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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. The
interaction with the medium is assumed to depend on the relative distances between the quarks in the nucleon
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 @tatenucleoh and radial excitations.

The effects of the nuclear medium on the electromagnetic and weak nucleon form factors and the nucleon
structure function are computed using a light-front constituent quark model. Further experimental conse-

guences are examined by considering the electromagnetic nuclear response functions. The effects of color
neutrality supply small but significant corrections to predictions of observel86556-28186)00608-3

PACS numbgs): 24.85:+p, 12.38.Bx, 21.65:f

[. INTRODUCTION There are also configurations in the nucleon wave func-
tion in which the partons occupy a larger than average size.
) ) We call these configurations bloblike configuratigB£.C’s)
Nucleons are composite color-singlet systems made by hyuskyons[9]. These configurations have complicated
quarks and gluons. Their wave functions consist of many;rong interactions with the mediuniSee[9], which ex-
configurations as illustrated in Fig. 1. Some conflgura'uon%ﬂores the consequences of huskybrdere we model the
are simple, with only three current quarks; most are morgnteraction of the nucleon with the surrounding medium in
complex with many partons. Configurations in which threeierms of the interquark separation within the nucleon to in-
quarks are close together have been dubbed pointlike coRgtigate the role of color neutrality and its consequences in
figurations(PLC’s) [1]. According to perturbative quantum pclear wave functions.
chromodynamicgPQCD), such configurations are respon-  gjyy years of studies of nuclear properties have shown
sible for high momentum transfer elastic scattering reactiong, 5t the nuclear wave function is dominated by clusters of
[2,3]. Furthermore, the effects of gluon emission from cqor_singlet objects with the quantum numbers of nucleons
closely separated color-singlet systems of quarks and gluong,q mesons. The success of the nuclear shell model is a
tend to cancel. This means that for processes in which ongstimony to this fact. It is certainly possible, however, that
adds amplitudes before squaring, i.e., coherent processegihough bound nucleons largely maintain their identity,
pointlike configurations do not interact with surrounding me-p,;nd and free nucleons are not identical. Indeed, there are a
dia. ) ] ) _ . . number of interesting experimental findings which may indi-
That color neutrality can suppress interactions is similaicate that medium modifications of nucleon properties are rel-
to the cancellation of interactions which would occur if an gyant.
electron and positron moved together at the same position ope of the most spectacular examples is the observation
through a charged mediufsee, for example, Ref4]). The ¢ the first EMC effec{10] showing that the structure func-
color neutrality feature of QCD has been verified. It is re-4on of the bound nucleon was suppressed at lagge There
sponsible for the scaling of structure functions at low, but no,5e also been numerous studies of theee() reaction
too low, values of the Bjorken scaling variablg; . (See the \yhich find that the longitudinal response functip is sup-
reviews[5-7].) Furthermore, hadron-proton total Cross sec-prasqed, while the transverse respoRseis not. See Ref.
tions oy, grow linearly with the mean square radius of the11] and references therein. The suppressioRofs natural
hadron[8]. in some theorief12]. This lore has been challenged recently
by Jourdar13], who argues that the “so-called quenching is
mostly due to the limited significance of the data” and that

® ® including data at high energy loss leads to the result that
proton= & 4+ + F oo “no A-dependent quenching is observed.” However, the
PLC L9 various errors listed in Jourdan’s Table 2 allow for up to

about 15% effects.
It has also long been stated that the nuclear value of the
FIG. 1. Possible configurations of the proton wave function. axial coupling constan®, is less than its value in free space

A. Motivation
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[14]. Furthermore, the large pionic enhancement expected iassary to treat an interaction such as that in @g.and to

many models of nuclear structure was not obsefl&d, but  assess its influence on a broad variety of observables. To this

there may be hints of a pionic enhancemigi@]. end we treat the effects of the medium based on(Egas a
Thus there are several indications that nucleons could bperturbation to the free nucleon.

modified by the medium. Since color is at the heart of QCD,

one might suspect that looking at the consequences that color

neutrality might have for bound composite nucleons might C. Possible objections

be worthwhile. These are the presumably small effects of

nucleonic polarization. Nevertheless, as we show here, thessg,

effects can have nontrivial consequences.

There are several potential objections to this approach.
rhaps the most fundamental is that any modification of the
nucleon’s wave function must be caused by its interaction
_ with one or more other nucleons. Therefore any discussion
B. Assumptions of the properties of a single nucleon must be incomplete or

It is worthwhile to present a brief description of the spe-Possibly ill defined. A better defined method could be to
cific assumptions of our approach. The effects of nucleorsimply develop a cluster model approach in which one first
modification are expected to be small, because the energid all of the two-nucleon physics. The ultimate choice be-
differences between the nucleon and its excited states af@een these two differing approaches will be made by
typically several hundreds of MeV, much larger than theNature—the approximation of two or more nucleon physics
typical energy denominators relevant in nuclear physics. T®Y the modification of the properties of a single nucleon may
search for such effects, it is therefore sufficient to first con-Or may not be valid. Experiments will decide. Here we only
sider how the composite nature of the nucleon and the coldpresent a formalism and examples which are intended to be
aspects of QCD might modify the gross features of nucleakiseful in interpreting experiments.
dynamics. Accordingly, we are primarily concerned with the A related objection is whether our approach is consistent
nonrelativistic motion of a nucleon in the average isoscalatith the requirements of current conservation. The dominant
central mean field of the nucleus, which provides the domicentral potential arises from the exchange of neutral objects,
nant attractive force that holds the nucleus together. If th&0 that in our treatment the nuclear charge is carried by con-
modifications of this are small, then the modifications of thestituent quarks that are confined in nucleons. Thus, in this
other nuclear forces should be much smaller and perhag®odel, the only electromagnetic interactions are those be-
negligible. Recent treatments of mean field dynamics involvéween photons and constituent quarks. It is therefore imme-
solving the Dirac equation to determine the nucleon singléliately evident that charge conservation is respected by this
particle wave functions under the combined influence of ar@Pproach. The conservation of the total vector current is de-
attractive scalar and repu|sive vector potenﬁh?]_ How- pendent on the treatment of the medium. Here we treat the
ever, one can obtain the same energies and wave functiofidedium as a first order perturbation on the electromagnetic

by using the Schidinger equation with an appropriately cho- interaction. This perturbation to the current operator occurs
sen single particle potential. between on-shell nucleon states, and can thus be written in

