ~25!

For typical values of DE522v0;2500 MeV and
V05250 MeV, we find thatv5214 MeV and the expecta-
tion value of r 2 increases by a ratio of 1.17. So, at th
nuclear center, the effect of color neutrality can be signi
cant. The expectation value ofr21 varies as the inverse of
the square root of the frequency, so that its expectation va
is decreased by a factor of 0.93.

We may also compute the form factor for this model. Th
is the Fourier transform of the square of the wave function
a function of the momentum transferQ5uQW u divided by 2:

F0~Q
2!5^f0ueiQ

W
•rW/2uf0&, ~26!

F~Q2!5^f̃ueiQW •rW/2uf̃&. ~27!

The free form factorF0(Q)5e2Q2/16mv0, while the medium-
modified form factorF(Q)5e2Q2/16mv. We see that

lim
Q2→`

F~Q2!

F0~Q
2!

50, ~28!

so that huge effects at highQ2 are possible. However, this
model is not realistic at highQ2.

We may also consider the effects of color neutrality fo
very dense nuclear systems by increasingr(0) above its
value of unity in normal nuclear matter. Equation~25! tells
us thatv vanishes for densities about four times nucle
matter density for whichr(0)53v0 /4V053.75. Thus there
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is a ‘‘deconfinement’’ phase transition inherent in our mod
However, the model is built on the assumption that the sh
model, with its nonoverlapping nucleons, is a valid starti
point, and therefore should not be applied to the situation
which the interparticle spacing is less than the diameter o
nucleon.

We note that the extension of this model to the thre
quark system yields essentially the same results. This is
cause the harmonic interaction r 25( i, j

3 (rW i2rW j )
2

53(r21l2) where rW 5(rW12rW2)A2 and lW 5(rW11rW2
22rW3)/A6. Using the same operator inH1 once again leads
to the result that for harmonic oscillator models the fr
quency in the nuclear medium is less than that in free sp

Let us examine the accuracy of our first-order~FO!
treatment of Eq. ~20!. In first order d^r 2&FO
5@22V0r(0)/3v0#^r

2& compared with a model exact re
sult of d^r 2&5$@114V0r(0)/3v0#

21/221)%. With our
typical parameters, the first-order increase in the me
square radius is 13%, while the exact result is a shift of 17

The EM form factor in the medium obtained from Eq
~13! is given by

F~Q2!5F122
V0

DE

Q2

6mv0
GF0~Q

2!, ~29!

where F0(Q
2)5exp(2Q2/16mv0) is the free form factor.

Equation ~29! compares favorably with the exact solutio
with corrections of order (V0 /DE)

2. Some caution should be
exercised, however, in the application of the approxim
solution to large momenta, i.e.,Q2;6mv0DE/V0 , where
the coefficient of the (V0 /DE)

2 correction becomes signifi
cant. It is also important to note that the interaction with t
medium has produced an increase in the mean square ra
^r 2&'r 0

2@11 4
3(V0 /DE)], as is reflected in both the exac

and the approximate form factors.

B. Coulomb binding

The harmonic oscillator is not expected to describe sit
tions involving high momentum transfer. Indeed, we m
recall the asymptotic expansion:

lim
Q2→`

F0~Q
2!'

28p

Q4

df0
2

dr
ur501

16p

Q6

d3

dr3
f0
2ur50 .

~30!

This power-law dependence gives larger results than
Gaussian form and holds unless the potential is an ana
function of r 2. The only relevant example of such is th
harmonic oscillator force of the previous subsection. It
useful to obtain the general expression for the mediu
induced change in the form factorDF(Q2)[F(Q2)
2F0(Q

2). To first order inH1 this is given by

DF~Q2!52(
nÞ0

^f0ueiQ
W
• rW/2ufn&^fnuH1uf0&
E02En

. ~31!

One may then define the state vectorux& such that

~E02H0
rel!ux&5~12uf0&^f0u!H1uf0&, ~32!
l.
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with ^xuf0&50. Then

DF~Q2!52^f0ueiQ
W
•rW/2ux&, ~33!

and

lim
Q2→`

DF~Q2!5
28p

Q4

d

dr
~f0x!ur501

16p

Q6

d3

dr3
~f0x!ur50 .

~34!

