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Flavor asymmetry of the nucleon
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The flavor asymmetry of the nucleon sea is discussed in an unquenched quark model for baryons in which the effects of quark-antiquark
pairs (uū, dd̄ andss̄) are taken into account in an explicit form. The inclusion ofqq̄ pairs leads automatically to an excess ofd̄ overū quarks
in the proton, in ageement with experimental data.
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Se discute la asimetrı́a de sabor del nucleón en una extensión del modelo de cuarks en que se toman en cuenta de manera explı́cita los efectos
de creacíon de pares cuark-anticuark (uū, dd̄ y ss̄). La inclusíon de los paresqq̄ lleva inmediatamente a un exceso de cuarksd̄ sobreū en el
protón, de acuerdo con los datos experimentales.
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1. Introduction

The flavor content of the nucleon sea provides an important
test for models of nucleon structure. A flavor symmetric sea
leads to the Gottfried sum ruleSG = 1/3 [1], whereas any
deviation from this value is an indication of thēd/ū asymme-
try of the nucleon sea. The first clear evidence of a violation
of the Gottfried sum rule came from the New Muon Collab-
oration (NMC) [2], which was later confirmed by Drell-Yan
experiments [3] and a measurement of semi-inclusive deep-
inelastic scattering [4]. All experiments show evidence that
there are morēd quarks in the proton than there areū quarks.
The experimental results and theoretical ideas on the flavor
asymmetric sea are summarized in several review articles [5].

In the constituent quark model (CQM), the proton is
described in terms of auud valence-quark configuration.
Therefore, a violation of the Gottfried sum rule implies the
existence of higher Fock components (such asuud − qq̄
configurations) in the proton wave function. Additional
indications for the importance of multiquark components
are provided by parity-violating electron scattering exper-
iments, which have shown evidence for a nonvanishing
strange quark contribution, albeit small, to the charge and
magnetization distributions of the proton [6], and by CQM
studies of baryon spectroscopy [7]. Whereas most models
(see e.g.[8-11]) reproduce the mass spectrum of baryon res-
onances reasonably well, they show very similar deviations
for other properties, such as for example the electromagnetic
and strong decay widths of∆(1232) andN(1440), the spin-
orbit splitting of Λ(1405) andΛ(1520), the lowQ2 behav-
ior of transition form factors, and the largeη decay widths

of N(1535), Λ(1670) and Σ(1750). All of these results
point towards the need to include exotic degrees of freedom
(i.e. other than qqq), such as multiquarkqqq − qq̄ or
gluonic qqq − g configurations. As an illustration we
show in Fig. 1, the transverse electromagnetic transition form
factors of theN(1520) resonance for different CQMs. The
problem of missing strength at lowQ2 can be attributed to the
lack of explicit quark-antiquark degrees of freedom, which
become more important in the outer region of the nucleon.

FIGURE 1. Transition form factors for theN(1520) resonance.
Experimental data are compared with theoretical predictions from
the collectiveU(7) model [10] (dotted line) and the hypercentral
model [11] (solid line).
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FIGURE 2. One-loop diagram at the quark level.

Theoretically, the role ofq4q̄ configurations in the nu-
cleon wave function was studied in an application to the elec-
tromagnetic form factors [12]. Mesonic contributions to the
spin and flavor structure of the nucleon are reviewed in Ref. 5.

In another, CQM based, approach the importance ofss̄
pairs in the proton was studied in a flux-tube breaking model
based on valence-quark plus glue dominance to whichss̄
pairs are added in perturbation [13]. The pair-creation mech-
anism is inserted at the quark level and the one-loop diagrams
are calculated by summing over a complete set of intermedi-
ate baryon-meson statesBC (see Fig. 2). For consistency
with the OZI-rule and to retain the success of the CQM in
hadron spectroscopy, it was found necessary to sum over
a complete set of intermediate states, including both pseu-
doscalar and vector mesons, rather than just a few low-lying
states [13,14].

In order to address the violation of the Gottfried sum rule,
we first generalize the model of [13] to includeuū anddd̄
loops as well. The formalism of the ensuing unquenched
quark model is reviewed briefly before discussing an appli-
cation to the flavor asymmetry of the nucleon sea.

2. Unquenched quark model

In the flux-tube model for hadrons, the quark potential model
arises from an adiabatic approximation to the gluonic degrees
of freedom embodied in the flux tube [15]. The role of quark-
antiquark pairs in meson spectroscopy was studied in a flux-
tube breaking model [16] in which theqq̄ pair is created with
the 3P0 quantum numbers of the vacuum. Subsequently, it
was shown by Geiger and Isgur [14] that amiraculousset
of cancellations between apparently uncorrelated sets of in-
termediate states occurs in such a way that they compensate
each other and do not destroy the good CQM results for the
mesons. In particular, the OZI hierarchy is preserved and
there is a near immunity of the long-range confining poten-
tial, since the change in the linear potential due to the creation
of quark-antiquark pairs in the string can be reabsorbed into
a new strength of the linear potential,i.e. in a new string ten-
sion. As a result, the net effect of the mass shifts from pair
creation is smaller than the naive expectation of the order of
the strong decay widths. However, it is necessary to sum over
large towers of intermediate states to see that the spectrum
of the mesons, after unquenching and renormalizing, is only

weakly perturbed. An important conclusion is that no simple
truncation of the set of meson loops is able to reproduce such
results [14].