Thus we examine the dominant central potential whichthe standard form. Violations of current conservation are
depends orR, the position of the center of mass of the thus avoided at this level. This point will be discussed in

nucleon, and is essentially proportional to the nuclear denmo:f spgci(fjic t(.alrrgs in Sec. Il where our treatment of the
sity, and has a well depth of 50 to 60 MeV. Including the M€CGIUM ('js ,etﬁ' e : db , her th
effects of the composite nature of the nucleon requires that W& admit that there could be many effects other than

one take the dependence of the central nuclear potential g/ neutrality which cause significant modifications of the
the positionsr; of the partons inside the nucleon into ac- properties of nucleons. For example, in the Serot and Wa-
P i P lecka model[17] the medium provides a decrease of the

count. Thus we have the central potenWat V(r; ,R). What  nycleon mass by as much as 30%. See also the quark-meson
glseﬁdo we know? Color neutrality tells us that0 when coupling model of Ref[18], and the work of Refd.19,20.
ri=R for all partonsi. Furthermore, interactions vanish as It is entirely conceivable that similar effects to the nucleon
r2, Wherer252i<j(Fi_Fj)2 [43-45. Finally, we note that form_factors could occur from a purely hadroni_c mechanism,
i.e., independent of the relative quark separation. It has also
peen argued that a more general scaling of hadronic masses
may arise in the nuclear mediyral]. The extension of QCD
sum rules to finite density further confirms the presence of
r2 large scalar and vector self-energy correctifi?®,23. Nev-
V(r,R)=Vop(R) w7 (1) ertheless, these effects are assumed to have a different origin
than that of color neutrality since their presence does not rely
on the interquark separation within the nucleon. Our aim
where (r2)=(¢o|r?|¢o) is the nucleonic expectation value here is to simply study the consequences of this single effect
of the operator?, Vo~ —50 MeV, andp(R) is the nuclear in several different situations by identifying a pattern of pre-
density, taken here to be spherically symmetric, normalizedictions. The study of many reactions is necessary, so we
so thatp(R=0)=1. This central potential depends on the derive a formalism applicable to many reactions. This for-
positions of the quarks inside the proton; therefore themalism may be useful in the study of other mechanisms for
nucleon wave function will be different than in free space. medium modifications as well as other corrections to the
The intent of this paper is to provide the formalism nec-impulse approximation.

the nucleonic average ovéirshould correspond to the stan-
dard nuclear shell model potential. These considerations a
low us to write
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Another objection is that it is not clear when PQCD, andfields, and is smaller than the one considered here. Jain and
hence its discussion of pointlike configurations, is applicableRalston[38] have argued that hard processes are modified
The question of how high the momentum transfer must beignificantly by medium effects.
for PQCD considerations to dominate calculations of form Our aim here is to present a method for doing calculations
factors is controversial. The work of Ref4,25 is merely ~ Which may be applied at both at high and low values of
the first example of a long history. More data are needed t&°. We also investigate a Lorentz covariant formulation.
settle this question. However, pointlike configurations mayHere is an outline. Our model and basic formalism are pre-
arise from nonperturbative considerations as \j2,27. sented in the next section. Section Il deals with some simple

The singular nature of the nonperturbative confining interac€X@mples which allow us to study our approximations and

tion can lead to pointlike configurations. Indeed, many con.£xpose the need for a relativistic formalism. The relativistic

stituent quark and Skyrmion models seem to indicate théormalism, which applies the recent work of Schiunig®—

presence of pointlike configuratiofi86,28. It is therefore of 41].’ is discussed r}ext. Secthn V'is concerned with a presen-

: : ) : ! . tation of our detailed numerical results. We study medium

interest to consider an interaction with the nuclear medium_ " ...~ . .

which accommodates such objects. modifications of the glectromagnetlc proton form faptors

) . G and Gy, and the axial vector form factdg, relevant in

The color screening effect that we explore is re_Ia_ted to thethe weak interaction. We discuss consequences irefae

phenomenon of color tr-anspgrer(@'lt) [29-31. This is t.he- ande,e’p reactions. A concluding section discusses the im-

idea that a higlQ? quasielastic reaction produces a pointlike plications of our results.

configuration which does not interact with the surrounding

nuclear medium. Thus initial and/or final state interactions

are reduced and the nucleus is rendered transparent due to

the effects of color. But, so far, the evidence that color trans- We begin from general considerations. Suppose a color-

parency actually occurs in nature is not conclusive. A BNLsinglet baryon moves in the nucleus subject to a Hamiltonian

experiment32] presents evidende3] for CT in a (p,pp) H given by

experiment at beam momenta of 6, 10, and 12 GeM/5

GeV?<Q?<8 GeV?) but the f,e’'p) NE18 (Q%*=1,3,5,7 H=Hy+H; )

GeV?) experiment at SLAG?34] sees no such evidence. A _ ) o

recent FNL exclusivep production experiment appears to WhereH, is a perturbing Hamiltonian, and

give strong support to color transparer®p]. The Q% was e el

up to about 9 Ge¥, but the energies of the outgoing Ho=Ho "+ Ho. 3

mesons are very high. The BNL and FNL experiments ma . . .

not have guararylltee?j the necessary quasielasptic nature of i/ngeHg'm' anngel describe, respectively, the motion of the

experiment. The SLAC experiment did that. One interpretaS€nter of massincluding effects of the medium on the

tion of these results is that pointlike configurations are pro-Ce€Nter-of-mass motignand the relative motion of the inter-

duced, but expand before leaving the nucleus. This expardi?! degrees of freedom independent of the medium and the

sion is a bigger effect for the NE18 experiment, which hascenter-ot-mass motion. The perturbatibiy describes mix-
g between the center-of-mass and relative motions, and

the lowest energy outgoing protons. Expansion is also a biftﬂ . . X
effect for the BNL experiment, but the incident proton hasnereby incorporates the effects of the medium on the inter-

)pal wave function.
We shall assume that, is separable, that is,

Il. FORMALISM

high enough momentum for this expansion not to completel
kill the influence of the pointlike configurations. The expan-
sion effects are smallest for the FNL experiment, but the

— g c-my.rel
experimental resolution may be a problem. Hi=Hi"hy, (4)

whereHS$™ andh'® act only in the center-of-mass and rela-
tive motion spaces, respectively. This assumption is moti-
None of the considerations of the above paragraphs argated by Eq.(1), which entails tha ’le' causes a change in
sufficient to rule out the existence of pointlike configura-the internal structure of the baryon. This implies that we can
tions, or the effects of color neutrality in nuclear physics.choosehflel to have no diagonal elements, and that the baryon

Indeed, pOIntllke Conﬁgurations were introduced to eXpIainin the medium is described as a Superposition of the ground
the EMC effec1]. Frankfurtet al. postulated that such con- znd excited states.

figurations do not feel the attractive nuclear interaction and e wish to consider the eigenstatds, ) of the Hamil-
therefore appear in a smaller percentage in nuclei than in fregnjanH in (2), defined by

space. This leads to a reduction of the nuclear structure func-

tion atxg;~0.4-0.6. This effect also reduces the cross sec- HIW ) = Enl Wam)- (5)
tions predicted for €,e’p) reactions, making color transpar-

ency harder to observi86]. Frankfurt and Strikman treat The form of Hy in (3) allows the unperturbed states to be
their effect by taking the suppression to vary essentially as aritten as a direct product of center-of-mass and relative
6 function inQ?, i.e., present aD? above a certain value but motion states as

completely absent for lower values. Desplanques finds a

similar term by including the spatial variation of the nuclear I‘IIE]%: | D) D) (6)
scalar and vector mean fields over the volume of the nucleon

[37], but this effect depends on the gradients of the mesonitiere| ¥ (%)) satisfies the eigenvalue equation

D. Outline
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Hol Wi = Enml i) ™

where HE™®)=¢,|®,) and HE| ¢ =eml dm), With
E(0)=§ + €
nm n m-

_— . J = J
The state vector of the full Hamiltonian can be written to g 4
first order inH; as . .
¢ ¢ %o
(0) (0)
W am =T+ WIW . ®
"M Fhm Eﬁmﬂ— Efd) FIG. 2. The matrix element of Eq12) (j, commutes with

hiel).
To simplify our notation we restrict our discussion to the

nuclear ground state. For this case Ej.can be rewritten as We usee,— ¢, =AE. The expectation value of an operator

O can then be written to first order id, as
|‘I’oo>: |‘I'E)%)> !