Our purpose here is to compare the exact first-order resu
Eq. ~32! with that of the closure approximation of Eq.~13!.

The above equations are general, but we can gain s
understanding if we specify to the Coulomb Hamiltonian

H0
rel5

p2

2m
2e2/r , ~35!

with e254as/3 to simulate the strong color electric forc
The ground state wave function is given by

f0~r !5
1

~pa0
3!1/2

e2r /a0, ~36!

with a051/(e2m). The form factor for this state is

F0~Q
2!5F11

Q2a0
2

16 G22

. ~37!

The Hamiltonian of Eq.~35! can be used in Eq.~32! to
obtain a solvable differential equation. The result is the fu
tion x(r ) given by

x~r !5
V0r~0!ma0

1/2

3Ap
e2r /a0@11/22~r /a0!

22~r /a0!
3/3#.

~38!

One may use Eqs.~34! and~38! to immediately find that, at
large values ofQ2, DF(Q2) varies asQ24 and is negative.
In this model, the highQ2 form factor is dominated by the
pointlike configuration, so we may say that the pointlike co
figuration is suppressed in the nuclear medium. It is not d
ficult to use Eqs.~33! and~38! to obtain an exact expressio
for DF(Q2). However, it is more instructive to use the a
ymptotic expansion of Eq.~30! to getDF(Q2) as an expan-
sion in powers ofQ22. Then one finds

lim
Q2→`

DF~Q2!5
V0r~0!m

3 a0
2Q4 F882 544

Q2a0
2G . ~39!

Recall thatV0 is a negative quantity, so thatDF is also
negative. The closure approximation to the change of
form factor,DFclos(Q

2), can be obtained from Eq.~13! as

DFclos~Q
2!5

2V0r~0!

^r 2&DE
~24,Q

2 !F0~Q
2!, ~40!

which may be evaluated asymptotically as
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DFclos~Q
2!'2

8V0r~0!

3DE S 16

Q2a0
2D 3. ~41!

It is clear that the closure approximation cannot be va
unlessDE is taken to be a function ofQ2. We may equate
the DF ’s of Eqs. ~41! and ~39! to determine the ‘‘correct’’
value ofDE. The asymptotic result is

DE5
24096

ma0
2 @11Q2a0

2268#21. ~42!

This means that the magnitude ofDE decreases asQ2 in-
creases, so that using the closure approximation with a fix
value ofDE underestimates the effects of the medium mod
fications. This is the principal result of this subsection.

C. Harmonic oscillator plus Coulomb

A more interesting model is one which includes both
confining and a Coulomb type 1/r term in the Hamiltonian.
Thus we consider

H0
rel5

q2

2m
1
1

2
mv0

2r 22
4

3

as

r
. ~43!

This model was considered in Refs.@26,27# in which it was
shown that including the Coulomb term leads to PLC dom
nance of the form factor. This occurs even though the Co
lomb term causes only a small effect in the computed ener

For the calculations performed here the parameters
taken to beas50.1, m5300 MeV/c2, and\v05390 MeV.
Figure 3 shows how the ground state wave function in fr
space is influenced by the 1/r term in the Hamiltonian. The
attraction enhances the wave function at the origin a
changes the shape away from the Gaussian. This caus
1/Q4 behavior in the form factor. Next, Fig. 4 compares th
full wave function with and without the effects of the me
dium. We see that the medium causes a reduction of
short distance wave function. The closure approximation
the wave function in the medium is compared with the exa
calculation in Fig. 5. The numerical results for the medium
modified form factor are shown in Fig. 6 along with th

FIG. 3. The influence of the attractive Coulomb potential in E
~ 43! on the wave function.
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closure result and the free form factor, from which one con
cludes that closure works well, and in fact slightly underes
timates the exact result. This is consistent with the concl
sions of the previous subsection.

It is also useful to try to understand these results usin
analytic techniques. This can be done if one works to fir
order inas . First consider the free case. One may find th
form factor using an equation like Eq.~31!, but with the
operatorH1 replaced by24as/3r . The result is

F0~Q
2!5e2z0S 11

4as/3

~Ap/2!
Am/v0f ~z0!D ~44!

with

f ~z0!5 (
n51

`
1

n

1

2n11

1

n!
z0
n , ~45!

where

z0[Q2/~16mv0!. ~46!

