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We calculate the quark distribution function for3He/3H in a relativistic quark model of nuclear structure
which adequately reproduces the nucleon approximation, nuclear binding energies, and nuclear sizes for small
nuclei. The results show a clear distortion from the quark distribution function for individual nucleons(EMC
effect) arising dominantly from a combination of recoil and quark tunneling effects. Antisymmetrization(Pauli)
effects are found to be small due to limited spatial overlaps. We compare our predictions with a published
parametrization of the nuclear valence quark distributions and find significant agreement.
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I. INTRODUCTION

The validity of the nucleon approximation—the approxi-
mation that atomic nuclei are accurately viewed as bound
agglomerations of protons and neutrons—was recognized as
essential to nuclear physics from its very beginning[1]. The
development of the meson-exchange picture of hadronic in-
teractions did not impact this question due to difficulties with
field theory self-consistencies(e.g., physical interpretation of
off-shell quantities) although the distortion in the nuclear
medium of the meson(or at least pion) cloud surrounding a
nucleon was also recognized[2]. The validity of the approxi-
mation remained assumed after the advent of quantum chro-
modynamics(QCD) allowed dynamical examination of the
quark and gluon substructure of nucleons, despite the natural
question as to why these strongly interacting, composite ob-
jects do not distort each other’s internal structure beyond
recognition when brought into close proximity[3,4], as in a
nucleus.

It was therefore disturbing when the EMC Collaboration
first showed that the structure function of a nucleus contain-
ing A nucleons, as measured in deep inelastic lepton scatter-
ing is not a simple multiplesAd of the corresponding struc-
ture function of a free nucleon[5], although it was clear that
recoil effects(as in a Fermi gas model, see Ref.[6]) would
produce nonzero response beyond the kinematic limit of
Bjorken-x sxBj=1d for a nucleon with concomitant implica-
tions for thexBjø1 region. The experimental result has be-
come steadily clearer with time[7]. A number of heuristic
approaches(nucleon swelling, binding energy rescaling, and
meson convolution models) produce reasonable agreement
with some of the data[8] without providing any deep, dy-
namical understanding. Indeed, Miller[9] has recently re-
marked that the situation remains unresolved in terms of a
satisfactory understanding of the phenomenon: Nothing short
of changing the structure of nucleons in the nuclear medium
seems to be called for. Such a change occurs completely

naturally in the quark nuclear model used here[10], and may
be compared with the work of others[11,12], who have con-
sidered the contributions to the EMC effect from quark Pauli
effects(the minimal, quantum mechanically required change
in the structure of nucleons in the nuclear medium).

We have approached the problem from a different direc-
tion, building on a description of nuclei directly in terms of
relativistic, four-component Dirac quark wave functions
[10]. The physics of that model provides an immediate,
qualitatively clear, justification of the nucleon approxima-
tion. The tendency for quark wave functions to reduce their
kinetic energy by spreading out between nucleons in close
proximity (delocalization) is countered by a reduction, en-
gendered by this delocalization, in the amount of the attrac-
tive interaction energy due to the color magnetic hyperfine
interaction between the correlated quarks in a nucleon[13].
Detailed quantitative calculation confirms this insight
[10,14], and shows that the probability of finding a quark in
a location other than what would be expected if its wave
function were unaltered from that of an isolated nucleon is
limited to the level of a few percent.

The results of the variational calculations in the model
also reproduce qualitatively(and systematically) correct
binding energies in theA=3 andA=4 systems[15], as well
as overall matter distributions consistent with those experi-
mentally inferred from low energy electron scattering and
other measures[16]. To be explicit, we obtain a binding en-
ergy of s20±4dMeV and rms matter(not charge) size of
1.34 fm for 4He [10] (cf. 1.42 fm in anab initio calculation
using a realistic nucleon-nucleon potential[17]) and a bind-
ing energy ofs4±2dMeV for 3He/3H [14] with a slightly
smaller rms size. Although not comparable to shell model
accuracies, and still not as good as the results of theab initio
calculations using pairwise nucleon interaction potentials
[18] noted above, these results are obtained with no free
parameters beyond those in the quark model used to fit the
nucleon andD-baryon masses, and represent a fraction of a
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percent accuracy in the energy calculated per quark.
All these features depend on the model introduction of a