<¢I|hrlel|¢0> c.m.
(I) (I) c.m.q) AR ) . . H
"3 |PAOUHE o) 2, “Erg—gror 40 ($101B)=(bol Ol po) + 5 (ol {NF O} bo), (13)

©)

It should be noted that irf9), sinceh® has no diagonal where{A,B}=AB+BA. The right side of(13) is indepen-
elements] #0 and the sum ok is unrestricted. The energy dent of the excited state wave function, and can therefore be
denominator in Eq(9) is dominated by nucleonic excitation evaluated based on knowledge of the ground state wave
energies. These, typically hundreds of MeV, are much largefunction and the excitation energy. Thus the uncertainty in
than the nuclear energy differences which are typically tenghe knowledge of the wave functions is replaced by the un-

of MeV. Thus we write certainty in a single paramet&yE, and by the further as-
sumption thatAE does not depend very strongly on the op-
EQ-E~e—e. (10)  erator©, i.e., thatAE is essentially process independent.

The accuracy of this approximation and assumption is inves-
This allows the sum ok to be performed using complete- tigated in Sec. IV. We shall discuss reasonable values of
ness, so that AE after discussing our choice of the operalnf.
(4 |hre'|¢ > Equation(13) has a simple physical interpretation. Con-
_ 1 1% cm. sider, for example, the case where the oper&dois the
Voo = |%H;o €— € | ¢)HT™ Do), (11 electromagneti¢EM) currentJ,, associated with a constitu-
ent of the statée,). A modification of the form factor will

We define the quantity in brackets k;é}, occur by the mechanism illustrated in Fig. 2. The current

ol acting on the ground state excites an internal mode. The

~ (1|h] do) om excitation decays back to the ground state via the interaction
|¢>E|¢°>+|§0 P | gy HI™, (12 with the medium provided bj’®'. The extent to which the

form factor is modified is determined by the ability of the
which can be regarded as the modified nucleonic wavé&M current to produce an excitation and the ability of the
function! This wave function depends on the coordinates ofmedium to absorb its decay and return the composite particle
the entire nucleus through the operattfr™. The use of Eq. tO its ground state. The modification is directly accountable
(12) allows one to evaluate the effects of color neutrality forto the density of the medium in the vicinity of the interaction
finite nuclei; this equation is our principal formal result. Note through the potentiaH{™(R), and is suppressed by the ex-
that the ability to define a modified nucleon wave functioncitation energyAE.
depends on the separable form of E4). Medium effects are often estimated by taking the nucleus
The evaluation of Eq(12) depends on knowing all of the to be infinite nuclear matter, or by using a local density ap-
wave functions corresponding to the Hami|toniH|'(‘f|. At proximation. Equatiori13) shows that instead one can evalu-
the present time there is no complete relativistic treatment ofte the appropriate nuclear matrix which dependsigfi-. It
excited state wave functions available, but progress has rehould be stressed that we are treating the medium as a per-
cently been made in this directi¢42]. We wish to obtain an turbation and we are working at first order.
alternate method of evaluating the influence of the nuclear
medium on nucleonic wave functions. Such can be obtained
using a closure approximation in which all of the strength is
assumedon averaggto lie at an average excitation energy.  We next show that Eq13) respects current conservation.
To do this, a less schematic notation must be employed. We
denote the free on-shell proton stdig,) as |N,\,p), in
The use of the term bound or modified nucleon to represent thgvhich the internal quantum numbers helicity and momentum
wave function| ) is a convenient jargon; one should keep in mind are displayed. Then CPT and Lorentz invariance yields the
that there is only one nucleon stafe). result

A. Current conservation
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r2—(r?)

<N,7\’|0'IJ“IN,M0>=U_w(IO’){Fl(QZ)V“ V(r,R)=Vop(R)+Vop(R)TZ>—, 17
Fa(Q%). so that the o [ [ identifi
wvins peratdtl; of previous sections can be identified
e Hy = Vop(R) 3 18
where the momentum transf@?= —(p’ —p)2. We denote 1=Vor(R) (r3) (18)
the bound nucleon dsN,A,ﬁ). Equation(13) for the modi- _ | o
fication to a matrix element then implies with Hi™=Vop(R) and hi'=(r?—(r?))/(r?). This is the
_ _ simplest form ofH; that we can write, which is consistent
(NP’ |I#INAPY=(N,\"p’|I#|N,\p) with known properties. The behavior for large values ofs

simply a guess, but it is reasonable to expect that large, blob-
like configurations should have strong interactions with the
medium.

Equation(16) includes the effects of color neutrality on
the total nuclear mean field and makes no distinction be-
tween the scalar and vector mean fields. The effects of color
neutrality on the separate fields can be examined using the
\%ark-meson coupling modEL8], but this would require the
gxtension of the applicability of that model to high values of
the transferred momenta.

We note thatH; has the interesting property that

c.m.

Hl IR "
+E<N,7\ p |5J |N,)\p>,
(19

where 6J#=2J*h'?' is the additional vector current pro-
duced by the medium perturbation. Here, as in &g, we
assume that the perturbation is a scalar. Further, because
are considering only the first-order perturbation, this curren
as well occurs between on-shell states. Equatith) can
therefore be written in the same form as Etgd) with the
replacement ofF ; Q?) by F; (Q?). Current conservation
is respected at this level.

(¢olH1|#0)=0, (19

which means that the color neutrality effect governed by our
IIl. COLOR SCREENING perturbing Hamiltonian does not give a first-order shift in the

Consider now the motion of a composite color-singletMasS of the baryon. Such effects are by definition contained
in the first term of Eq(17).

baryon through a nucleus. We are here interested in the prof? , L .
erties of the ground and low lying nuclear states, so that the L€t us discuss some of the implications before presenting
baryon is part of a bound state wave function. The configulhe evaluation of specific models. 2Flrst, c_:0n3|der the va]ue of
rations of the baryon are pictured in Fig. 1. Let the displaceAE- We see that the operatof—(r?) excites the breathing
ment of the center of mass of the baryon from the nucleafde of the nucleon. Thus it is reasonable to assodi&e
center be denoted a8. The interactions between such a with the energy at which the first resonance of the nucleon
. : ) gccurs. This is the Roper resonance wikk= —500 MeV.
complicated system anﬁd the remainder of the nucleus mu e are concerned with how certain matrix elements are in-
depend on the positions of the partons inside the baryon. fjyenced by the presence of the nuclear medium, so it is
In general, the interactions between a nucleon and the regf, -\ anient to define&(O)z(ElOlE)—(%lOl bo). Then
of the nucleus are complicated. Here we are studying thﬁsing Eq.(18) in Eq. (13) leads to

presumably small effects of nucleonic polarization, so we

concentrate on the necessary modifications of the central part Vop(R) r2—(r)
of the nuclear shell model potential. This is the largest inter- 80)=2 0 <¢>0 O—— ¢>0>. (20
action to consider, and a small modification of it might have AE (r9)

significant consequences. Thus we have the central potenti

. . %hs shows that the nucleon’s properties as measured b
V=V(r;,R). What else do we know? Color neutrality tells ! W y bropert y y

S i 8(O) depend on the position of the nucleon. The factor
us thatV=0 whenr;=R for all partonsi. Furthermore, 2v ,(0)/AE is about+0.2, which shows that the effects we
interactions vanish as’, Wherer2=2i<j(Fi— FJ-)Z [43-45. study here are small but not insignificant.

