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Abstract. Within a statistical model of linear confined quarks we obtain the flavor asymmetry and corres-
ponding structure function of the nucleon. The model parameters are fixed by the experimental available
data. The temperature parameter is adjusted by the Gottfried sum rule violation and the chemical poten-
tials by the corresponding up (u) and down (d) quark normalizations in the nucleon. The light antiquark
and quark distributions in the proton, given by d/u, d/u and d−u, as well as the neutron to proton ratio of
the structure functions, extracted from the experimental data, are well fitted by the model. As the quark-
confining strengths should be flavor dependent, a mechanism is introduced in the model to adjust the
corresponding distribution, in order to improve the comparison obtained for the sea-quark asymmetries in
the nucleon with the available experimental analysis.

PACS. 11.30.Hv; 14.20.Dh; 12.39.Ki; 12.40.Ee; 11.55.Hx

1 Introduction

The analysis of the available experimental data [1, 2] for
the sea-quark distributions has shown that there is not
a simple model explanation on the light antiquark distri-
bution, d̄/ū, in the sea of the nucleon. For instance, if we
are considering only perturbative QCD and gluon splitting
processes, the violation of the Gottfried sum rule (GSR) [3]
is not reproduced, as the ratio d̄/ū becomes equal to one,
due to the equal probabilities of gluon splittings in dd̄ or uū
pairs. In a model with a virtual pion [4–11] the GSR can be
reproduced, but there is a large discrepancy from theoret-
ical and experimental curves for large x. (For some reviews,
see [12, 13]). Following an idea first presented by Field and
Feynman [14], it was shown that the Pauli exclusion princi-
ple can be considered in statistical models to obtain differ-
ent quantities of ū and d̄ in the nucleon sea [15–19]. In this
respect, the statistical quark model of [19] was proved to
be useful to reproduce some aspects of the flavor structure
of the nucleon, as the strangeness content of the nucleon,
and the difference between the structure functions of the
proton and neutron.
On the other hand, the ratio d/u also contains import-

ant information about the flavor structure of the proton. In
particular, its asymptotic behavior at large xmay indicate
the mechanism responsible for the SU(2)spin×SU(2)flavor
symmetry breaking. The distribution of u and d valence
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quarks in the proton can be determined from any two ob-
servables containing linear combinations of the u and d
quarks, which are usually taken to be the proton and neu-
tron structure function, F p2 and F

n
2 . While F

p
2 is quite

well constrained for light-cone momentum fractions x =
Q2/2Mν � 0.8, Fn2 is usually extracted from data on the
deuteron. However, beyond x∼ 0.5, the large nuclear cor-
rections may result in uncertainties of up to ∼ 50% in the
neutron to proton structure function ratio,Fn2 /F

p
2 [20–23].

Previous analyses [24] have used inclusive deep-inelastic
scattering (DIS) data on the proton and deuteron targets
to obtain the neutron to proton structure function ratio,
from which d/u can be extracted at large x according to

Fn2
F p2
=
4d+u

4u+d
,
d

u
=
4Fn2 −F

p
2

4F p2 −F
n
2

, x→ 1 . (1)

Several alternatives to obtain an independent linear com-
bination of u and d quark distributions have been sug-
gested which could minimize or avoid the problem of nu-
clear corrections [25–28]. With respect to DIS, it is known
that the d quark distribution is softer than the u quark
one, with Fn2 /F

p
2 deviating at large x from the SU(6)

expectation. Different non-perturbative mechanisms that
break SU(6) symmetry have been suggested [29–32] to
fit the data in the region of x where Fn2 /F

p
2 can be reli-

ably extracted. Theoretical predictions and experimental
data of these quantities are, respectively, given in [33–38]
and [39, 40].
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In the present work, we follow the phenomenological
statistical model presented in [19], with linear confined
quarks, to obtain the flavor asymmetry in the sea of the
nucleon (given by ū/d̄, u/d and d̄− ū) and the corres-
ponding ratio between the proton and neutron structure
functions. The model is parameterized by the experimen-
tal available data, with a temperature parameter given by
the GSR violation and the chemical potentials by the net
number of u and d quarks in the nucleon. Two different
chemical potentials are required to describe the nucleon;
one fixes the net number of u quarks and the other the
net number of d quarks. The approach given in [19] was
inspired by the models studied in [17, 18]. However, in-
stead of assuming continuum levels for the quark energies,
as in [17, 18], quark levels given by a Dirac confining po-
tential [41] were considered to generate the single-particle
spectrum, where the quarks obey the Fermi statistics. The
strength of the confining potential, for each quark fla-
vor λq, is fitted through the hadron masses, where we as-
sume λu = λd ≡ λ andmu =md = 0.
The main motivation of using the present model is to