geometrically complex, mean field describing the overall
confining potential encountered by a quark in a nucleus. The
potential is composed of individual, linearly confining
(nucleonlike) potential wells, set out in a regular array(equi-
lateral triangle forA=3 and tetrahedron forA=4) in a body-
fixed frame, separated by a variationally determined distance
scaled (common side length) and truncated on the midplanes
between each pair of wells. The structure of this “egg-crate”
potential, if extended to largerA, may be relevant to the
observations of Cook and others[19].

The quark delocalization is described by the variationally
determined parametere, which is, roughly speaking, the
probability amplitude for a quark to appear in the interior of
a nucleonlike well other than the one in which it originates.
We find a value ofe=0.136 for4He ande=0.104 for3He/3H.
The corresponding values of the distance scale ared
=1.75 fm for 4He andd=1.80 fm for 3He/3H.

Both these parameters are jointly determined variationally
by minimizing the overall(one-body kinetic and potential
plus two-body color magnetic interaction) energy of the
quark nuclear configuration in each nucleus. Thus, this ap-
proach allows for no new free parameters and predicts the
quark nuclear structure within the assumptions of the model
and approximations made to carry out the calculations.

In the following section, we describe the structure of the
wave functions for the model as applied to3He/3H. In Sec.
III we describe the method used for calculating the quark
distribution functions from these wave functions, including
the effects of Pauli antisymmetrization. We present our re-
sults in Sec.IV and discuss these results in Sec. V, comparing
them with a phenomenological extraction of the valence
quark distributions in nuclei from Ref.[20], and concluding
with a review of additional elements not yet included in the
model.

II. WAVE FUNCTIONS

The variational wave functions of the model are built on
full, four-component, Dirac solutions of the quark wave
functions in an isolated, Lorentz scalar, confining potential
well [10]. The Lorentz character of confinement remains a
subject of dispute[21], but there is little difference between
the spatial wave functions found for linear confining poten-
tials of either scalar or vector character. If the absence of
spin-orbit effects in the hadron spectrum[22] does reflect the
character of the confining potential[23], then an equal ad-
mixture is to be expected, further weakening the distinction
with the scalar presumption. The potential used is

Vcsrd = ksr − r0d, s1d

where k=0.9 GeV/fm is the conventional slope andr0
=0.57 fm hasbeen chosen to remain within the error band
of phenomenological fits to spectral dataf24g. The nega-
tive region near the origin is expected to account, albeit
crudely, for thesundoubtedly vectord color Coulomb po-
tential at short distances. More modern analyses that ex-
plicitly separate out the short-distance color Coulomb

component do not markedly affect the value of the slope
used here.

The basic wave functionc0srWd is found by solving the
Dirac equation for the potential in Eq.(1) for a massless
(negligible mass) quark. The quarks are thus “current”(not
constituent) u andd quarks so that there are no complications
in determining the photon coupling to them needed for our
deep inelastic scattering(DIS) calculations below.

The variational spatial wave functioncjsrW,ed for each
quark in the nucleus is composed as

c jsrW, ed =
1

Nsed
fc0srW − RW jd + eo

iÞ j
c0srW − RW idg, s2d

where the color and flavor indices have been suppressed

and Nsed is a normalization factor. The quantitiesRW i de-
scribe the three origins of potentials, each of the form
Vcsrd, but truncated on the midplanes between eachsi , jd
pair, corresponding to the average location of a nucleon in
a body-fixed frame for3He/3H. By symmetry, these aver-
age locations define an equilateral triangle for the mini-
mum energy configuration of the nucleus as a whole. The
scale of this triangle is given by the variational parameter
d, which has a value ofd=1.80 fm, while the other varia-
tional parameter attains the valuee=0.104 at thevaria-
tional minimum.