Finally, we note that the nucleonic average oveshould It is useful to consider examples. First supp@3er?,
correspond to the standard nuclear shell model potentiallhen

These considerations allow us to write
r4_ <r2>2

2 2
V(r.R)=Vop(R) 25, (16) {rs)

r
< Writing r=r23 | ) {#nlr?, subtracting the ground state
where (r?)=(¢o|r?|¢o) is the nucleonic expectation value contribution, and examining the remainder and using com-
of the operator?, Vo~ —50 MeV, andp(R) is the nuclear pleteness shows tha{r2)>0. Within our model, color neu-
density normalized so that(R=0)=1. trality leads to an increase in the mean square radius of the
We are concerned with fluctuations, so that it is conve-nucleon. Note that the same argument cannot be used to
nient to rewrite the central shell model potential as show thaté(r*)>0; indeed, this quantity could be negative.

" &(r3y=2

Vop(R)
AE <¢0

¢o>- (21
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Color neutrality does not correspond to a general scaling oty of our approximation scheme. We shall start by using the
the nucleon wave function. Each matrix element must béarmonic oscillator model. However, such a model is not
worked out independently. expected to be a reasonable guess for large momentum trans-
Another example to consider occurs in the nonrelativisticfers. Indeed, previous work26,27] showed that the har-
quark model ifO=pu=3;_; gu3(i). In this case the expec- monic oscillator does not have a pointlike configuration.
tation value ofO for a spin up nucleon is the magnetic mo- Therefore we also consider the case of two quarks bound by
ment of free nucleon. In the nonrelativistic quark model thea Coulomb potential. This model assumes that the attractive
wave function is a product of space and spin-isospin funchature of the color electric force dominates over the longer
tions. In this case, the integral over the spatial coordinategange confining force. Finally, we consider a model with
vanishes and(u)=0. Similarly, in the nonrelativistic quark both a harmonic confinement and Coulomb term as in
model the modification to the electric and magnetic form[26,27.
factors must be the same. It is necessary to extend these
considerations to relativistic models. A. Harmonic oscillator

It is very |£1terest|ng ato aconsalder the cage when Here we start by considering the “nucleon” to be made
(9=(90=5[(r1—r2)/\/§]5[(r1+r2—_2r3)/\/§] forwhich all ot two quarks, and employ the nonrelativistic constituent
of the quarks are at the same position. The expectation Val“(fuark model withH'® given by the harmonic oscillator form
of O, is the square of the wave function at the origin. In this 0 '

case the assumption the{r =0,R) vanishes is sufficient to ol p? -
give a result, i.e., no additional assumption about the depen- Ho 254‘ 5 Mgl (23
dence onr? for larger? is needed. One finds immediately
[using Eq.(20), for examplg that We study the nuclear medium-modified nucleon wave func-
Vop(R) , tion ¢ at R=0. This is given by
(Og)=— T|¢0(0)| ) (22 p2 1 r2 1.
2n TR T Vop(0) | 6=B. (24)

which corresponds to about a 20% reduction of the square of

the wave function at the origin. This result is in good agree4ve may easily obtain the exact solution by realizing that in
a(;?t with a recent QCD sum rule calculation by &nal.  the medium the frequenay, is replaced byw with

It is worthwhile to compare our approach with that of , o 2Vop(0) , 4
Frankfurt and Strikmar[1]. Those authors consider the ® :“’OJFW:“’OJr 3 Vor(0)wo. (25
nucleon [N) as a sum of various configurations,
IN)=|PLC)+ - - -. At high Q? the form factors are assumed For typical values of AE=—2wy,~—500 MeV and
to be dominated by th¢PLC) component. In the medium V,=—50 MeV, we find thaiw=214 MeV and the expecta-
|PLC) is replaced by (%H,/AE)|PLC). However, tion value ofr? increases by a ratio of 1.17. So, at the
r’lPLC)=0, so that the PLC acquires a factor of nuclear center, the effect of color neutrality can be signifi-
[1—Vop(R)/AE]. This leads to 10—-20 % reductions in form cant. The expectation value of ! varies as the inverse of
factors, if Q2 is greater than some value large enough forthe square root of the frequency, so that its expectation value
|PLC) to dominate. This result is recovered in our approachis decreased by a factor of 0.93.
if we assume that the only dependence of the form factors on We may also compute the form factor for this model. This
the (modification of thé nucleon wave function is through is the Fourier transform of the square of the wave function as

the wave function at the origin. Even more striking is thea function of the momentum transfér=|Q| divided by 2:
feature that thd PLC) is suppressed, so that one expects

valence quarks to carry less momentum in the nucleus. This Fo(Q2)=<¢o|9ié'F/2|¢o>, (26)
leads to an explanation of the EMC effect. Our approach is
motivated by the original work of Frankfurt and Strikman. F(Q2)2<g|eiQ-F/2|a>' (27)

However, we do not make the “all or nothing” assumption

in which |PLC_> suppr_ession turns on abruptly. _Thus We areTne free form factoFo(Q):e*QZ’ls#wO, while the medium-

concerned with making more detailed evaluations than and dified f factolF (O) = e~ Q%/16ua \y that

testing the assumptions of the early work. In particular, wenoditied form facto (Q)=e - e see tha

wish to learn if these suppression effects persist if one uses F(Q?)

more detailed models. lim ——=0, (28)

02 F0(Q7)

V. TOY MODELS so that huge effects at higQ? are possible. However, this
To gain some insight into the results obtained for themodel is not realistic at hig?.

nucleon in the relativistic framework to follow in Sec. V, itis =~ We may also consider the effects of color neutrality for

useful to apply the formalism of the previous two sections tovery dense nuclear systems by increasp(@®) above its

some simple nonrelativistic constituent quark models involv-value of unity in normal nuclear matter. Equati(b) tells

ing (mainly) only two quarks. These simplifications enable us thatw vanishes for densities about four times nuclear

us to obtain exact solutions and therefore to assess the valithatter density for whictw(0)=3w/4V,=3.75. Thus there
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is a “deconfinement” phase transition inherent in our model.with (x| $)=0. Then

However, the model is built on the assumption that the shell o

model, with its nonoverlapping nucleons, is a valid starting AF(Q?)=2(¢o|e’? 2| y), (33
point, and therefore should not be applied to the situation for

which the interparticle spacing is less than the diameter of gnd

nucleon.