deal directly with the fundamental degrees of freedom of
QCD. Having insight in the model parametrization one ac-
cesses qualitative information on the quark content of the
nucleon wave function. The statistical quark model of the
nucleon sea averages the Fock state content of the decom-
position of the wave function with a statistical description
capable to implement correctly the isospin and Pauli prin-
ciple. The correct antisymmetrization within each Fock
component is implemented at the level of single particles
by the Fermi–Dirac distributions. Thus, the chemical po-
tential and temperature give a simple parametrization of
quarks and antiquarks probabilities in the Fock compo-
nents of the wave function. A strong test of the model is
given by the possibility to obtain, in principle, the experi-
mental observables related to heavier quark content of the
nucleon sea, as the strange quark content of the nucleon
which is well reproduced by the model [19].
It is worthwhile to point out that the question of devel-

oping a quark model with confining potential incorporat-
ing x-dependence in the valence quarks distribution func-
tions is not an easy task, as observed in [42], in the con-
text of the chiral bag model , in [43, 44], in a chiral quark
soliton model, and, more recently, in [45], in a chiral con-
stituent quark model with configuration mixing. One recent
approach to the incorporation of the x-dependence in the
quark distribution functions was suggested in [46] from
assumptions regarding the non-perturbative properties of
the hadron wave function. Instead, in the present statisti-
cal quark model, the x-dependence of the probability func-
tions and related observables are derived from a dynamical
input, i.e., the relativistic quark confining potential. The
momentum representation of the quark eigenstates of the
Dirac Hamiltonian is rewritten in terms of the light-cone
momenta allowing one to extract the x-dependence of the
quark amplitudes. The key point that made this transform-
ation simple is the single-particle nature of the model.
The next sections are organized as follows: in Sect. 2,

we make a brief description of the statistical quark model
developed in [19]. In Sect. 3, the model is improved with

different effects affecting the u and d quark distributions.
By considering instanton effects to probably be respon-
sible for different u and d mean-field interactions in the
nucleon, which affect the corresponding distribution over
the Bjorken scale x, in the first subsection we incorporate
this effect in the model as an effective light-quark mass
shift. In the following two subsections we discuss the con-
tribution from gluonic splitting and pionic processes in the
nucleon structure function. In Sect. 4, the main results of
our model are presented. Finally, our concluding remarks
are given in Sect. 5.

2 Statistical quark model with confining
potential

In the present statistical quark model all individual quarks
of the system, valence and sea quarks, are confined by
a central effective interaction, with strength λ and equal
expressions for the scalar and vector components, given
by [41]

V (r) = (1+β)
λr

2
. (2)

So, the energy levels of the confined quark are obtained
from the stationary Dirac equation,

[αp+βm+V (r)]ψi(r) = εiψi(r) . (3)

In (2) and (3), β and α are the usual 4×4 Dirac matrices,
which can be written in terms of the 2×2 Pauli matrices.
With ψi(r) given by [41]

ψi(r) =

(
1

σp/(m+ εi)

)
ϕi(r) , (4)

the final coupled equations will be reduced to a single sec-
ond order differential equation,

[
p2+(m+ εi)(m+λr− εi)

]
ϕi = 0 . (5)

This equation is solved for the radial part, after a partial
wave expansion. For s-wave (l = 0), where jp = (12 )

+, the
radial part of ϕi is related to the Airy function (Ai):

ϕi(r) =

√
Ki

4π

Ai(Kir+ai)

r
[
dAi(x)
dx

]∣∣∣
x=ai

, (6)

where ai is the corresponding ith root of Ai(x), Ki ≡
3
√
λ(m+ εi), m is the current quark mass, and the εi are

the energy levels,

εi =m−
λ

Ki
ai . (7)

For the u and d quarks with m= 0, the energies are given
by

εi =
√
λ(−ai)

3
4 . (8)
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We use equal strengths for the u and d quarks. The sum of
the first energy level of these quarks results in the ∆ mass.
For a system constituted by confined quarks, this will be
corrected for by the nucleon mass by introducing instanton
interactions, which reduce the mass value.
Next, we consider the Fermi–Dirac distributions of the

quarks in the present statistical quark model. The proba-
bility density for a quark system, with energy levels εi and
temperature T , is given by