The three quarks with spatial wave functionscjsrW,ed are
antisymmetrized in color and appropriately coupled in spin
flavor to nucleon quantum numbers. These are, in turn, anti-
symmetrized over the three well locations. Beyond this, the
final wave function includes all antisymmetrizations(pair-
wise, triples, etc.) between all nine quarks.(Note that these
nucleons arenot sharply localized; this is true only for the
origins of the potentials, so that the geometrically complex,
confining, mean-field potential is well defined.)

In order to perform the calculations of quark distributions
that follow, the wave function is written in Foch space as

uAl = NE d3rCME dVxabcNa
†sRW 1dNb

†sRW 2dNc
†sRW 3duEBhRijl,

s3d

with N a normalization factor andxabc the nuclear spin-
isospin wave function. The effective creation operator for
a nucleon of spin-isospina is given by

Na
†sRW id = Ta

abgb0a
† sRW idb0b

† sRW idb0g
† sRW id, s4d

whereb0a
† sRW id creates a quark of spin-isospin-colora with

wave functionc0srW−RW id centered on theith well, andTa
abg

is the quark spin-isospin-color wave function for a
nucleon of spin-isospina.

In uAl, the integration overrWCM= 1
3oRW i, the center of the

triangle, projects onto a state of zero momentum, while the
integration over the three Euler angles denoted bydV
projects onto zero orbital angular momentum. Finally, for
nonzero values ofe, the individual quark creation operators
are replaced by
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ba
†sRW i, ed = b0a

† sRW id + eo
jÞi

b0a
† sRW jd. s5d

It is useful to note that the wave function contains no
D-wave components, and that the wave function is com-
pletely antisymmetrized at both the quark and nucleon
levels. As a result, quarks within a given quasinucleon are
indistinguishable from one another, and, as a result of the
summation over the well locations and integrations over
nuclear orientations, the individual nucleons are also in-
distinguishable from one another.

III. CALCULATION

The calculation of valence quark distributions here paral-
lels previous work on quark distributions in the nucleon[25]
and for the color-hyperfine-induced flavor distortions be-
tweenu andd valence distributions[26]. The valence distri-
butions are calculated at a low momentum scaleø1 GeV2,
but this scale is still sufficiently large so that it is reasonable
to conceive of a nucleon/nucleus as a simple object that may
be described by a quark model. At this scale, the twist-two
contribution to the structure functions of the target are pro-
jected out by taking the Bjorken limit on the momentum
transfer.

For unpolarized scattering, the relevant matrix elements
for a quark distributions in nucleusA are given by[27]

qasxd =
1

4p
E dj−eiq+j−

kAucasj−dg+cas0duAluLC,

qasxd = −
1

4p
E dj−eiq+j−

kAucas0dg+casj−duAluLC, s6d

where q+=−Mx/Î2 swith x;xBj is the Bjorken scaling
variabled, cascad are field operators for quarks of flavor
a, g+ is the light cone projecteds0+3 componentd Dirac
gamma matrix, and the subscript LC indicates a light cone

condition onj, namely,j+=jW'=0.
The approach we adopt consists of a straightforward

evaluation of the matrix elements of Eq.(6) in a Peierls-
Yoccoz projected momentum eigenstate, assuming that the
time dependence of the field operator is dominated by the
lowest eigenvalue of the Dirac equation used to obtain the
wave functions of the struck quark. The details of this pro-
cedure are described in Ref.[25], where the valence quark
distributions for flavori in a free nucleon are shown to be
given by

xqV
i sxd =

MxNi

pV HFE
uk−u

`

kdkGskdSt0
2skd + t1

2skd

+ 2
k−

k
t0skdt1skdDG + fk− → k+gJ , s7d

where

Gskd =E d3r

4p
eikW·rWfDsrdg2EBsrd,

V =E d3r

4p
fDsrdg3EBsrd,

t0skd =E r2drj0skrdusrd,

t1skd =E r2drj1skrdvsrd,

Dsrd =E d3zc0
†szW − rWdc0szWd, s8d

with Ni the number of valence quarks of flavori in the
nucleon,c0srWd the ground state valence quark wave func-
tion of Eq. s2d, with upper and lower componentsusrd and
isW ·rWvsrd / r sboth times a fixed spinord, respectively, and
k±=v± Mx, with v the ground state struck quark energy
eigenvalue. Here, and in the nucleus,v is taken to be the
one-body quark energy.