We note that the extension of this model to the three- —87 d d3
quark system yields essentially the same results. This is bedim AF(Q?)= o a(¢oX)|r:o+ ° F(d’o)()h:o-
cause the harmonic interactionr?=33 (r;—r))? Qe (34)

=3(p?+\? where p=(r;—r,)\2 and X=(r;+r,

—2r3)/\/6. Using the same operator Hy, once again leads Our purpose here is to compare the exact first-order result of

to the result that for harmonic oscillator models the fre-Eq. (32) with that of the closure approximation of E{.3).

guency in the nuclear medium is less than that in free space. The above equations are general, but we can gain some
Let us examine the accuracy of our first-orddgfO)  understanding if we specify to the Coulomb Hamiltonian

treatment of Eqg. (20. In first order &%)

=[—2Vyp(0)/3w,](r?) compared with a model exact re- el P 5

sult of &(r2)={[1+4Vp(0)/3wy] Y2—1)}. With our Ho'=5, —¢r, (39

typical parameters, the first-order increase in the mean

square radius is 13%, while the exact result is a shift of 17%yith e2=4443 to simulate the strong color electric force.
The EM form factor in the medium obtained from Eq. The ground state wave function is given by

(13) is given by

2

1
bo(r)= —p€ "%, (36)

2
o 2 }F()(QZ), (29 (map) "

D =1—2—
FQ )_[1 ZAE 6rwg

. _ 2 . .
where Fo(Q32) =exp(—Q%16uw,) is the free form factor. with ag=1/(e“w). The form factor for this state is

Equation (29) compares favorably with the exact solution

with corrections of order\(;/AE)?. Some caution should be Fo(Q?)=

exercised, however, in the application of the approximate 0

solution to large momenta, i.eQ?~6uwoAE/V,, where

the coefficient of the \(;/AE)? correction becomes signifi- ~ The Hamiltonian of Eq(35) can be used in Eq32) to

cant. It is also important to note that the interaction with theobtain a solvable differential equation. The result is the func-

medium has produced an increase in the mean square radition x(r) given by

<r2>~r§[1+§(V0/AE)], as is reflected in both the exact /

and the approximate form factors. 12
PP x(r)= Me*”%[u/z— (rlag)®—(rlag)3/3].

3w

B. Coulomb binding (38

Q%ag)

1+ 16

(37)

The harmonic oscillator is not expected to describe situa- . _ _
tions involving high momentum transfer. Indeed, we mayOne may use Eqs34) and (38) to immediately find that, at

recall the asymptotic expansion: large values oR?, AF(Q?) varies asQ ™~ and is negative.
In this model, the highQ? form factor is dominated by the

) ,  —8m dg3 167 d® ) pointlike configuration, so we may say that the pointlike con-

Q!m Fo(Q)~ o W|r=0+ Q° d_r§¢0|r=0- figuration is suppressed in the nuclear medium. It is not dif-

(30) ficult to use Eqs(33) and(38) to obtain an exact expression
for AF(Q?). However, it is more instructive to use the as-
; ; 2
This power-law dependence gives larger results than th¥mptotic expan5|on7(2)f Eq30) to getAF(Q®) as an expan-
Gaussian form and holds unless the potential is an analytigion in powers oQ™“. Then one finds
function of r2. The only relevant example of such is the

harmonic oscillator force of the previous subsection. It is lim AF(Q?)— Vop(0)u 88— 544 (39
useful to obtain the general expression for the medium- 0?co 3a(2)Q4 Qzag '
induced change in the form factoAF(Q?%)=F(Q?
2 . . - - -
—Fo(Q”). To first order inH, this is given by Recall thatV, is a negative quantity, so thatF is also
G 12 negative. The closure approximation to the change of the
e~ H 2 i
AF(Q) =23 (ol | )l 1|<l5o>_ 31) form factor, AF 4.{Q?), can be obtained from E¢13) as
n#0 EO_ En
AF 1ol @)= 2P0 402 k (02 40
One may then define the state vedtg} such that clod Q) = (DAE ( o)Fo(Q9), (40)

(Eo—HEY x) = (1~ o) ol H1l o). (32 which may be evaluated asymptotically as
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— medium modified
— — free

0'0 L L 1 1 1 L 1 0.0 1 L 1 L 1 L i -
00 02 04 06 08 10 12 14 16 18 2.0 00 02 04 06 08 1.0 12 14 1
r (fm) r (fm)

6 1.8 20

FIG. 3. The influence of the attractive Coulomb potential in Eq.  FIG. 4. The influence of the medium on the wave function as
( 43) on the wave function. described in the text.

3 closure result and the free form factor, from which one con-

(42 cludes that closure works well, and in fact slightly underes-
timates the exact result. This is consistent with the conclu-

ns of the previous subsection.

It is also useful to try to understand these results using

analytic techniques. This can be done if one works to first

order inag. First consider the free case. One may find the

form factor using an equation like E¢31), but with the

— 4096 operatorH replaced by—4«//3r. The result is

[11Q%aZ—68] 1. (42

8Vop(0)

, 16
AF o Q%) ~— “3AE

7.7
Q“ap

It is clear that the closure approximation cannot be valid®'©
unlessAE is taken to be a function d®?. We may equate
the AF’s of Egs.(41) and (39) to determine the “correct”
value of AE. The asymptotic result is

AE: a2
Ko dad3

(Nl2)

Vil wof(2o) (44)

2\ —_ a2
This means that the magnitude AE decreases a®? in- Fo(Q%)=e 1+
creases, so that using the closure approximation with a fixed
value of AE underestimates the effects of the medium modi-with
fications. This is the principal result of this subsection. .

1 1 1

— _ ___ 5N
C. Harmonic oscillator plus Coulomb f(ZO)_nZ:l n2n+1nt 2 49

A more interesting model is one which includes both a
confining and a Coulomb typerlterm in the Hamiltonian. Where
Thus we consider

2o=Q?%/(16unwy). (46)
q> 1 4 ayg

HE'= >+ > podr?

2,LL of °— § T (43)

4.0 . T . T . .
— exact
This model was considered in Ref26,27] in which it was 351 — — closure
shown that including the Coulomb term leads to PLC domi- ‘
nance of the form factor. This occurs even though the Cou- §
lomb term causes only a small effect in the computed energy. S 2.5¢
For the calculations performed here the parameters are §2'0
taken to beng=0.1, u =300 MeV/c?, and% wy=390 MeV. o
Figure 3 shows how the ground state wave function in free 2 1.5
space is influenced by therlterm in the Hamiltonian. The = 10
attraction enhances the wave function at the origin and '
changes the shape away from the Gaussian. This causes a 0.5}
1/Q* behavior in the form factor. Next, Fig. 4 compares the T
full wave function with and without the effects of the me- 00 02 04 06 08 10 12 14 16 1.8 2.0
dium. We see that the medium causes a reduction of the r (fm)
short distance wave function. The closure approximation to
the wave function in the medium is compared with the exact F|G. 5. The medium-modified exact wave function and that cal-
calculation in Fig. 5. The numerical results for the medium-culated in the closure approximation as a function of the relative
modified form factor are shown in Fig. 6 along with the coordinater.