. FIG. 4. The influence of the medium on the wave function a
described in the text.

FIG. 5. The medium-modified exact wave function and that ca
culated in the closure approximation as a function of the relativ
coordinater .
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The second term of Eq.~44! leads to a (mv0)
2/Q4 behavior

of the form factor, which dominates over the exponen
term for values ofz0 greater than 2 or so. Then the free for
factor varies asv0

3/2. The medium modification is quite eas
to implement. Simply replacev0 by v of Eq. ~25! in the
formulas ~44!–~46!. We have seen in Eq.~25! that
v50.86v0 so that the form factor is reduced by a factor
0.79. This is a significant suppression. The results of
perturbative analysis are shown in Fig. 7. Comparison w
Fig. 6 shows that the perturbative analysis is in good ag
ment with the full result.

V. RELATIVISTIC CONSTITUENT QUARK MODEL OF
THE NUCLEON

The influence of medium modifications on computed m
trix elements and form factors is examined using nonrela
istic models in the previous sections. The need for a rela
istic formulation is clear; we wish to compute form factors

FIG. 6. The exact medium-modified, the free, and the closu
approximated form factors as a function of the square of the
mentum transfer.

FIG. 7. Medium-modified and free form factors calculated fro
the analytic expression given in Eq.~ 44! as a function of the squar
of the momentum transfer.
al
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momentum transfersQ2.1 GeV2, and we wish to be able
to distinguish between electric and magnetic effects.

Here we study the effects of color neutrality, as describ
by Eq. ~13! with the perturbationH1 given in Eq.~18!, on
the light-front nucleonic model wave functions of Schlum
@39–41#. Having specified the wave function, the new fe
ture beyond the formalism of the previous sections is th
the specification of ther 2 operator.

We begin with a brief review of the light-front formalism
The first formulation of such a light front relativistic quar
model was presented by Berestetskii and Terent’ev@47,48#.
Many authors@49–57,42,58–62# have contributed to the de
velopment of this model.2 We use Schlumpf’s model becaus
his power-law wave functions lead to a reasonably good
scription of the proton electromagnetic from factors,GE and
GM , at all of theQ

2 where data are available@39–41#.
In a quantum mechanical relativistic theory the commu

tion relations between the ten generators of the Poinc´
group must be respected. The light-front approach is dis
guished by the feature that the maximal number of se
generators are of kinematical character~do not contain inter-
actions!. Another feature involves the use of the light-fro
variablesp6[p06p3, so that the Einstein mass relatio
pmp

m5m2 can be expressed as

p25~p'
21m2!/p1, ~47!

wherep'[(p1,p2). Susskind@64# noted that this equation is
similar to the nonrelativistic kinetic energy if one interpre
the variablep1 to be a relativistic version of the mass. Thu
one can use relative momenta for systems involving sev
particles, with the result that the wave function is a simp
product of a function involving only relative momenta with
separate function carrying information about the motion
the center of mass. One may also employ the Melosh tra
formation @65# to construct states that are eigenfunctions
the total angular momentum and its third component.

The light-front dynamics have another important featu
stressed in Refs.@3,49,66#, that the diagrams with quark
created out of or annihilated into the vacuum do not contr
ute. Furthermore, one need only consider three quark c
ponents of the nucleon, if one is computing the matrix e
ments of ‘‘good’’ operators@67#.

Schlumpf’s model is well documented@39–41#. We re-
produce the relevant features here for the sake of cla
following his thesis closely. It is necessary to express the
generators of the Poincare´ group Pm andMmn in terms of
dynamical variables to specify the dynamics of a man
particle system. The kinematic subgroup is the set of gen
tors that are independent of the interaction. There are
ways to choose these subgroups@68#. Usually a physical
state is defined at fixedx0, and the corresponding hypersu
face is left invariant under the kinematic subgroup.

