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Light-front Hamiltonian dynamics is used to relate low-energy constituent quark models to deep inelastic
unpolarized structure functions of the nucleon. The approach incorporates the correct Pauli principle prescrip-
tion consistently and it allows a transparent investigation of the effects due to the spin-dependent
SU(6)-breaking terms in the quark model Hamiltonian. Both the Goldstone-boson-exchange interaction and
hyperfine-potential models are discussed in a unified scheme and a detailed comparison between the two
~apparently! different potential prescriptions is presented.
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I. INTRODUCTION

Constituent quark models~CQM! provide a basic tool for
the description of low-energy hadron phenomena. Impor
features of nonperturbative quantum chromodynam
~QCD! can be incorporated in the CQM, providing a fram
work for quantitative calculations of hadron properties a
reaction observables. In particular, any CQM is obtained
rametrizing QCD using only its basic properties@1#; at the
same time it can be defined within relativistic framewor
where covariance is preserved@2#.

Gluons and quark-antiquark pairs surrounding a curr
quark are considered an integral part of it and together t
make the constituent quark: a picture which seems to
substantiated by recent lattice QCD results@3#.

Once explicit gluon degrees of freedom are integrated
spin-dependent forces emerge within a potential descript
Such forces between quarks have been associated with
chromomagnetic interaction of one-gluon exchange~OGE!
@4#, to the Goldstone-boson exchange~GBE! in connection
with the breaking of chiral symmetry@5#, and to the effects
of instantons@6#. At present all three models seem to ha
enough flexibility to approximate, to a large extent, existi
data and the question whether they are just different way
describing the same thing remains unanswered. Actually
debate on the ‘‘defects’’ of the OGE as well as of the GBE
particularly active@7,8#. The investigation has been main
confined to low-energy hadron excitation spectrum@9# and to
the electroweak form factors of the nucleon@10#. In the
present work we want to enlarge considerably the front o
possible comparison between the OGE and the GBE dyna
cal mechanisms, considering the effects of the sp
dependent forces on the nucleon deep inelastic respo
~structure functions!.

Despite the fact that the subject has a rather long hist
0556-2821/2002/65~7!/074028~5!/$20.00 65 0740
nt
s

-
d
-

t
y
e

t,
n.
the

of
e

a
i-
-

ses

y,

we can show that only now do we have the necessary too
address the problem in a simple and transparent way an
elucidate the important role of spin-dependent forces on p
ton distributions. Let us begin summarizing existing a
proaches.

Close in 1973@11# discussed the sensitivity of the rati
F2

n/F2
p in relation with spin-dependent forces. He used

model of the nucleon where the nucleon first breaks up i
a quark~which then interacts with the electromagnetic fiel!
and a ‘‘quasi’’ particle called core. The core can have spi
or 1 and these two components have equal probability i
SU(6) symmetric model only~where spin-dependent force
are neglected!. He concluded that the predictions for the rat
F2

n/F2
p are related to the high-momentum behavior of t

proton-D transition form factors.
Carlitz @12# investigated theSU(6) symmetry breaking

effects in deep inelastic scattering, concluding that the m
difference betweenN andD states of the56 baryons implies
that the ratioF2

n/F2
p should approach 1/4 asx→1. In a more

recent work Close and Thomas@13# related theD-N mass
difference, to the ratio of neutron and proton inelastic str
ture functions and to deep inelastic polarization asymmetr

Isgur @14# in a quite recent paper investigates t
hyperfine-perturbed quark model to make predictions for
nucleon spin-dependent distribution functions and shows
precise measurements of the asymmetriesA1

p(x) and A1
n(x)

~in the valence region! can test the model and verify th
‘‘normal’’ behavior of the valence-quark spin distribution
variance with the~sometimes! invoked ‘‘spin crisis.’’ In the
same paper Isgur critically discusses the history of
SU(6)-breaking effects with particular emphasis on the ra
F2

n/F2
p . In fact both papers of Close and Carlitz and Thom

studied the behavior of the spin 1 (c1) and zero (c0) pair
wave functions separately, an approximated scheme whic
©2002 The American Physical Society28-1
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not consistent with the Pauli principle unlessc1 andc0 have
very special properties under the permutation group in th
dimensions. Isgur concludes that the situation remains ra
unclear also because most authors have attempted ‘‘a
lute’’ calculations of the structure functions with the u
avoidable need of assumptions, approximations, and ‘‘pro
dures.’’ A criticism which involves also other calculation
@15–18#.