»30r
g




928 M. R. FRANK, B. K. JENNINGS, AND G. A. MILLER 54

1.0 . . . : , momentum transfer?>1 GeV?, and we wish to be able
0.9 L\ — Fou to distinguish between electric and magnetip effects. _

) \ — — Fp, Here we study the effects of color neutrality, as described
08 N\ N —-e Fy, by Eq. (13) with the perturbatiorH; given in Eq.(18), on
0.7t NN the light-front nucleonic model wave functions of Schlumpf

_ 06} O i [39-41]. Having specified the wave function, the new fea-
NO‘OS i NS 1 ture beyond the formalism of the previous sections is then
o N the specification of the? operator.
0.4 O ] We begin with a brief review of the light-front formalism.
03+ \\ - 1 The first formulation of such a light front relativistic quark
02t S~ ] model was presented by Berestetskii and Terer{4k48.
o1l T Many authord49-57,42,58—6Phave contributed to the de-
' . . velopment of this modeél We use Schlumpf’s model because

0~00'0 015 1.'0 1.'5 210 25 310 35 40 his power-law wave functions lead to a reasonably good de-
2 2 scription of the proton electromagnetic from factdés, and
Q" (GeV") Gy, at all of theQ? where data are availab|89-41].
In a quantum mechanical relativistic theory the commuta-

FIG. 6. The exact medium-modified, the free, and the closuretion relations between the ten generators of the Poincare
approximated form factors as a function of the square of the mogroup must be respected. The light-front approach is distin-
mentum transfer. guished by the feature that the maximal number of seven

generators are of kinematical charad@o not contain inter-

The second term of Eq44) leads to a fw,)?/Q* behavior  actions. Another feature involves the use of the light-front
of the form factor, which dominates over the exponentialvariablesp*=p°+p3, so that the Einstein mass relation
term for values ok, greater than 2 or so. Then the free form p,p*= m? can be expressed as
factor varies a&,g’Z. The medium modification is quite easy
to implement. Simply replace, by  of Eq. (25 in the p~=(pZ+m?)/p", (47)
formulas (44)—(46). We have seen in EQ(25 that
»=0.86w, so that the form factor is reduced by a factor of wherep, =(p*,p?). Susskind64] noted that this equation is
0.79. This is a significant suppression. The results of thisimilar to the nonrelativistic kinetic energy if one interprets
perturbative analysis are shown in Fig. 7. Comparison withthe variablep™ to be a relativistic version of the mass. Thus
Fig. 6 shows that the perturbative analysis is in good agreesne can use relative momenta for systems involving several
ment with the full result. particles, with the result that the wave function is a simple
product of a function involving only relative momenta with a
separate function carrying information about the motion of
the center of mass. One may also employ the Melosh trans-
formation[65] to construct states that are eigenfunctions of

The influence of medium modifications on computed ma-the total angular momentum and its third component.
trix elements and form factors is examined using nonrelativ- The light-front dynamics have another important feature,
istic models in the previous sections. The need for a relativstressed in Refd.3,49,66, that the diagrams with quarks
istic formulation is clear; we wish to compute form factors atcreated out of or annihilated into the vacuum do not contrib-
ute. Furthermore, one need only consider three quark com-
ponents of the nucleon, if one is computing the matrix ele-

V. RELATIVISTIC CONSTITUENT QUARK MODEL OF
THE NUCLEON

1.0 ' ' ' ' ' ments of “good” operator$67].

091\ ~ mod Schlumpf's model is well documentd@9—-41. We re-

08+ N Firee produce the relevant features here for the sake of clarity,

07t -~ ] following his thesis cIoseg. It is necessary to express the ten

06| N ; generators of the Poincagroup P, and M ,, in terms of
N > dynamical variables to specify the dynamics of a many-
g 0.5 SN 7 particle system. The kinematic subgroup is the set of genera-
B 04l e 1 tors that are independent of the interaction. There are five

03} I~ ) ways to choose these subgrou8]. Usually a physical

02l N 1 state is defined at fixex, and the corresponding hypersur-

) T~ face is left invariant under the kinematic subgroup.

0.17 The light-front formalism is specified by the invariant hy-

0.0 : : : : : : : persurfacext =x%+ x3= constant. The following notation is
00 05 10 1'52 20 22'5 30 35 40 used. The four-vector is given by=(x*,x",x,), where
Q (GeV)

FIG. 7. Medium-modified and free form factors calculated from 2The light-front constituent quark model should not be confused
the analytic expression given in Eg44) as a function of the square with light-front quantization in field theory. For information on the
of the momentum transfer. latter see, for example, R€63].
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x*=x%+x3 and x, =(x},x?). Light-front vectors are de-

noted by an arrox=(x*,x,), and they are covariant under  (\'|Ru(&,d.,mM)[\)=
kinematic Lorentz transformatior§9]. The three-momenta AN

5i of the quarks can be transformed to the total and relative (54)
momenta to facilitate the separation of the center-of-masg;ith n=(0,0,1). The effects of the Melosh rotation are to
motion [70] as significantly increase the computed charge radisj.

+ + 4t The operatoj commutes with the mass operatdr, this
P=p.+D-+D P1 P17 P2 is necessary and sufficient for Poincdrevariance of the
P1+P2tps, €

m+éM—io-(nXqQ)
J(m+¢eM)2+qf

- SHES P R bound state. In particular,j?|¥,1)=3/4V¥,T) and
j¥,1)=1/21¥,7). The angular momentum operator is
9, =(1=&p1—€p2, Ki=(1—n)(p1.+P2) given in terms of relative coordinates by
—7P3, - (48) J=IVieXK+ Ry (7,K,M3,M)j1,

Note that the four-vectors are not conserved, i.e., T Ru(1=7,=K, .mg,M)s;,

p1+ P2+ p3# P. In the light-front dynamics the Hamiltonian

takes the form J12=1VgXa+ Ry (£,0, ,my,M3)s;

5 ~ +RM(1_§!_qL!m2!M3)SZ' (55)
P?+M?

= opF (49 The orbital contribution does not contribute for the ground
state baryon octet, so that

J'=E Ris,

whereM is the mass operator with the interaction tevh

M=M+W,
K2 M2 m2 R 1 (aC_QRKL _aQL—CKL)
2+ 3 3 VT o w? 22 _
= + + , +K + cKr+a ac Kgr,
21— g 1-y \/a l\/C as RT a0R aLkRr
q m? m2 » 1 ad+ggK, agq —dK_ )
2_ _1 2= _
M=tai-o e t1¢ (50 JaZ K2 Jd2+ 2 \dKg—ade ad+q.Kg,
with m; being the masses of the constituent quarks. To get a 1 b KL
clearer picture oM we transform tag; andKs by Rsz\/ﬁ ~Kg b (56)
L 1
_Eitas _ Bt Ky 2 2 \1/2 with
- E1+ E2 1 n= E12+ E3 1 El/2_ (q + ml/Z) y
a:M3+7]M, b:m3+(1_77)M,
Eo=(K*+md)?%  Ep=(K*+M§H™2 (5D it eMa. et (1M
— i 3 — 12 - 3
whereq=(q;,9>,93), andK=(K;,K5,K3). The expression gt o
for the mass operator is now simply Gr=017102, QL =017102,
M=Ep,+Es, Ms=E;+E,. (52) Kr=Ki+iKz, K =K;=iK;. (57)