The light-front formalism is specified by the invariant h
persurfacex15x01x35 constant. The following notation is
used. The four-vector is given byx5(x1,x2,x'), where

2The light-front constituent quark model should not be confus
with light-front quantization in field theory. For information on th
latter see, for example, Ref.@63#.
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x65x06x3 and x'5(x1,x2). Light-front vectors are de
noted by an arrowxW5(x1,x'), and they are covariant unde
kinematic Lorentz transformations@69#. The three-momenta
pW i of the quarks can be transformed to the total and rela
momenta to facilitate the separation of the center-of-m
motion @70# as

PW 5pW 11pW 21pW 3 , j5
p1

1

p1
11p2

1 , h5
p1

11p2
1

P1 ,

q'5~12j!p1'2jp2' , K'5~12h!~p1'1p2'!

2hp3' . ~48!

Note that the four-vectors are not conserved, i
p11p21p3ÞP. In the light-front dynamics the Hamiltonia
takes the form

H5
P'
21M̂2

2P1 , ~49!

whereM̂ is the mass operator with the interaction termW,

M̂5M1W,

M25
K'
2

h~12h!
1
M3

2

h
1

m3
2

12h
,

M3
25

q'
2

j~12j!
1
m1
2

j
1

m2
2

12j
, ~50!

with mi being the masses of the constituent quarks. To g
clearer picture ofM we transform toq3 andK3 by

j5
E11q3
E11E2

, h5
E121K3

E121E3
, E1/25~q21m1/2

2 !1/2,

E35~K21m3
2!1/2, E125~K21M3

2!1/2, ~51!

whereq5(q1 ,q2 ,q3), andK5(K1 ,K2 ,K3). The expression
for the mass operator is now simply

M5E121E3 , M35E11E2 . ~52!

The use of light-front variables enables one to sepa
the center-of-mass motion from the internal motion. The
ternal wave functionC is therefore a function of the relativ
momentaq andK . The functionC is a productC5Fxf,
with F5 flavor, x5 spin, andf5 momentum distribution
The color wave function is antisymmetric.

The angular momentumj can be expressed as a sum
orbital and spin contributions,

j5 i¹p3p1(
j51

3

RM jsj , ~53!

whereRM is a Melosh rotation Melosh rotation acting on t
quark spinssj , which has the matrix representation~for two
particles!
r

ive
ss

e.,

t a

ate
n-

f

e

^l8uRM~j,q' ,m,M !ul&5Fm1jM2 is•~n3q!

A~m1jM !21q'
2 G

l8l
~54!

with n5(0,0,1). The effects of the Melosh rotation are
significantly increase the computed charge radius@53#.

The operatorj commutes with the mass operatorM̂ ; this
is necessary and sufficient for Poincare´ invariance of th
bound state. In particular, j 2uC,↑&53/4uC,↑& and
j zuC,↑&51/2uC,↑&. The angular momentum operator
given in terms of relative coordinates by

j5 i¹K3K1RM~h,K' ,M3 ,M !j12

1RM~12h,2K' ,m3 ,M !s3 ,

j125 i¹q3q1RM~j,q' ,m1 ,M3!s1

1RM~12j,2q' ,m2 ,M3!s2 . ~55!

The orbital contribution does not contribute for the gro
state baryon octet, so that

j5( Risi ,

R15
1

Aa21K'
2Ac21q'

2 S ac2qRKL 2aqL2cKL

cKR1aqR ac2qLKR ,
D

R25
1

Aa21K'
2Ad21q'

2 S ad1qRKL aqL2dKL

dKR2aqR ad1qLKR ,
D

R35
1

Ab21K'
2 S b KL

2KR b, D ~56!

with

a5M31hM , b5m31~12h!M ,

c5m11jM3 , d5m21~12j!M3 ,

qR5q11 iq2 , qL5q12 iq2 ,

KR5K11 iK 2 , KL5K12 iK 2 . ~57!

The momentum wave function can be chosen as a fun
of M to fulfill the requirements of spherical and permuta
symmetry. TheS-state orbital functionf(M ) is approxi-
mated by either

f~M !5NexpF2
M2

2bG
2 G or f~M !5

N8

~M21b2!3.5
,

~58!

which depend on two free parameters, the constituent q
mass and the confinement scale parameterb. The first func
tion is the conventional choice used in spectroscopy, b
has a too strong falloff for large values of the fo
momentum transfer. We use Schlumpf’s parame
bG50.56 GeV,b50.607 GeV, and the constituent qu
massmi50.267 GeV.
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The total wave function for the proton is given by

p5
21

A3
~uudxl31uduxl21duuxl1!f, ~59!

with

x↑
l35

1

A6
~↓↑↑1↑↓↑22↑↑↓ !,

x↓
l35

1

A6
~2↓↓↑2↓↑↓2↑↓↓ !. ~60!