The extension of the flux-tube breaking model to baryons
requires a proper treatment of the permutation symmetry be-
tween identical quarks. As a first step, Geiger and Isgur in-
vestigated the importance ofss̄ loops in the proton by taking
into account the contribution of the six different diagrams
of Fig. 3 with qq̄ = ss̄ and q1q2q3 = uud, and by us-
ing harmonic oscillator wave functions for the baryons and
mesons [13]. In the conclusions, the authors emphasized that,
in order to investigate the origin of the violation of the Got-
tfried sum rule and the spin crisis of the proton, it is neces-
sary to extend their calculation to includeuū anddd̄ loops
as well. In this contribution, we take up this challenge and
present a generalization of the formalism of [13] in which
quark-antiquark contributions can be studied

• for any initial baryon resonance,

• for any flavor of the quark-antiquark pair, and

• for any model of baryons and mesons.

These extensions were made possible by two developments:
the solution of the problem of the permutation symmetry be-
tween identical quarks by means of group-theoretical tech-
niques, and the construction of an algorithm to generate a
complete set of intermediate states for any model of baryons
and mesons. While the first improvement allows the evalua-
tion of the contribution of quark-antiquark pairs for any initial
baryonq1 q2 q3 (ground state or resonance) and for any flavor
of the qq̄ pair (not onlyss̄, but alsouū anddd̄), the second
one permits the carry out the sum over intermediate states up
to saturation for any model of baryons and mesons, as long as
their wave functions are expressed in the basis of harmonic
oscillator wave functions.

FIGURE 3. Quark line diagrams forA → BC with q1q2q3 = uud

andqq̄ = ss̄
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The ensuing unquenched quark model is based on an
adiabatic treatment of the flux-tube dynamics to whichqq̄
pairs with vacuum quantum numbers are added as a
perturbation [13]. The pair-creation mechanism is inserted
at the quark level and the one-loop diagrams are calculated
by summing over a complete set of intermediate states. Un-
der these assumptions, to leading order in pair creation, the
baryon wave function is given by

| ψA〉 = N
[
| A〉+

∑

BClJ

∫
d~k | BC~k lJ〉

× 〈BC~k lJ | T † | A〉
MA − EB − EC

]
, (1)

whereA denotes the initial baryon andB andC the interme-
diate baryon and meson,~k andl represent the relative radial
momentum and orbital angular momentum ofB andC, andJ
is the total angular momentum~J = ~JB + ~JC +~l. The oper-
atorT † represents the quark-antiquark pair-creation operator
with the3P0 quantum numbers of the vacuum [17]

T † =− 3
∑

ij

∫
d~pi d~pj δ(~pi + ~pj)Cij Fij Γ(~pi − ~pj)

× [χij × Y1(~pi − ~pj)]
(0)

b†i (~pi) d†j(~pj) . (2)

Here, b†i (~pi) and d†j(~pj) are the creation operators for a
quark and antiquark with momenta~pi and~pj , respectively.
The quark pair is characterized by a color singlet wave
function Cij , a flavor singlet wave functionFij and a spin
triplet wave functionχij with spin S = 1. The solid har-
monicY1(~pi − ~pj) indicates that the quark and antiquark are
in a relativeP wave.

Since the operatorT † creates a pair of constituent quarks,
a Gaussian quark-antiquark creation vertex function was in-
troduced by which the pair is created as a finite object with an
effective size, rather than as a pointlike object. In momentum
space it is given by

Γ(~pi − ~pj) = γ0 e−r2
q(~pi−~pj)

2/6 . (3)

The width has been determined from meson decays to be ap-
proximately0.25 − 0.35 fm [13, 14, 18]. Here we take the
average value,rq = 0.30 fm. Finally, the dimensionless con-
stantγ0 is the intrinsic pair creation strength which has been
determined from strong decays of baryons asγ0 = 2.60 [19].

The strong coupling vertex

〈BC~k lJ | T † | A〉 , (4)

was derived in explicit form in the harmonic oscillator
basis [17]. In the present calculations, we use har-
monic oscillator wave functions in which there is a sin-
gle oscillator parameter for the baryons and another one
for the mesons which, following [13], are taken to be
βbaryon = 0.32 GeV [8] andβmeson = 0.40 GeV [16], re-
spectively.