Aim of the present paper is a close investigation of
relation between theSU(6)-breaking effects, responsible fo
the D-N mass splitting and the charge radius of the neutr
and the ratioF2

n/F2
p . In our approach the Pauli principle i

fully satisfied and we can compare effects of spin-depend
forces originating from both: chromomagnetic~hyperfine!
OGE interaction and chiral symmetry motivated GB
mechanism. Because of the large debate on the subject
last result is probably the most motivating one, and we sh
that the Pauli principle effect reveals to be of crucial imp
tance in the discussion.

II. PARTONS AND QUARKS

Let us introduce the method we use to calculate the pro
and neutron structure functions and its quite natural conn
tion with the nucleon wave function built in a given qua
model. The work by Glu¨ck, Reya, and co-workers@19# has
shown that, starting from a parton parametrization at a
resolution scalem0

2, the experimental deep inelastic structu
functions at high-momentum transfer can be reproduced
even predicted@20#. m0

2 is evaluated by evolving back th
second moment of the valence distribution to the point wh
it becomes dominant. The procedure, closely related t
suggestion due to Parisi and Petronzio@21#, assumes tha
there exists a scale,m0

2, where the short range~perturbative!
part of the interaction is negligible, therefore the glue and
are suppressed, and the long range~confining! part of the
interaction produces a proton composed of three~valence!
quarks only. Jaffe and Ross@22# proposed thereafter to as
cribe the quark model calculations of matrix elements to
hadronic scalem0

2. For largerQ2 their Wilson coefficients
will give the evolution as dictated by perturbative QCD.
this way quark models, summarizing a great deal of hadro
properties, may substitute low-energy parametrizations.1

Following such a path, a partonic description can be g
erated from gluon radiation even off a pure valence qu
system, which can be used to evaluate the nonperturba
input occurring in the operator product expansion~OPE!
analysis of lepton-hadron scattering in QCD@23#. A system-
atic analysis shows that the approach can consistently
developed at next-to-leading order both for polarized a
unpolarized structure functions, including nonperturbat
contributions from the nucleon cloud@24# or from the par-
tonic substructure of the constituent quarks@25#. In addition,
it can consistently be improved, including relativistic cov

1Let us stress that for the QCD evolution one needs matrix
ments of the twist-two part of the current and not the calculation
the full response at low scale.
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@26#.

In the light-front description of deep inelastic scatterin
the parton model is recovered, in the Bjorken limit, due
the dominance of short light-cone distances in the relev
Feynmann diagrams. As a consequence the partonic des
tion can be developed in the rest frame of the hadron
using light-cone formalism. In particular thei th parton dis-
tribution can be related to the light-cone momentum dens2

qi
↑(↓)~x,m0

2!5
1

~12x!2E dkni
↑(↓)~k2!

3dS x

12x
2

k1

MN
D , ~1!

where k1/P15k1/MN5(Ak21mi
21kz)/MN is the light-

cone momentum fraction of the struck parton in the r
frame, MN and mi are the nucleon and parton mass, r
spectively, andni

↑(k2), ni
↓(k2) represent the light-cone

momentum density of thei th parton whose spin isaligned
(↑) or antialigned(↓) to the total spin of the parent nucleon
If one assumes that at the scalem0

2 only theu andd constitu-
ent quarks are resolved, the momentum densities can be
ten

nu(d)
↑(↓)~k2!5 K N,Jz51

1

2U(i 51

3 11~2 !t i
z

2

11~2 !s i
z

2

3d~k2k i !UN,Jz51
1

2L . ~2!

The light-cone distributions~2! can be evaluated including
relativistic effects as introduced by a light-front formulatio
of a three-body interacting system@26#. As a consequence w
remain within a constituent picture where the partons in
rest frame are identified with three~constituent! quarks at the
hadronic scale, and the covariance requirement as well a
Pauli principle are fulfilled.

Since the hadronic scalem0
2 turns out to be very low

@m0
2;(0.120.2) GeV2#, close to the constituent quar

mass,3 we assume that the constituent picture at this scal
represented by a constituent quark model, with parame
fixed to reproduce the basic features of the nucleon spect
in the energy region 1–2 GeV. The constituent quark mod
we will make use of, in the present paper, are the Isgur-K
model ~IK ! proposed long ago@27# and the GBE recently
developed@9,10,28#.