ρq(r) =
∑
i

giψ
†
i (r)ψi(r)

1

1+exp
(
εi−µq
T

) . (9)

With the appropriate chemical potential µq (= −µq̄) and
with the normalized wave function, we can fit the quark
flavor number q (≡ u, d, s, ū, d̄, s̄) in the nucleon and the
violation of GSR. gi gives the level degeneracy and |ψi(r)|2

the density probability for each state, normalized to 1,
∫
ψ†i (r)ψi(r)d

3r = 1 . (10)

In the present work we consider only the light quarks,
u and d, with the corresponding current quark masses
given by mu = md = 0. The energies are taken to be
equal for the u and d quarks, obtained by using a con-
fining potential model in the Dirac equation. With the
above, we obtain the following normalization for the pro-
ton (neutron):

∫
[ρq(r)− ρ̄q(r)]d

3r

=
∑
i

gi

⎡
⎣ 1

1+exp
(
εi−µq
T

) − 1

1+exp
(
εi+µq
T

)
⎤
⎦

=

{
1 for q = d(u)

2 for q = u(d)
(11)

The units we are using are such that the Boltzmann con-
stant k, h̄, and c are all set to 1. The averaged masses (also
referred to as “thermal masses” due to their dependence on
the parameter T ) for the proton (Mp) and neutron (Mn)
are given in terms of the corresponding energy levels, as
follows:

Mp = 2Mu+Md

Mn = 2Md+Mu

}
=

∑
q=u,d

∑
i

gi

⎡
⎣ εi

1+exp
(
εi−µq
T

) + εi

1+exp
(
εi+µq
T

)
⎤
⎦ .
(12)

In order to calculate the nucleon structure function, we
write the wave function in momentum space, taking the
Fourier transform

Φi(p) =
1

(2π)3/2

∫
exp(−ipr)ψi(r)d

3r . (13)

Using the null plane variables,

p+ = xP+ , P+ =MN (N ≡ n, p)

pz = p
+− εi =MN

(
x−

εi

MN

)
, (14)

where x is the momentum fraction of the nucleon carried
by the quark, MN is the nucleon thermal mass at a given
temperature T , we redefine the wave function (13) as

Φi(p)≡ Φi(x,p⊥) . (15)

By using (9)–(15), we obtain the quark structure function
for each flavor q:

qT (x) =
∑
i

∫
d2p⊥

Φ†iΦi

1+exp
(
εi−µq
T

) , (16)

where

Φi ≡ Φi

(
MN

(
x−

εi

MN

)
,p⊥

)
. (17)

qT (x) describes the probability that a quark with flavor q
has a fraction x of the total momentum of the nucleon, as-
suming a temperature T . For the corresponding antiquark
distribution, q̄T (x), we have to replace µq by −µq in (16).
In the model, we consider the result given by the NMC

Collaboration [47, 48],

SG ≡

∫ 1
0

dx

x

(
Fµp2 (x)−F

µn
2 (x)

)
= 0.235±0.026 , (18)

implying that the violation of the GSR is given by

IGSR ≡
1

2
−
3

2
SG =

∫ 1
0

(
d̄(x)− ū(x)

)
dx= 0.148±0.039 .

(19)

The statistical model of [19] reproduces this result with
a temperature parameter T adjusted to 108MeV, with the
chemical potentials µu = 135MeV and µd = 78MeV. Ac-
tually, from the analysis of the E866 experiments [1, 2],
the value for the violation of the GSR is IGSR = 0.100±
0.018. This implies a readjustment of the parameters
of the same statistical model, such that T ≈ 103MeV,
µu ≈ 147MeV, and µd ≈ 88MeV. The total quantity of the
d̄ is recalculated to be d̄ = 0.24 and ū= 0.14. With such
results, the ratio d̄/ū is constant,

d̄T

ūT
= 1.71 , (20)

while the corresponding experimental data present a strong
x-dependence (see Fig. 3).
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2.1 Strangeness content of the nucleon

The strangeness content of the nucleon was also well re-
produced by the model given in [19]. This observable
is important for verifying the consistency of the model
when describing the hadron in terms of its contents. Re-
cently, the strangeness of the nucleon was studied in
model parametrizations [45, 49] and also by a statisti-
cal quark model [50]. As shown in [19], the results for
the strangeness are not too much sensitive to the model
parametrization once the GSR violation and the nor-
malizations of the valence quarks inside the nucleon are
fixed.
In this case, the relevant observables are given by [51]

η =
2
∫ 1
0
xs(x)dx∫ 1

0 x(u(x)+d(x))dx
, κ=

2
∫ 1
0
xs(x)dx∫ 1

0 x(ū(x)+ d̄(x))dx
.