The spin wave functionsxl2 and xl1 are the appropriate
permutations ofxl3. The spin wave function of thei th quark
is given by

↑5Ri S 10D and↓5Ri S 01D . ~61!

We now turn to the calculation of the proton form factor
The electromagnetic current matrix element can be written
terms of two form factors as in Eq.~14! with Jm5q̄gmq. For
Q250 the form factorsF1 andF2 are, respectively, equal to
the charge and the anomalous magnetic moment in unie
and e/MN , and the magnetic moment i
m5F1(0)1F2(0). TheSachs form factors are defined as

GE5F12
Q2

4MN
2 F2 , and GM5F11F2 , ~62!

and the charge radii of the nucleons are

^r i
2&526

dFi~Q
2!

dQ2 uQ250

and

^r E/M
2 &52

6

GE/M~0!

dGE/M~Q2!

dQ2 uQ250 . ~63!

The form factors can be expressed in terms of the1 com-
ponent of the current:

F1~Q
2!5

1

2P1 ^N,↑uJ1uN,↑&,

Q'F2~Q
2!52

2MN

2P1 ^N,↑uJ1uN,↓&. ~64!

The form factors are calculated from the diagrams of F
8, using the ‘‘good’’ currentJ1 so that no terms withqq̄
pairs are involved. Schlumpf’s result is

F1~Q
2!5

Nc

~2p!6
E d3qd3KS E38E128 M

E3E12M 8
D 1/2f†~M 8!f~M !

3(
i51

3

F1i^x↑
l i ux↑

l i&,
s.
in

ts
s

ig.

Q'F2~Q
2!522MN

Nc

~2p!6
E d3qd3KS E38E128 M

E3E12M 8
D 1/2

3f†~M 8!f~M !(
i51

3

F1i^x↑
l i ux↓

l i&, ~65!

with i5(uud) for the proton. Here the prime indicates the
absorption of the momentum transfer asK'8 5K'1hQ' and
q'8 5q' . The factorsF1u andF1d are the charges of theu
andd quarks. We also considerGA(Q

2). We take the had-
ronic axial-vector current to be

Am5ūgmg5d. ~66!

The form factor of interest is given by

2P1GA~Q2!5^B8,↑uA1uB,↑&. ~67!

With the wave function and current operators determined
the remaining ingredient required for the evaluation of Eq
~13! is the operatorr 2 for this relativistic model. We use

r 253~r21l2! ~68!

whererW andlW are canonically conjugate to the momentaqW

andKW :

rW 5
rW12rW2
A2

, lW 5
2

A6
@jrW11~12j!rW22rW3#. ~69!

Note thatrW andlW reduce to the usual three-body variables in
the nonrelativistic limit ofj→ 1/2 . Ther 2 operator in~68!
is boost invariant since the components, which are specifie
in ~69!, are canonically conjugate to the relative momenta.

VI. RESULTS

It is worthwhile to begin by discussing whether or not
pointlike configurations occur in the relativistic models we
employ. We do this by defining a quantityr 2(Q2) as

r 2~Q2![
^N,↑ur 2J1uN,↑&
^N,↑uJ1uN,↑&

5
Nc

~2p!6F1~Q
2!
E d3qd3KS E38E128 M

E3E12M 8
D 1/2(

i51

3

3F1i^f~M 8!,x↑
l i ur 2ux↑

l i ,f~M !&. ~70!