In particular, the unpolarized valence parton distributio
q↑(x,m0

2)1q↓(x,m0
2)5qV(x,m0

2) ~with q[u,d), at the had-
ronic scale are related to the scalar momentum dens

-
f

2A formal derivation of Eq.~1! can be found in the papers o
Ref. @24#.

3The actual value of the scalem0
2 ranges from 0.1 GeV2, if only

valence quarks are considered, to 0.37 GeV2 @24#, when nonpertur-

bativeq2q̄ pairs and gluons are included.
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SPIN FORCE DEPENDENCE OF THE PARTON . . . PHYSICAL REVIEW D65 074028
nu(d)(k)2 @with *dknu(d)(k
2)52(1)# calculated making use

of the wave functions of the IK or GBE models with n
free parameters. The dynamical effects due to
SU(6)-breaking terms in the quark Hamiltonian are entire
embedded in the momentum densities and no approxima
is required. Details of the approach can be found in Ref.@26#.

III. RESULTS AND DISCUSSION

The results for the~twist-two part of! proton and neutron
structure functions predicted by the two models, are sho
in Fig. 1 both at the hadronic scale and experimental sc
Q2510 GeV2. Thex dependence of the IK and GBE mod
els differs quite substantially in the largex region both at the
hadronic and at the experimental scale. In particular the

FIG. 1. ~a! The proton structure function as predicted by the
and GBE models at the hadronic scale~dotted and dot-dashe
curves, respectively!, and at the scaleQ2510 GeV2 ~dashed and
continuous lines, respectively!. Fit to the experimental data from
the CTEQ5~D! analysis of Ref.@34#: triangles.~b! As in ~a! for the
neutron structure function.
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model lacks high-x components: a result related to the la
of high-momentum components in the nucleon wave fu
tion. The relativized nature of the GBE Hamiltonian reflec
into a larger component of high momenta in the correspo
ing densities, an important ingredient to reproduce the
havior of the structure functions at high-x related to the pres-
ence of the( i 51

3 Ak i
21mi

2 term in the Hamiltonian and
therefore manifested in all the relativized models.

Before entering the discussion let us notice that the
pected results forF2

n and F2
p can be separated in two mai

regions. The low-x (x&0.3) region will be dominated by
gluonic and sea partons. In the present calculation they
generated via bremsstrahlung radiation through renorma
tion group evolution. It is well known@24# that the inclusion
of these hard partons is not sufficient to explain the abso
values of the structure functions at low-x and soft compo-
nents have to be added at the hadronic scale to approac
data. Therefore we do not consider our calculation to
quantitative for that region. At most we will obtain a qua
tative description of the two structure functions.

In the region of large-x (0.3&x) the structure functions
F2

n andF2
p are dominated by valence parton effects which

sensitive to the quark model wave functions. It is just th
region where the results for the ratioF2

n/F2
p can become a

specific test for the model wave functions.
Our main results are presented in Fig. 2, and a few co

ments are in order.
~i! Despite of the large sea and gluon contributio

produced by QCD evolution@as illustrated in the Figs
1~a! and 1~b!# the ratio F2

n/F2
p is scarcely influenced by

the perturbative QCD radiative effects, as expe
ed. F2

n(x,m0
2)/F2

p(x,m0
2)'F2

n(x,Q2510 GeV2)/F2
p(x,Q2

510 GeV2) for the whole range 0.3&x&0.7. Such insensi-
tivity is, in our case, an advantage. In fact the effects of QC
evolution largely cancel in the ratioF2

n/F2
p , compensating

also the uncertainties coming from an evolution which sta
from a quite low hadronic scale.4 As a result, the details
connected with the model wave functions are emphasi
@see Figs. 2~a! and 2~b!#.

~ii ! In particular it is evident that the leading order and t
next-to-leading order results do not differ appreciably.

~iii ! The ratio F2
n/F2

p differs from the value 2/3, the
asymptotic value forSU(6)-symmetric models, because o
the presence of spin-dependent forces in the model Ha
tonian.