In general, matrix elements of an observableÔ can be
expressed as

O = 〈ψA | Ô | ψA〉 = Oval +Osea , (5)

where the first term denotes the contribution from the valence
quarks

Oval = N 2〈A | Ô | A〉 , (6)

and the second term that from theqq̄ pairs

Osea = N 2
∑

BClJ,B′C′l′J′

∫
d~kd~k′

〈A | T | B′C ′~k′l′J ′〉
MA − EB′ − EC′

× 〈B′C ′~k′l′J ′ | Ô | BC~klJ〉

× 〈BC~klJ | T † | A〉
MA − EB − EC

. (7)

We developed an algorithm based upon group-theoretical
techniques to generate a complete set of intermediate states
of good permutational symmetry, which makes it possible to
perform the sum over intermediate states up to saturation, and
not just for the first few shells as in Ref. 13. Not only does
this have a significant impact on the numerical result, but it is
necessary for consistency with the OZI-rule and the success
of CQMs in hadron spectroscopy.

3. Flavor asymmetry

The first clear evidence for the flavor asymmetry of the nu-
cleon sea was provided by NMC at CERN [2]. The flavor
asymmetry is related to the Gottfried integral for the dif-
ference of the proton and neutron electromagnetic structure
functions

SG =

1∫

0

dx
F p

2 (x)− Fn
2 (x)

x

=
1
3
− 2

3

1∫

0

dx
[
d̄(x)− ū(x)

]

=
1
3

[1− 2(Nd̄ −Nū)] . (8)

Under the assumption of a flavor symmetric sead̄(x) = ū(x)
one obtains the Gottfried sum ruleSG = 1/3. The final
NMC value is0.2281 ± 0.0065 at Q2 = 4 (GeV/c)2 for
the Gottfried integral over the range0.004 ≤ x ≤ 0.8 [2],
which implies a flavor asymmetric sea. The violation of the
Gottfried sum rule has been confirmed by other experimental
collaborations [3, 4]. Table I shows that the experimental
values of the Gottfried integral are consistent with each other
within the quoted uncertainties, even though the experiments
were performed at very different scales, as reflected in the
averageQ2 values. Theoretically, it was shown that in the
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TABLE I. Experimental values of the Gottfried integral.

Experiment 〈Q2〉 x range SG

NMC 4 0.004 < x < 0.80 0.2281± 0.0065

HERMES 2.3 0.020 < x < 0.30 0.23± 0.02

E866/NuSea 54 0.015 < x < 0.35 0.255± 0.008

framework of the cloudy bag model the coupling of the pro-
ton to the pion cloud provides a mechanism to produce a fla-
vor asymmetry due to the dominance ofnπ+ among the vir-
tual configurations [20].

In the unquenched quark model, the flavor asymmetry can
be calculated from the difference of the number ofd̄ andū sea
quarks in the proton

Ô = N̂d̄ − N̂ū . (9)

Even in absence of explicit information on the (anti)quark
distribution functions, the integrated value can be obtained
directly from Eq. (9). The effect of the quark-antiquark pairs
on the Gottfried integral is a reduction of about one third with
respect to the Gottfried sum rule, corresponding to an excess
of d̄ overū quarks in the proton which is in qualitative agree-
ment with the NMC result.

An explicit calculation with harmonic oscillator wave
functions for the baryons and mesons in which the sum over
intermediate states includes four oscillator shells, shows a
proton asymmetryAasym(p) = Nd̄ −Nū = 0.21 which cor-
responds toSG = 0.19, in remarkable agreement with the
experimental value. It is important to note that in this calcu-
lation the parameters were taken from the literature [13,19],
and that no attempt was made to optimize their values. Due
to isospin symmetry, the neutron has a similar excess ofū
over d̄ quarksAasym(n) = Nū −Nd̄ = 0.21.

4. Summary and conclusions

In this contribution, we discussed the importance of quark-
antiquark pairs in baryon spectroscopy. To this end, we de-
veloped an unquenched quark model for baryons in which
the contributions fromuū, dd̄ andss̄ loops are taken into ac-
count in a systematic way. The present model is an extension
of the flux-tube breaking model of Geiger and Isgur [13], and
is valid for any initial baryon resonance, any flavor of the
quark-antiquark pair and any model of baryons and mesons.

The model was applied to the flavor asymmetry of the nu-
cleon sea. In a first calculation with harmonic oscillator wave
functions for both baryons and mesons in which the parame-
ters were taken from the literature [13,19], it was shown that
the inclusion ofqq̄ pairs leads automatically to an excess of
d̄ overū quarks in the proton. The value that we obtained for
the violation of the Gottfried sum rule is in amazing agree-
ment with the experimental data. We emphasize that no at-
tempt was made to optimize the parameters in the calcula-
tions.

The first applications of the unquenched quark model
to the flavor asymmetry of the nucleon sea and the proton
spin [21] are very promising and encouraging. We believe
that the inclusion of the effects of quark-antiquark pairs in
a general and consistent way may provide a major improve-
ment to the constituent quark model, which increases consid-
erably its range and applicability. In future work, the present
unquenched quark model will be applied systematically to
several problems in light baryon spectroscopy, such as the
electromagnetic and strong couplings, the elastic and transi-
tion form factors of baryon resonances, their sea quark con-
tent and their flavor decomposition [22].
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