Also, EBsrd;kEB,RW CM=rW uEB,RW CM=0Wl is the overlap
function for two “empty bags”(potential wells without the
quarks in them) separated by a distancer, which accounts for
the dynamics of the confining degrees of freedom. In this
paper, we assume that the functionEBsrd is a constant for
both the nucleon and the nucleus[28]. We will discuss below
some effects of this assumption.

Note that the functionDsrd measures the overlap of two
(bra and ket) quark wave functions centered in wells sepa-
rated by a distancer, and that the recoil functionGskd mea-
sures the probability of finding all the spectator degrees of
freedom of the unprojected state carrying a net momentum
opposite to that of the struck quark. It is also useful to note
that Gskd is the Fourier transform, over the separation be-
tween the centers of the struck quark wave functions, of the
spatial overlap of the spectator degrees of freedom in the
unprojected state.

Remarkably, generalizing this expression to nuclei only
requires modification ofGskd and the normalization volume
V. To see this, recall, as we have already noted, that in the
momentum and angular momentum projected wave func-
tions of the nucleus, the individual nucleons are indistin-
guishable, so that we may always consider the struck quark
in the bra and the ket to originate in thesamewell. Conse-
quently, after a change of integration variables from the cen-
ter of mass position to the separation of the centers of the
struck wells, all of the complexity of the nuclear wave func-
tion, including exchange effects and tunneling, can be incor-
porated into a redefinition of the recoil function and of the
requisite normalization volume. Explicitly,

Gsk, ed =E dV8E dVE d3r

4p
eikW·rWo

m=0

18

S o
hnmjkj

PFshnmjkjdem

3 p
j ,k=1..3

fDsRW j − RW k8dg
nmjkEBshRW a, RW a8j, V, V8dD ,
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Vsed =E dV8E dVE d3r

4p
Dsrdo

m=0

18

S o
hnmjkj

PFshnmjkjdem

3 p
j ,k=1..3

fDsRW j − RW k8dg
nmjkEBshRW a, RW a8j, V, V8dD . s9d

In this expression, the integerm indicates the total number
of quarks in the bra and ket that have tunneled. Since
there are many possible configurations with the samem, it
is necessary to characterize each configuration by a set of
nine integersnmjk which indicates the number of quarks
from well j in the bra which are contracted with quarks
from well k in the ket. The factorPFshnmjkjd is the
permutation-flavor-color-spinsPerFlaCSd factor that goes
with the exchange/tunneling term associated withhnmjkj.
Finally, the empty-bag overlaps will, in general, depend

on the locations of the well centers in the brashRW ajd and

ket shRW a8jd and on their relative orientations.
The calculation is simplified by the existence of two small

parameters,e<Dsdd<0.1, which allow for a consistent trun-
cation of the sums appearing inGsk,ed. Since at least two
quarks must be exchanged between different wells, and each
such exchange requires an overlap between quarks in differ-
ent wells, we expect Pauli effects are of the order ofD2sdd
<0.01 or smaller. Further suppression of exchange effects
comes from the PerFlaCS factors, which are smaller for the
exchange terms than for the direct term. Similarly, if a single
quark tunnels to a different well, it must overlap with a quark
from the original well, so tunneling effects are of the order of
eDsdd<0.01 or smaller.

In contrast to the exchange effects, tunneling is not sup-
pressed by a PerFlaCS factor, but rather tends to be enhanced
due to combinatorics. Our expectation, then, is that quark
tunneling will play a larger role than exchange effects in
modifying the shape of the valence distribution. In the fol-
lowing, we keep only the leading contributions from the lat-
ter.