'e['he momentum wave function can be chosen as a function

The use of light-front variables enables one to separat . i . )
the center-of-mass motion from the internal motion. The in-0f M to fulfill the requirements of spherical and permutation

ternal wave functionV is therefore a function of the relative syn:n:je:)ry. _'{r?es-state orbital functiong(M) is approxi-
momentag andK. The functionW¥ is a product¥ =® y ¢, mated by elther

with ® = flavor, y= spin, and¢= momentum distribution. 2 /
The color wave function ig antisymmetric. ¢(M)= Nexp{ YA d(M)= (MZ5 5735
The angular momenturp can be expressed as a sum of B
orbital and spin contributions, (58)
3 which depend on two free parameters, the constituent quark

o mass and the confinement scale paramgterhe first func-
=iV, Xp+ S O : : X .
JZIVpxp 121 Rwis 3 tion is the conventional choice used in spectroscopy, but it

has a too strong falloff for large values of the four-
whereR,, is a Melosh rotation Melosh rotation acting on the momentum transfer. We use Schlumpf's parameters
quark spinss;, which has the matrix representatidfor twvo ~ 8s=0.56 GeV, 3=0.607 GeV, and the constituent quark
particles massm;=0.267 GeV.
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The total wave function for the proton is given by

-1

"5

(uudy3+uduy+duuy™) ¢, (59)
with

1
x?3:%<m+m—2m),

x“=i<2m—m—m). (60)
G

The spin wave functiong? and ! are the appropriate
permutations of*3. The spin wave function of thigh quark

is given by

o) i
T_Ri 0 andl—Ri 1/ (61)

FIG. 8. The absorption of momentum by the valence quarks.

N ELE!.M 1/2
2 _ c 343 3+=12
QLFZ(Q ) 2MN(27T)6J d qd K(EaEler)

3
><¢»T<M'>¢<M>§1 Fu(xYIxl), (69

with i=(uud) for the proton. Here the prime indicates the
absorption of the momentum transferkas=K, + »Q, and

We now turn to the calculation of the proton form factors. 91 =d. - The factorsFy, and Fyq are the charges of the
The electromagnetic current matrix element can be written i@ndd quarks. We also considé&,(Q®). We take the had-

terms of two form factors as in E¢L4) with J*=qvy*q. For

Q?=0 the form factord~; andF, are, respectively, equal to
the charge and the anomalous magnetic moment in enits

and e/My, and the magnetic moment

u=F,(0)+F,(0). TheSachs form factors are defined as

2

GE:Fl_ _Fz,
AMY

and Gy=F,+F,, (62

and the charge radii of the nucleons are

dF(Q?)

2y
<ri>_ 6 dQZ

|Q2=o

and

6 dGgm(Q%)
Gegm(0)  dQ?

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

(rEwm)=— lg2-0. (63

1
F1(Q%)= 55+ (N, T[3IN.T),

2My
QLFZ(QZ):_F<NIT|‘]+|N!l>' (64)

ronic axial-vector current to be

AM=u_3/My5d. (66)
The form factor of interest is given by
2P GA(Q?)=(B',1|A*|B,1). (67)

With the wave function and current operators determined,
the remaining ingredient required for the evaluation of Eq.
(13) is the operator? for this relativistic model. We use

r2=3(p%+2\?) (69)

wherep andX are canonically conjugate to the momenta
andK:

A o 2

SN I

Note thatp andX reduce to the usual three-body variables in
the nonrelativistic limit ofé— 1/2 . Ther? operator in(68)

is boost invariant since the components, which are specified
in (69), are canonically conjugate to the relative momenta.

[er1+(1—&)rp—Ta]. (69

VI. RESULTS

It is worthwhile to begin by discussing whether or not
pointlike configurations occur in the relativistic models we

The form factors are calculated from the diagrams of Fig.employ. We do this by defining a quantitf(Q?) as

8, using the “good” currentJ™ so that no terms withyq
pairs are involved. Schlumpf’s result is

NC ELE/.M 1/2
<2w>6fd3qd3K(ﬁ) #HM) $M)

F1(Q%)=

3
X3, Fue i,

(N,7[r23"IN,T)

2 2\ —
NN

N E/E/ M 1/2
_ c stqd3K( 3E12 ,)
(2m)°F1(Q%) EsEoM

XFi( (M) X2 (M), (70)

>

i=1



54 ROLE OF COLOR NEUTRALITY IN NUCLEAR ... 931

quantity Gg is suppressed at low momentum transfer, but
14| — powerlaw - Gy is not. This is due to the relativistic nature of our model.
— — Gaussian Indeed, the magnetic moment is increased by about 5%. This
12 1 small change is not enough to cause disagreement with ex-
L0 T T T T | isting nuclear phenomenology, but is not large enough to be
TNT T2 a0 easily detectable. At higher momentum transfers both form
0.8 N\\ b*(Q")/b™(0) factors are inhibited by about 10%. This is a significant ef-
fect, but not large enough to disagree with Jourdan’s analysis

0.6 [ [13].
04l This is more clearly seen by computing the nuclear re-
) T~ sponse functions for the inclusive,g’) cross section(See,
02t QYO ———— for example[71].) The excitation energy i® and the three-
00 T momentum transfer ig so that
"0 1 2 3 4 5 6 7 8 9 10 ) 4 ’

dco Q Q 0

Q* (GeV?) ——=ou|—7 +| 5z ttarrs
d0dE M| gf Ru(d @) | 50z +tarf 5 |Re(d,0)|,
(7D

FIG. 9. The quantities?(Q?) and b?(Q?) for power-law and

Gaussian wave functions. with the Mott cross section oy=a?cog(6/2)/

_ _ _ _4E?sir?(0/2). HereQ?=—q’,=0?~ w?® and ¢ is the scat-
Tgns (unantlty.shoulq not be confused with the transverse Sizgying angle. The longitudinaR, and transverseR; re-
b*(Q) used in studies of color transparency. The productionyponse functions are calculated in the relativistic Fermi gas
of a pointlike conf!guratlon at Iarge momentum trarjsf_er byapproximation ata density=2k,3:’/3772,
the electromagnetic current is signaled by the vanishing of
the transverse size for larg@?. Nevertheless, since we are 2
interested here in the properties of a nucleon which is not RL=— —Im(ZII§,+ NIIgy), (72
necessarily moving at a large momentum with respect to the P
medium, it isr?(Q?), as defined in(70), which enters our
calculations. For comparison, we may define the quantity R z_ilm(znp +NIT%,) 73)
b2(Q?) from (70) by including only a single transverse com- T mp 2 22
ponent of the operatar’. We see from Fig. 9 that both the
power-law and the Gaussian wave functions display signififor a target withZ protons and\ neutrons(Note, g is as-
cant reductions of the quantity?(Q?) for increasingQ?;  sumed to be along the dxis so the subscript 22 refers to a
however, only the power-law wave function is suppressed irransverse directionHere the Fermi momentum is taken to
the case of the transverse siz¥#(Q?). This behavior has bekg=260 MeV, which is appropriate for°Fe.
been noted previously26], and exemplifies the feature that ~ The polarizationlI,
power-law wave functions have pointlike configurations in
the transverse variables, but that such are absent in Gaussian __; . p i i
wave functions. We shall use only the power-law form, un- I,,.(0,0)= _'J (Zw)4Tr[G(p+q)F'ﬂG(p)F'V],
less otherwise noted, because of its ability to reproduce data. (74)

Comparisons between the free form factors and the
medium-modified ones are given in Figs. 10 and 11. Thes calculated with the nucleon Greens’ functiGgp),

4

1.2 T T T T T T 02 T T T

1.0 = = Gg(mod) 0.15 = = Q Gg(mod)
0.1
0.05
0.0

0.0 L L L ) L . L L L -0.05 L L L L L

00 0.1 02 03 04 05 06 07 08 09 1.0 0 1 2 3 4 5 6
Q* (GeV?) Q* (GeV?)