(21)

κ represents the ratio between the strange and non-strange
quark of the sea. With η/κ we obtain the ratio between the
non-strange antiquarks and quarks in the nucleon:

η

κ
=

∫ 1
0 (ū(x)+ d̄(x))xdx∫ 1
0
(u(x)+d(x))xdx

. (22)

From [19, Table V] we observe that, when the tem-
perature is about 108MeV, by fitting the GSR violation
to IGSR =−0.14, the numerical results for η and κ are, re-
spectively, 0.085 and 0.536, in good agreement with the
experimental data [η = 0.099, κ= 0.477]. The experimen-
tal data for the strangeness were obtained from [52].
Next, within the statistical quark model approach [19],

after we have adjusted the GSR violation with a tempera-
ture parameter, we implement an analysis to fit the experi-
mental data for the ratios of the quark distributions inside
the proton, given by d̄/ū and d/u. The model also pro-
vides the corresponding sea-quark difference d̄− ū and the
ratio between the neutron to proton structure functions,
Fn2 /F

p
2 .

3 Effective quark mass shift, gluonic
and pionic effects

3.1 Effective light-quark mass shift

The difference between the interactions of the u and d
quarks in the nucleon is supposed to come from instan-
ton contributions, which are flavor-spin dependent [53].
Each quark interacts with another, of opposite spin and
different flavors. In the present approach, we use the quark
distributions given in Sect. 2. To consider the instanton
contribution in an effective way, we note that d-quarks in
the proton have a more attractive channel, with the en-
ergy lower than that of the u-quarks. In this model, as
the initial confining potential is the same, there is no dif-
ference between the quark energies. It follows that the

ratios d/u and d̄/ū are constant. Once given any quark
distribution q(x), a simple mathematical way to imple-
ment the above considerations is to shift the distributions
over the x scale, in such a way that u(x) and d(x) (and
the corresponding antiparticle) distributions have their re-
spective maxima at different x positions. Note that work-
ing with both particle and antiparticle distributions one
can obtain at once all ratios between the structure func-
tions. The physical meaning behind the displacement is
that the effective potential for the u and d quarks should
be different, and also for their antiparticles. In the Fock
space, a |uudūu〉 state is more energetic than a state
|uudd̄d〉.
The shift of the x scale can be done for any probabil-

ity distribution. In the following, to verify the effect of such
a shift, we choose the simplest distribution, given by the
Dirac delta function (see, for example, [54, Chapt. 9]):

q(x) = δ

(
Mq

Mn
−x

)
, (23)

whereMq is a quark mass andMn is the total mass of the
nucleon. The distribution above is valid for u and d quarks
in the case that they are considered to have equal masses.
WhenMq �=Mu �=Md, the new distributions for u(x) and
d(x) are shifted in relation to q(x), such that u(x) can be

Fig. 1. The u and d quark structure functions for the pro-
ton in the statistical quark model are shown as functions of
the Bjorken momentum scale x. The results for the d-quark
distribution are presented with the short-dashed line. For the
u-quark distribution, we show two plots: one of the plots (solid
line) assuming equal masses (Mu =Md ≡Mq), the other (long-
dashed line), assuming Mu/Mq = 1.25, having the maximum
shifted to the right-hand side



L.A. Trevisan et al.: Quark sea structure functions of the nucleon in a statistical model 225

Fig. 2. The amount of contributions to the antiquark ratio d̄/ū
are shown as functions of x. The contributions are from the ori-
ginal statistical model (dotted line); gluonic (dot-dashed line);
and the statistical model plus gluonic contributions (dashed
line). Considering only the original statistical model, we also
show the effect of mass rescaling with the solid line

written as

u(x) = δ

(
Mu

Mq

Mq

Mn
−x

)

=
Mq

Mu
δ

(
Mq

Mn
−
Mq

Mu
x

)
=
Mq

Mu
q

(
Mq

Mu
x

)
. (24)