FIG. 8. The absorption of momentum by the valence quarks.
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This quantity should not be confused with the transverse s
b2(Q2) used in studies of color transparency. The producti
of a pointlike configuration at large momentum transfer b
the electromagnetic current is signaled by the vanishing
the transverse size for largeQ2. Nevertheless, since we are
interested here in the properties of a nucleon which is n
necessarily moving at a large momentum with respect to
medium, it isr 2(Q2), as defined in~70!, which enters our
calculations. For comparison, we may define the quant
b2(Q2) from ~70! by including only a single transverse com
ponent of the operatorr 2. We see from Fig. 9 that both the
power-law and the Gaussian wave functions display sign
cant reductions of the quantityr 2(Q2) for increasingQ2;
however, only the power-law wave function is suppressed
the case of the transverse size,b2(Q2). This behavior has
been noted previously@26#, and exemplifies the feature tha
power-law wave functions have pointlike configurations
the transverse variables, but that such are absent in Gaus
wave functions. We shall use only the power-law form, u
less otherwise noted, because of its ability to reproduce da

Comparisons between the free form factors and t
medium-modified ones are given in Figs. 10 and 11. T

FIG. 9. The quantitiesr 2(Q2) and b2(Q2) for power-law and
Gaussian wave functions.
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quantityGE is suppressed at low momentum transfer, bu
GM is not. This is due to the relativistic nature of our mode
Indeed, the magnetic moment is increased by about 5%. T
small change is not enough to cause disagreement with
isting nuclear phenomenology, but is not large enough to
easily detectable. At higher momentum transfers both for
factors are inhibited by about 10%. This is a significant e
fect, but not large enough to disagree with Jourdan’s analy
@13#.

This is more clearly seen by computing the nuclear r
sponse functions for the inclusive (e,e8) cross section.~See,
for example,@71#.! The excitation energy isv and the three-
momentum transfer isq so that

d2s

dVdE
5sMFQ4

q4
RL~q,v!1S Q2

2q2
1tan2

u

2DRT~q,v!G ,
~71!

with the Mott cross section sM5a2cos2(u/2)/
4E2 sin2(u/2). HereQ252qm

25q22v2 and u is the scat-
tering angle. The longitudinalRL and transverseRT re-
sponse functions are calculated in the relativistic Fermi g
approximation at a densityr52kF

3/3p2,

RL52
2

pr
Im~ZP00

p 1NP00
n !, ~72!

RT52
4

pr
Im~ZP22

p 1NP22
n !, ~73!

for a target withZ protons andN neutrons.~Note, q is as-
sumed to be along the 1ˆ axis so the subscript 22 refers to a
transverse direction.! Here the Fermi momentum is taken to
be kF5260 MeV, which is appropriate for56Fe.

The polarizationP,

Pmn
i ~q,v!52 i E d4p

~2p!4
Tr@G~p1q!Gm

i G~p!Gn
i #,

~74!

is calculated with the nucleon Greens’ functionG(p),
,
FIG. 10. The free and medium-modified electric form factors vs the square of the four-momentum transferQ2.
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FIG. 11. The free and medium-modified magnetic form factors vsQ2.
e
-

-

G~p!5
pmgm1Mp

2Ep
FQ~kF2upu!
p02Ep2 i e

1
Q~ upu2kF!

p02Ep1 i eG , ~75!

and the electromagnetic vertexG, for i5 p ~proton! or n
~neutron!. We assume the electromagnetic vertex has th
form

Gm
i 5F1

i gm1F2
i ismnq

n

2M
~76!

even for off-shell nucleons in the medium. We show resul
comparing usingFi computed in free space and in the me
dium in Figs. 12 and 13.

It is immediately evident from Fig. 12 that modifications
to the magnetic form factorGM have no effect on the longi-
tudinal response, while the modifications to the electric for
factor GE lead to a suppression. This effect is due to th
larger charge radius in the medium. The situation is qui
different in the case of the transverse response shown in F
13. There it is seen that modifications to the electric form
factor have no effect, while modifications to the magneti
form factor lead to only a minor suppression. In this case th
increase in the magnetic moment, as shown in Fig. 11, ten
to cancel the effect of the increased radius.

FIG. 12. The longitudinal response vs the energy transferv.
e

ts
-

m
e
te
ig.

c
e
ds

We also study the effects of using the form factors of
Figs. 10 and 11 in computing the (e,e8p) cross sections for
finite nuclei. In this case, absorption effects emphasize th
role of the nucleon surface, and the influence of color neu
trality is about 60% smaller than shown in Figs. 12 and 13.

Our results for the medium modifications on the form
factorGA are shown in Fig. 14. Once again there is about a
10% reduction. This effect could be observed in neutrino-
nucleus scattering, in the (p,n) reaction, or in parity violat-
ing electron scattering@72#.