~iv! Both the chromomagnetic~hyperfine! interaction of
the IK model and the chiral mechanism of the GBE mod
fail to reproduce the correct behavior of the experimen
data in the region of validity of our calculation, namely 0
&x&0.7, a conclusion already known in the case of the
model@24# but valid also for the GBE model. Note that th
discrepancy is highly significant, since it concerns the reg
of Bjorken-x where valence quarks dominate. Therefo

4We do not need to enter a large discussion to justify our evolu
approach because of such large cancellation. Details and dis
sions can be found in Ref.@24#.
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complications arising from sea and gluon contributions c
not affect these results.

~v! The effects of the large amount of high-momentu
components generated by the relativistic expression of
kinetic energy can be noticed in the case of the GBE mo

FIG. 2. ~a! The ratioF2
n/F2

p as function ofx for the GBE model
at the hadronic scale~dot-dashed curve!, and at the scaleQ2

510 GeV2; leading-order evolution ~dotted curve!, next-to-
leading-order evolution~full curve!. Fit to the experimental data
from the CTEQ5~D! analysis of Ref.@34#: triangles.~b! The ratio
F2

n/F2
p as function ofx for the IK model. Notation as in~a!.
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where the deviation with respect to theSU(6)-symmetric
value 2/3 is shifted at a higher value ofx. Similar effects are
found in a calculation@29# which makes use of the relativ
ized extension of the IK model proposed by Isgur and C
stick @30#.

~vi! It should be stressed that the disagreement eme
only if the Pauli principle effects are properly included.
simple model of the scattering involving separately the
fects from an active quark plus a core of spin 1 and z
quark pairs would naturally reproduce the decreasing beh
ior of the ratioF2

n/F2
p as function ofx @11–13#.

~vii ! The disagreement with the experimental data d
not depend on the details of the wave function, but on
specific form of theSU(6) breaking terms introduced in th
model Hamiltonian. They are quite similar in the case
GBE and OGE models@31# despite the different dynamica
mechanisms invoked.

In conclusion, by means of a direct and transparent lig
front calculation, we have shown that the ratio between
neutron and the proton structure functions is sensitive to
spin-dependent part of the quark-model Hamiltonian desc
ing SU(6)-breaking effects at low hadronic energy. The c
rect theoretical behavior of the ratio can be obtained onl
the Pauli principle is preserved in the explicit calculation
the structure functions. Both hyperfine interactions, from
one-gluon-exchange potential model and from the sp
dependent part of the Goldstone-boson interaction, can
reproduce the large-x behavior of the data even at the qua
tative level. TheSU(6)-breaking mechanism seen in de
inelastic scattering seems to be different from the dynam
effects at low-energy, at least in the two cases we stud
Previous studies of unpolarized structure functions@24# show
that a model able to invert the tendency of a ratio larger th
2/3 in the large-x region is the algebraic model proposed
Bijker et al. @32#. Despite the fact that the model is built i
such a way that only the symmetry properties are retai
and no dynamical mechanisms can be deduced, the pa
etrization which emerges is consistent with the data, in p
ticular if the structure of the~effective! constituent quark is
taken into account@25,33#. Work to include the instanton
dynamics and to enlarge the study ofSU(6) breaking effects
into the region of polarized parton distributions is
progress.

ACKNOWLEDGMENTS

We acknowledge useful conversations with Sergio S
petta, Silvano Simula, and Vicente Vento. We are gratefu
Wolfram Weise for a careful reading of the manuscript a
interesting comments. We also thank R.F. Wagenbrunn
providing us with the nucleon wave functions in the GB
model.
iot,
.

@1# G. Dillon and G. Morpurgo, Phys. Lett. B481, 239 ~2000!;
485, 429 ~2000!, and references therein.

@2# B. D. Keister and W. N. Polyzou, Adv. Nucl. Phys.20, 225
~1991!; F. Coester, Prog. Part. Nucl. Phys.29, 1 ~1992!; J.
Carbonell, B. Desplanques, V. A. Karmanov, and J. F. Math
Phys. Rep.300, 215 ~1998!; S. J. Brodsky, H. C. Pauli, and S
S. Pinsky,ibid. 301, 299 ~1998!.

@3# S. Aoki et al., Phys. Rev. Lett.82, 4392~1999!; J. I. Skullerud
8-4



n

ici

.

.

s,

s.
-

ys.
,
.

.

in-

SPIN FORCE DEPENDENCE OF THE PARTON . . . PHYSICAL REVIEW D65 074028
and A. G. Williams, Phys. Rev. D63, 054508~2001!.
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