So, when
(
Mu
Mq

)
> 1, the rescaled function will have the

maximum shifted to the right of the original function, as
shown in Fig. 1. For a reasonable fit of the observables, in
the present work we considerMu/Mq ≈ 1.25, where for the
protonMq ≡Md.
In Fig. 2, we show the different contributions to the an-

tiquark ratio d̄/ū. The effect of the mass rescaling is shown
by the solid line. As shown, the ratios d̄/ū and d/u are sen-
sitive to the mass displacement, which can be related to
the effective quark confining strengths. This effect is being
used to improve the overall fitting of the sea-quark ratios
and neutron to proton structure function ratios.

3.2 Gluon splitting process

In this subsection we consider the perturbative QCD pro-
cess of gluon emission by quarks, being splitted in quark–
antiquark pairs. Such gluon splitting is a well studied pro-
cess [54]. There are equal chances to originate dd̄ or uū
pairs from any quark. For the quark source of the per-
turbative gluons, we can use the sum of quark–antiquark

probabilities given in the statistical model by the function

fT (x) = uT (x)+ ūT (x)+dT (x)+ d̄T (x) . (25)

The probability of particle–antiparticle pairs from gluon
emissions is given by the Gribov–Lipatov–Altarelli–Parisi
equation [55]. We first consider gluon creation from the
original quark distribution and after the splitting of the
gluons. An equal number of each flavor of light quarks is
created [54, 56, 57].
The joint probability density to obtain a quark com-

ing from the subsequent decays q→ q+ g and g→ q+ q̄ at
some fixed low Q2v is given by

qg(x) =
Nα2s

(
Q2v
)

(2π)2

∫ 1
x

dy
Pqg

(
x
y

)
y

∫ 1
y

dz

z
Pgq

(y
z

)
fT (z) ,

(26)

where we use the index g to indicate that the quarks are
generated by gluon splitting processes, given by the func-
tions Pqg and Pgq [54]:

Pgq(z) =
4

3

1+(1− z)2

z
, Pqg(z) =

1

2

(
1−2z+2z2

)
.

(27)

The probability given in (26) is the same for the quark and
antiquark, such that qg(x) = q̄g(x). Hence, the model has
two sea-quark components, the temperature-dependent
component, which gives the violation of GSR, and a com-
ponent that comes from QCD perturbative processes,
equal for all quarks. This second component, when domi-
nating, makes d̄/ū� 1, as shown by

d̄(x)

ū(x)
=
d̄T (x)+ qg(x)

ūT (x)+ qg(x)
. (28)

Note that with only the considerations of Sects. 2 and
gluonic effects, the ratio d̄/ū will be constant. This occurs
because we have the same wave functions for all quarks and
antiquarks, the difference being only in the normalization.
How to dealwith the difference between the interactions ofu
and d quarks of the nucleon in an effective waywas shown in
the previous subsection, considering a quarkmass shift.

3.3 Quark substructure

The quarks in our model are effective degrees of freedom
that can have substructure. The structure function of the
constituent quark/antiquark can be extracted from the
pion structure function, P (x), with the assumption that it
is dominated by the asymptotic behavior. For a massless
pion, the asymptotic part of the light-front wave function
implies a constant probability for the valence quark to have
a given momentum fraction [58]. The pion structure func-
tion can be written as

vπ(x,Q2) =

∫ 1
x

dy

y
P (y,Q2)Fπqq

(
x

y

)
, (29)
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where Fπqq(x) is the pion structure function for constituent

quarks from the valence wave function [58]). Assuming
Fπqq(x) = 1 for the asymptotic form of the valence wave
function,

vπ(x,Q2) =

∫ 1
x

dy

y
P (y,Q2) , (30)

and taking the derivative over x, one gets

P (x,Q2) =−x
∂

∂x
vπ(x,Q2) , (31)

the constituent quark/antiquark structure function.
In order to analyze how this substructure of the con-

stituent quark can affect the structure function, in the fol-
lowing we consider the parametrization for vπ(x,Q2) given
in [59]. The structure function of a valence quark in the
pion is given by

xvπ(x,Q2)≡ xvπ(x) =Nπx
a
(
1+A

√
x+Bx

)
(1−x)D ,

(32)

where the parameters are

Nπ = 1.212+0.498s+0.009s
2 ,

a= 0.517−0.020s ,

A=−0.037−0.578s ,

B = 0.241+0.251s ,

D = 0.383+0.624s ,

s= ln
ln(Q2/0.2042)

ln(µ2/0.2042)
. (33)