We now turn to computing the valence structure functions
in the medium and in free space. In the light-front formalism,
the valence quark structure functionF2

val is defined in terms
of the wave function as

F2
val~xB j![E d3qd3KC†CdS xB j2 p3

1

P1D . ~77!

Thus the operatorO of Eq. ~13! is thed function which sets
the plus momentum of the quark equal toxB jP

1. We may
compute this quantity for the free and medium-modified
wave functions. There are a host of other effects of the me
dium, including Fermi motion, shadowing, pions in the me-
dium, nuclear correlations, six quark bags, etc.~see the re-

FIG. 13. The transverse response vsv.
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views@10#!. Our concern here is to assess the effects of co
neutrality. So we do not include these effects and do
compare our results with data.

The free version is shown in Fig. 15, where the expec
shape is obtained. The results for the ratio of mediu
modified to free structure functions using both the power-l
and Gaussian forms are shown in Fig. 16. This shows
suppression of pointlike configurations does indeed lead
suppression of the valence structure function at large va
of xB j . The normalization of the wave function ensures th
the integral*dxB jF2(xB j) is unity whether the free or the
modified wave function is used. Thus one expects region
which the ratio is bigger and smaller than unity. Howev
the result that there is suppression at largexB j is not a trivial
consequence of kinematics and normalization, as is see
comparing with the Gaussian form. The Gaussian wave fu
tion does not display as much suppression at largexB j ,
which indicates the relative importance of large moment
components, or pointlike configurations, in the power-la
versus Gaussian wave functions. The suppression occu
at largexB j is consistent with the relevant features of the da
and therefore provides evidence for the existence of point
configurations.

FIG. 14. The free and medium-modified axial vector form fa
tors vsQ2.

FIG. 15. Proton structure functions as a function of the scal
variablexB j for power-law and Gaussian wave functions.
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VII. SUMMARY AND DISCUSSION

We have used the ideas of color neutrality to motivate
functional form of the central shell model potential:

V~r ,R!5V0r~R!
r 2

^r 2&
, ~78!

where ^r 2&[^f0ur 2uf0& is the nucleonic expectation value
of the operatorr 2, V0'250 MeV, andr(R) is the nuclear
density normalized so thatr(R50)51. The concern here is
with fluctuations, so that we rewrite the central shell mod
potential as

V~r ,R!5V0r~R!1V0r~R!
r 22^r 2&

^r 2&
, ~79!

and treat the second term as a perturbation. The effects
this perturbation can be evaluated using Eq.~12! @or using
the closure approximation of Eq.~13!# for any nuclear pro-
cess. Solving a set of toy models indicates that a perturbat
treatment is valid, and furthermore that a closure approxim
tion may be used to avoid computing the complete spectru
of baryonic wave functions usually necessary in perturbatio
theory. The toy-model results are consistent with the notio
that pointlike configurations can be suppressed in the nucle
medium.

Light-front quantum mechanics, along with a specifi
model of the nucleon wave function@39–41#, is next em-
ployed to compute the influence of medium effects at rel
tively high momentum transfer. We find that at low values o
Q2,1 GeV2 the electric form factor is suppressed and dis
plays an increased charge radius, but that while the magne
radius is also increased so is the magnetic moment. T
leads to the result that the (e,e8) transverse response, shown
in Fig. 13, is largely unaffected by the medium in this con
text. This behavior of the transverse response has previou
been interpreted as signaling no change in the magne
radius— contrary to the result obtained here. At higher va
ues ofQ2 both form factors are suppressed in the medium,
is GA . These results are in accord with ideas about the su

c-

ing

FIG. 16. The ratio of the medium-modified to free structur
function as a function of the scaling variable for the power-law an
Gaussian wave functions.
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pression of the longitudinal response, but are not inconsis
with the analysis of Jourdan@13#.

The results for the medium modifications of theF2 struc-
ture function show a suppression at large values ofxB j for
both the power-law and Gaussian wave functions. Howev
the suppression is greater in the case of the power law, i
cating the more pronounced role of high momentum com
nents or pointlike configurations there. This is consist
with the works of @1#, and @26,27# and more importantly,
tent

er,
ndi-
po-
ent

provides evidence for the existence of pointlike configura-
tions.
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