The dominant effect, analogous to Fermi motion, comes
from the modification ofGskd. SinceGskd measures the prob-
ability that the spectator quarks in the unprojected state have
a total momentum equal and opposite to that of the struck
quark, the naive expectation is that systems with more spec-
tators will tend to have larger contributions from large mo-
mentum states, resulting in an enhancement of the valence
distribution at largex. In the absence of the rotational pro-
jection, one expects that the overlap functionGskd falls off
roughly as the Fourier transform ofDnssrd where ns is the
number of spectator quarks. In the limit of a large number of
spectators,Dnssrd is very sharply peaked, so thatGskd be-
comes essentially constant and, as expected for a large sys-
tem, the momentum projection is replaced by an incoherent
average over center of mass positions. When additional col-
lective effects, such as rotations, are included, the correla-
tions between the motions of quarks in different wells is
weakened, yielding spectator overlap functions that approach
the limiting case more slowly, as the additional degrees of

freedom allow the(bra and ket) spectator wells to be closer
to each other than the struck quark wells are in some orien-
tations of the system.

The integrations over orientations were calculated using
Gauss-Laguerre quadrature over the five independent orien-
tation (Euler) angles defined by the two planes of the equi-
lateral triangles for the bra and ket state nuclei, and over the

separation between theRW j, i.e., locations, of the origins of the
confining potential wells for the struck quarks. Exchange
terms are calculated to all orders inDsdd and tunneling terms
are included to the order ofeDsdd.

We note in passing that the3He/3H calculation carried out
here has been additionally checked by restricting the calcu-
lation to the case of a quasideuteron(two wells with their
nucleons coupled toI=0,J=1, with values fore andd similar
to those used for3He/3H, even though these do not corre-
spond to realistic values for the actual deuteron). The results
of our earlier calculation[29] of this case, which was carried
out with a completely independent(and differently struc-
tured) code for the integrations, are accurately reproduced.

IV. RESULTS

We show ourd-quark valence distributions in Fig. 1 for
d=1.8 fm and three values ofe, with and without the Pauli
antisymmetrization corrections. As has been noted above, the
Pauli effects are negligible for these distributions. This con-
clusion differs from that derived in Ref.[11], but is in agree-
ment with Ref. [12]. In both instances, this is due to the
smaller overlap we find between quarks from different quasi-
nucleons than is the case for the nuclear wave functions used
in Ref. [11], which allow nucleons to come into closer prox-
imity to one another than is the case for more conventional
nuclear wave functions[12].

In our earlier quasideuteron calculations[29], we also ob-
tained results that showed a very small effect from Pauli
statistics—the results forI=0,J=1 andI=1,J=0 states were
very similar to each other. Here we understand the result as
being due to the fact that, in the absence of tunneling, at least
two additional powers of the overlap,Dsdd, are required for
every pairwise antisymmetrization of a ket wave function
relative to a bra wave function and vice versa. Since our
calculations find thatDsdd,0.1 at best, this leads to, at a
minimum, a two order of magnitude suppression of quark
statistics effects.

Furthermore, there is an additional suppression due to the
combination of spin, color, and isospin factors associated
with the Pauli exchanges. Since the spin, color, and flavor
factors do not change for the tunneling terms, and since it is
possible for a quark to tunnel into the same well as the quark
with which it is being exchanged, the tunneling and ex-
change terms may partially compensate for each other. Thus,
since there are simply more possible tunnelings, we expect,
and find, very small effects from statistics alone, but signifi-
cant effects from tunneling.

In Fig. 2, the isospin averaged ratio of the valence quark
distribution in 3He to that in a free nucleon is shown ford
=1.8 fm and several values ofe. For comparison, we also
show a parametrization of this ratio[20] drawn from data.
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Even in the absence of tunneling, we obtain a qualitatively
correct EMC effect due to the modification ofGskd caused by
the larger number of spectators available to share momentum
with. Such an effect is apparent in even semirealistic nuclear
models, such as a Fermi gas picture of a nucleus[6]. The
large x behavior has been noted before, and, as has been
argued by West[30], the normalization constraint on the va-
lence distribution then also requires the rise atx near zero.
Since we have already shown that Pauli effects are negli-
gible, thee=0 distribution may be interpreted as being analo-
gous to the effect of Fermi motion within the nucleus.