FIG. 10. The free and medium-modified electric form factors vs the square of the four-momentum t@#fsfer,
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3.0 ——— ; : 12 , . .
\ — G — QGu
25 I\ — — Gy(mod) 10| — — Q'Gy(mod) ]
2.0 - 08 f T 1
15t 06 il
/
/

1.0 04t /
0.5} 02
0.0 1 1 1 1 1 1 1 1 1 0‘0 1 1 1 1 1

00 01 02 03 04 05 0.6 07 08 09 1O 0 1 2 3 4 5 6

Q? (GeV?) Q% (GeV?)

FIG. 11. The free and medium-modified magnetic form factorQ%s

We also study the effects of using the form factors of
Figs. 10 and 11 in computing the,g’p) cross sections for
finite nuclei. In this case, absorption effects emphasize the
and the electromagnetic vertdx for i= p (proton) or n  role of the nucleon surface, and the influence of color neu-
(neutron. We assume the electromagnetic vertex has th&ality is about 60% smaller than shown in Figs. 12 and 13.
form Our results for the medium modifications on the form
factor G, are shown in Fig. 14. Once again there is about a
10% reduction. This effect could be observed in neutrino-
nucleus scattering, in the(n) reaction, or in parity violat-
ing electron scatterinf72].
even for off-shell nucleons in the medium. We show results We now turn to computing the valence structure functions
comparing using=; computed in free space and in the me- in the medium and in free space. In the light-front formalism,
dium in Figs. 12 and 13. the valence quark structure functitﬁ*{"" is defined in terms

It is immediately evident from Fig. 12 that modifications of the wave function as
to the magnetic form factd®), have no effect on the longi-
tudinal response, while the modifications to the electric form
factor Gg lead to a suppression. This effect is due to the
larger charge radius in the medium. The situation is quite
different in the case of the transverse response shown in Fighus the operato® of Eq. (13) is the § function which sets
13. There it is seen that modifications to the electric formthe plus momentum of the quark equalxg,P". We may
factor have no effect, while modifications to the magneticcompute this quantity for the free and medium-modified
form factor lead to only a minor suppression. In this case thavave functions. There are a host of other effects of the me-
increase in the magnetic moment, as shown in Fig. 11, tenddum, including Fermi motion, shadowing, pions in the me-
to cancel the effect of the increased radius. dium, nuclear correlations, six quark bags, étee the re-

O(|p|—kg)
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FIG. 12. The longitudinal response vs the energy transfer

FIG. 13. The transverse responsews
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FIG. 16. The ratio of the medium-modified to free structure
function as a function of the scaling variable for the power-law and
Gaussian wave functions.
views[10]). Our concern here is to assess the effects of color
neutrality. So we do not include these effects and do not VIl. SUMMARY AND DISCUSSION
compare our results with data.

The free version is shown in Fig. 15, where the expecteq
shape is obtained. The results for the ratio of medium-"

FIG. 14. The free and medium-modified axial vector form fac-
tors vsQ?Z.

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

modified to free structure functions using both the power-law r2
and Gaussian forms are shown in Fig. 16. This shows that V(r,R)=Vop(R) 5, (79
suppression of pointlike configurations does indeed lead to (ro)

suppression of the valence structure function at large values 5 5 ) _ ]

of xg; . The normalization of the wave function ensures thatVhere(r >E<¢02|r | #0) is the nucleonic expectation value
the integralf dxg;F,(xg;) is unity whether the free or the ©f the operator®, Vo~—50 MeV, andp(R) is the nuclear
modified wave function is used. Thus one expects regions if€nsity normalized so tha(R=0)=1. The concern here is
which the ratio is bigger and smaller than unity. However,With flgctuatlons, so that we rewrite the central shell model
the result that there is suppression at laxggis not a trivial potential as

consequence of kinematics and normalization, as is seen by

comparing with the Gaussian form. The Gaussian wave func- r2—(r?

tion does not display as much suppression at laxgg V(R =Vop(R)+Vop(R) (r7> ' (79)
which indicates the relative importance of large momentum

components, or pointlike configurations, in the power-lawand treat the second term as a perturbation. The effects of
versus Gaussian wave functions. The suppression occurrirthis perturbation can be evaluated using Et®) [or using

at largexg; is consistent with the relevant features of the datathe closure approximation of E¢L3)] for any nuclear pro-
and therefore provides evidence for the existence of pointlikeess. Solving a set of toy models indicates that a perturbative

configurations. treatment is valid, and furthermore that a closure approxima-
tion may be used to avoid computing the complete spectrum
25 ———— of baryonic wave functions usually necessary in perturbation
—— power-law theory. The toy-model results are consistent with the notion
— — Gaussian that pointlike configurations can be suppressed in the nuclear
20 ¢ medium.
Light-front quantum mechanics, along with a specific
15} model of the nucleon wave functid89-41], is next em-
= ployed to compute the influence of medium effects at rela-
= tively high momentum transfer. We find that at low values of
10 ¢ Q%<1 GeV? the electric form factor is suppressed and dis-
plays an increased charge radius, but that while the magnetic
05+ . radius is also increased so is the magnetic moment. This
leads to the result that the,') transverse response, shown
LS in Fig. 13, is largely unaffected by the medium in this con-
0'00'0 01 02 03 04 05 06 07 08 09 1.0 text. This behavior of the transverse response has previously

Xpj been interpreted as signaling no change in the magnetic
radius— contrary to the result obtained here. At higher val-

FIG. 15. Proton structure functions as a function of the scalingu€s ofQ? both form factors are suppressed in the medium, as
variablexg; for power-law and Gaussian wave functions. is G, . These results are in accord with ideas about the sup-
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pression of the longitudinal response, but are not inconsistemrovides evidence for the existence of pointlike configura-
with the analysis of Jourdari3]. tions.

The results for the medium modifications of the struc-
ture function show a suppression at large va_Iuexqufor ACKNOWLEDGMENTS
both the power-law and Gaussian wave functions. However,
the suppression is greater in the case of the power law, indi- This work was supported by the Department of Energy
cating the more pronounced role of high momentum compounder Grants No. DE-FG06-90ER40561 and DE-FGO06-
nents or pointlike configurations there. This is consistenB8ER40427. We wish to acknowledge helpful conversations
with the works of[1], and [26,27 and more importantly, with Brad Keister.
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