Fig. 3. The model results for the antiquark ratio d̄/ū, as
a function of x, are compared with data results obtained
from [1, 2]. Without mass-scaling displacement, we obtain the
constant long-dashed line. With the small-dashed line curve,
we present the results with αs = 1.72; and, with solid line, the
results with αs = 1.3 and s= 0.2

Fig. 4. Results for the difference d̄− ū, as functions of x. The
model results are compared with data from [1, 2], scaled to fixed
Q2 = 54 GeV2/c2. With the dashed line we have indicated the
results with αs = 1.72; and, with the solid line, αs = 1.3 and s=
0.2

Using the above, the antiquark q̄(x) structure function in
the nucleon from the constituent substructure is given by

q̄const(x) =−

∫ 1
x

∂

∂z
vπ(z,Q2)

∣∣∣∣
z=x/y

q̄(y)dy , (34)

where q̄(y) is the quark structure function given by the
model.
As we can see in the following, such an effect is relevant

for obtaining a good fitting for d̄− ū. In this way, to obtain
a better fit, we need to combine the values of αs (from the
gluon splitting process) with the values of the parameter
s. Without considering such a substructure, the difference
d̄− ū presents a considerable deviation when compared
with the experimental results (see Fig. 4). The correction
to this problem is done by considering the substructure of
the antiquarks as derived from the pion structure function,
using the parametrization given in [59].
We should observe that, from construction, the con-

stituent quark structure function should include all pos-
sible gluonic splitting processes. Therefore, a decrease is
expected in the value of αs with respect to the case in which
no constituent quark substructure effects are considered in
the fitting procedure. Indeed, such an expectation is veri-
fied in the results plotted in Figs. 3 and 4.

4 Main results

Once the parameters of the model are fixed to observ-
ables as the chemical potentials and the Gottfried sum
rule, in order to fit the experimental data we also con-
sider the following three free parameters: the quark mass
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ratio (Mu/Mq), which gives the mass scale shift; αs, for the
gluon splitting; and s, in the case that we consider pionic
processes as described in the previous section.
For the first parameter we use (Mu/Mq) = 1.25, shift-

ing the maximum value of the function q(x) in Fig. 1, from
the original 0.2 to 0.25. In Fig. 2, we show the different
contributions to the ratio d̄/ū. Without rescaling, with the
dotted line we have the result of the statistical model, and,
with the dot-dashed line, only the gluon contribution. In
both cases, the ratio is constant. The ratio is always equal
to 1 for the gluon contribution. With the dashed line we
show the resulting effect of two contributions: from the
statistical model and from gluonic effects (αs = 1.72). The
solid line presents the rescaled result for the ratio, without
gluon contributions.
In Figs. 3 and 4, we have two important results of the

model, related to the antiquark distribution in the nu-
cleon. In Fig. 3, we show the antiquark ratio d̄/ū and, in
Fig. 4, the antiquark difference d̄− ū. The initial result
of the statistical model, with no shift of the distributions
and without quark pair contributions, is shown in Fig. 3
by the long-dashed constant line. The experimental data,
shown in Figs. 3 and 4, are from [1, 2], obtained with
Q2 = 7.35GeV2. As shown in Fig. 3, the best choice for the
ratio is obtained with αs = 1.72, which implies ΛQCD =
0.511GeV. This value is considered in the calculation of the
gluon contributions for the quark ratio distribution d/u,
shown in Fig. 5, and also in the neutron to proton ratio dis-
tribution, Fn2 /F

p
2 , shown in Fig. 6, where Q

2 = 12GeV2.
With the solid line we show in Figs. 3 and 4 the results ob-
tained by considering all the effects: the statistical model,

Fig. 5. Quark-ratio d/u distribution inside the proton as a
function of x. The model results consider the mass-scaling dis-
placement; without gluon splitting (dashed line) and with gluon
splitting (solid line). The model is compared with experimental
data (CDHS) [40] and with calculations on-shell (solid circles)
and off-shell (stars) from [23], considering data from [20, 39]