We note also that thee=0 term significantly overpredicts
the size of the effect, but that the ratio softens considerably
when the tunneling corrections are included. Physically, this
is because the quark tunneling terms weaken the correlation
between the motions of the quarks in the individual wells,
enhancing the probability of finding quarks with low mo-
menta. We find this result to be extremely encouraging, as it
indicates that quark tunneling, which plays a critical role in

producing the correct binding in this model, is equally im-
portant to the EMC ratio.

Even with the tunneling terms, however, the calculated
ratio still rises too rapidly at largex. We attribute this to the
strong correlation between the well centers and consequently
the quarks within the wells. We have investigated the effect
on the nuclear wave function of including additional, collec-
tive oscillations/excitations of the well centers; in the case of
the deuteron with no tunneling, it can be shown analytically
that these collective motions tend to decrease the valence
ratio at largex until ultimately the free-nucleon response is
restored in the limit of uncorrelated wells. We expect a simi-
lar softening in the3He ratio when collective effects are in-
cluded, which will improve the agreement with data in both
the high and lowx regions.

In Fig. 3, the dependence of the ratio of valence distribu-
tions is shown as a function of the separation of the wells for
fixed e. In this case, the ratio is relatively insensitive to the
distance between the wells. For large separations, we see an
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FIG. 1. (Color online) A=3 d-quark distribu-
tions with and without Pauli terms fore
=0.0,0.1, and 0.2 andd=1.8 fm. See text for an
explanation of why the absence of discernable
differences due to the inclusion of the Pauli anti-
symmetrization is to be expected.
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FIG. 2. (Color online) The 3He/3H EMC ratio
for valence quarks for three values ofe at fixed
d=1.8 fm. The parametrization of the data in Ref.
[20] is also plotted for comparison.
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increase in the enhancement at largex. As the separation
between the wells increases, the overlap of the bra and ket
decreases more rapidly as their relative orientations change,
which in turn decreases the coherence of angular projection.
Since, as we have already noted, the coherent averaging over
relative orientations softens the valence distribution, the va-
lence distributions harden as the size of the system increases.
For smallerd values, we also see an enhancement of the
valence distribution at smallx and a corresponding decrease
at largerx.

Since the values ofd ande are strongly correlated in the
quark nuclear model[14,10], the valence distribution ratio
should not be viewed as a function of either variable alone.
In Fig. 4, we show the valence distribution ratio for corre-
lated values ofd and e chosen to lie approximately on the
line of minimum energy in a plot of energy versusd and e
obtained from the model. This plot gives a better description

of how the ratio is expected to change as the separation be-
tween wells is varied, and, due to the slow motion of the well
centers compared to quarks, it is also relevant for the con-
sideration of possible collective effects through a Born-
Oppenheimer approximation.

V. DISCUSSION

The qualitative agreement of these calculations with the
expected ratio of valence distributions demonstrates that it is
possible to formulate a quark-based description of nuclei
which correctly reproduces both their observed low energy
properties(binding energy, rms size) and,without introduc-
ing any additional parameters, also produces a shift in quark
distributions comparable, both systematically and in magni-
tude, to the EMC data. Compellingly, the delocalization of
quarks produced by tunneling, which plays a crucial role in

0 0.2 0.4 0.6 0.8 1
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d = 2.0 fm  
d = 1.8 fm   
d = 1.5 fm  
d = 1.25 fm  

ε = 0.1

FIG. 3. (Color online) The 3He/nucleon va-
lence ratio for five values ofd at fixede=0.1. The
parametrization of the data in Ref.[20] is also
plotted for comparison.
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Ratio of  Valence Distributions
(EMC + Isospin Correction)

FIG. 4. (Color online) The 3He/nucleon va-
lence ratio for correlated values ofd ande chosen
to minimize the energy of the nucleus. The pa-
rametrization of the data in Ref.[20] is again
plotted for comparison.
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generating phenomenologically suitable binding energies, is
also critical for producing the right magnitude of changes in
the valence distributions.

It should be noted that it is precisely this delocalization of
quarks which the model employs to provide for the physics
conventionally described by meson exchanges between
nucleons, and that it does so without introducing any addi-
tional antiquark amplitude. The latter, predicted in pion ex-
cess models[31] that have attempted to account for the EMC
effect based on the meson-exchange picture of nuclear bind-
ing, is inconsistent with experimental measurements, using
Drell-Yan techniques[32], of the antiquark amplitude in nu-
clei. We are, therefore, encouraged in the belief that quark
tunneling plays an essential role in the modification of the
structure of the nucleon within a nucleus and the concomi-
tant nuclear binding.

Despite the qualitative success of the model as described
here, there are a number of avenues for quantitative improve-
ments and extensions that should be pursued.

Collective degrees of freedom. In the current incarnation
of the model, the positions of the potential wells are dictated
by a rigid geometrical structure which may be rotated and
translated, but neither the size nor the shape of this structure
varies. This strong correlation between the well positions,
and consequently between the quark wave functions defined
with respect to them, leads to strong enhancement of the
valence distribution at highx, overpredicting the data in that
region. Allowing the centers of the wells to oscillate around
their equilibrium positions decreases this correlation, which
leads to softer distributions more consistent with the data and
to an overall picture of the nucleus that is in better accord
with standard nuclear physics.(In the case of the quasideu-
teron, where the calculation is simpler, we have shown ana-
lytically that allowing the wells to move relative to one an-
other softens the quark distributions, ultimately recovering
the free nucleon distribution in the free-particle limit.)

Convergence of thee−D expansion. In the present calcu-
lation, we have included only the leading contributions ine.
Sincee<0.1, and since most tunnelings produce additional
off-diagonal overlap factors[Dsdd’s], our expectation is that
the calculation converges rapidly. In the case of the quasi-
deuteron calculations, where it is possible to calculate all
possible tunnelings, we have explicitly verified that this is a
good approximation. Due to increasing combinatoric factors,
the validity of this approximation is less certain here, and the
question of higher order corrections should be explored.

Self-consistency of the confining potential. Here, the con-
fining potential has been fixed by fiat, rather than determined
by a self-consistent generation due to the quark density dis-
tribution. We have in mind an analog of the view that con-
finement is related to the formation of a gluonic condensate

in the QCD vacuum, whereas the perturbative vacuum is(at
least partially) restored in the presence of a non-negligible
quark matter density. In the tunneling regions between quasi-
nucleons, the density is somewhat higher than that near the
(fuzzy) matter surface of an isolated nucleon, which will
further reduce resistance to tunneling. Still not investigated is
the question of whether iteration along these lines leads to
convergence or to complete breakdown of the barrier. If the
latter were to occur, the justification found in the model for
the nucleon approximation would disappear.

A dynamically generated potential also allows relaxation
of the assumption that the functionEBsrd is a constant. This
will in turn produce softer free-nucleon quark distributions
that would again improve agreement with those observed
experimentally. Additionally, such a model allows for calcu-
lation of changes in the parton distribution due to changes in
the confining degrees of freedom.

Contributions to the binding from long range pion ex-
change between quarks. In a nonrelativistic version of this
quark nuclear model, the introduction of pion exchange be-
tween pairs of quarks beyond a minimum separation(short-
distance cutoff) has only small effects on compact objects
and is only significant for the delicate binding of the deu-
teron [15]. Nonetheless, we expect inclusion of this physics
to have some effect on the precise values ofd ande.

Large A nuclei. As the number of spectator degrees of
freedom in the system grows, the number of wave function
overlap factors,Dsrd, grows, so that the total overlap of the
system becomes more sharply peaked in coordinate space.
Eventually, this trend will “lock down” the center of mass
and rotational degrees of freedom due to increasingly strin-
gent alignment requirements on the bra and ket states. A
comparison of locked bra and ket configurations with the
calculated result would be of considerable interest. Such
locking would considerably simplify calculations for largeA
nuclei and invite consideration of the possibility of effects
analogous to those in powder diffraction. X-ray experiments
on solids being observable in DIS.

While these items may well be significant amendments to
the model and the calculational result, they appear to us to be
both of an offsetting character among themselves, and quali-
tatively similar to the effects already examined. We are there-
fore strongly encouraged by the qualitative similarity to the
observed EMC effect, in size and shape, already evidenced
in our model calculation.
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