Fig. 6. The ratio Fn2 /F
p
2 of the neutron to proton structure

function is shown as a function of x. As in Fig. 5, the model re-
sults consider the mass shift rescaling; without gluon splitting
(dashed line) and with gluon splitting (solid line). The model
is compared with data from NMC [47, 48] (with Q2 from 0.4 to
10.8 GeV2) and from EMC [24] (with Q2 = 4GeV2)

mass shift, gluon splitting, and the contribution from the
constituent quark substructure included through the con-
volution given by (34).
We observe in Fig. 4 that both, combined effects from

gluon splitting and from the constituent quark substruc-
ture are relevant for the best fitting of the difference d̄− ū.
The probability effect of gluon emission decreases when the
quark substructure is considered, corresponding to a varia-
tion of αs from 1.72 to 1.3. As the constituent quark struc-
ture function should include all gluonic splitting processes,
in the fitting we are forced to diminish αs. However, one
may wonder why it should be nonzero.We can raise at least
three points for that:

i) the simplified assumption to extract the constituent
quark structure function using the asymptotic form of
the pion wave function;

ii) the quark sea within the constituent quark may be af-
fected by the different valence content in the pion and in
the nucleon wave function, and

iii) the inaccuracy in the description of the nucleon quark
source by the statistical model.

Despite the simplified picture of our model, the physical in-
gredients, i.e., the constituent quark structure and gluon
splitting process conspire to produce a somewhat consis-
tent effect with respect to the quark sea.
As also shown in Figs. 5 and 6, respectively, for the ra-

tios d/u and Fn2 /F
p
2 , the model provides good fits to the

available experimental data, with gluonic contributions af-
fecting mainly the low-x region of such ratios. These results
are consistent with the ones presented in Fig. 3, fromwhich
we have verified that, in order to fit the ratios, the inclusion
of the constituent quark substructure beyond the gluon
splitting process is not so relevant.
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As an additional remark, for the d/u results given in
Fig. 5, we note that two different ways were considered
in [23] to extract the values from the experimental data
given in [20, 39]: on-shell and off-shell, with the off-shell
values obtained considering nuclear effects [23]. The re-
sults of our model, as shown for x larger than ∼ 0.6, follow
a trend that approaches the off-shell results, when increas-
ing x.

5 Conclusion and discussion

In a statistical quark model in which the quark energy lev-
els are given by a central confining potential, we obtain
results for the light sea-quark asymmetry, d̄/ū and also for
the ratio d/u. The model is parameterized by the corres-
ponding experimental data. The sea-quark contribution is
composed of two parts: the statistical model adjusts the
Gottfried sum rule violation and the flavor normalization
inside the nucleon, and the gluon splitting processes which
give equal sea components. As we have used the same con-
fining potential in the statistical model, we obtain a con-
stant ratio between the structure functions, in spite of the
fact that we fit the GSR violation with this model.
The qualitative difference between the structure func-

tions comes from the fact that the light quarks with differ-
ent flavors (u and d and the corresponding antiparticles)
have different energies. The source of the degeneracy lift-
ing is given by instanton induced interactions between the
quarks. A simple mathematical trick, based on the Dirac
delta distribution, was used to obtain the shift of the given
structure functions (which are equal a priori), producing
a quite good fit to the d(x)/u(x) and d̄(x)/ū(x) ratios in
the proton.
The constituent quark structure function in our model

should include all possible gluonic splitting processes, from
construction. Indeed, we observed that the probability of
gluon emission decreases when we consider the quark sub-
structure (see Sect. 3.3 and Figs. 3 and 4). We understand
that a non-vanishing gluon splitting contribution is neces-
sary to compensate in part for the simplified assumptions
of the nucleon and pion wave functions. In particular, we
have used the asymptotic form of the pion wave function
to extract the constituent quark structure function and as-
sumed that it is unchanged within the nucleon. So it is
reasonable to think that by considering more realistic pion
and nucleon wave functions, one can diminish further the
importance of explicit gluon contributions in the model.
Finally, we note that, even considering measurement

processes for the d̄/ū and d/u to be different, our phe-
nomenological considerations are quite good, with our nu-
merical results approaching both experimental data (see
Figs. 3–6). In other words, the statistical quark model,
the difference between the confining potentials for the u
and d quarks in the nucleon (due to instanton induced in-
teractions), and the contributions from the gluon splitting
process are all relevant to the fit to the data. Eventually,
to further improve the model, some other features may be
considered, perhaps a pion cloud or the binding effects of

the EMC, since our results approach the off results of [23]
for increasing values of x.
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