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Abstract. We show that the meson-cloud model predicts a substantial polarization of the sea quarks of the
nucleon, because of the interference of π and ρ exchanges. This polarization is strongly flavour-dependent.
The model gives an explanation of the strong increase in the structure function g1 that has isospin I = 1
at small x.

1 Introduction

Experimental studies of nucleon structure functions have
revealed several interesting and unexpected features. In-
vestigation of the Gottfried sum rule by the NMC Collab-
oration [1] has led to the conclusion that ū- and d̄-quark
distributions in the proton are different. This result has
been confirmed by measurements of the Drell–Yan pro-
cess [2,3]. The difference between ū and d̄ distributions is
measured now as a function of x [3], and is concentrated
in the region of x <∼ 0.2. This phenomenon has a natural
explanation [4]–[6] in the meson-cloud model (Fig. 1) if
positive pions in the cloud prevail over negative ones (i.e.,
if the contribution of the diagram of Fig. 1a is larger than
the one of Fig. 1b).

In this paper, we want to pay attention to another in-
teresting problem, the unusual small-x behaviour of the
spin-structure function g1 of protons and neutrons [7]–
[12]. The situation is especially evident in the case of the
neutron structure function gn

1 , which is very small in the
region of x >∼ 0.2, and goes to rather large negative values
as x decreases to x ∼ 10−2 [11]. This behaviour cannot
be explained by valence-quark models, first since valence
quarks contribute to the function g1 mainly at x >∼ 0.1 and
second, because of strong cancellation of the valence-quark
contribution for the neutron1. At the same time, the ob-
served small-x behaviour contradicts the one expected for
the A1 Regge-pole exchange, because of its low intercept.
It would be natural to attribute this to the manifestation
of the nucleon sea. However, it is usually believed that
the meson-cloud model cannot lead to a polarization of
sea quarks [13], because the diagrams of Fig. 1 with ππ
exchange in the t channel do not contribute to the func-
tion g1. In this paper we would like to emphasize that an
interference between π and ρ exchanges (πρ exchange in

1 Thus the neutron is a good laboratory for the investigation
of nonvalence components of the nucleon.

the t channel, Fig. 2) leads to a substantial polarization of
the nucleon structure function g1 with isospin I = 1 in the
t channel. It will be shown also that flavour asymmetry of
the polarized-quark sea must be even stronger than that
for the unpolarized case. Experimental tests of this model
are proposed.

2 General analysis of the small-x behaviour
of the spin-dependent structure functions

Analysis of the small-x behaviour of structure functions of
deep inelastic scattering on a nucleon in terms of the lead-
ing j-plane singularities was performed many years ago
[14]. However, there is a controversy concerning the pos-
sibility of different contributions to functions g1(x), g2(x)
[15], so we shall repeat here the main consequences of such
an analysis.

The polarized structure functions g1(x,Q2) and
g2(x,Q2) define the antisymmetrical in the µ, ν part of
the amplitude of the virtual Compton scattering (see, e.g.,
[16,17]):

W (A)
µν (q;P, S) =

2mN

(P · q)εµνρσq
ρ

· [g1(x,Q2)Sσ + g2(x,Q2)Sσ
⊥

]
, (1)

where q is a 4-momentum photon, Q2 = −q2, P and S are
nucleon momentum and spin vectors, respectively, and

Sσ
⊥ = Sσ − (S · q)Pσ

(P · q) . (2)

The absorptive parts of the s-channel helicity ampli-
tudes Fλ

′
γ∗ λ

′
N

;λγ∗ λN
for forward γ∗N scattering can be

written in terms of the functions g1 and g2 as follows [14]:

1
2

(
F1± 1

2 ;1± 1
2

− F−1± 1
2 ;−1± 1

2

)
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Fig. 1. Pion-exchange diagrams contributing to
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Fig. 2. πρ interference diagram contributing to the g1

= ± 1
mN

(
g1(x,Q2) − 4m2

N

Q2 x2g2(x,Q2)
)
, (3)

F0∓ 1
2 ;±1± 1

2
=

√
2Q2

mNν

(
g1(x,Q2) + g2(x,Q2)

)
. (4)

The rules for the construction of helicity amplitudes with
definite t-channel quantum numbers are well known (see,
e.g., [14]). In the combination of (3) of s-channel helicity
amplitudes, only states with σP = −1 and G(−1)Iσ = −1
contribute asymptotically as x → 0 (here σ represents
the signature, P the parity, G the G parity and I the
isospin). These are the singularities (e.g., Regge poles) of
the so-called axial group. Among known Regge poles, the
Reggeons A1 (I = 1) and f1 (I = 0) belong to this group.

The amplitude (4) corresponds to the states in the t
channel, which do not have definite parity (for example
Regge cuts). The rightmost singularity of this type will
be a cut due to exchange of several Pomerons 2.

Let us note that Regge cuts should also obey quantum-
number selection rules. In particular, Regge cuts from the
exchange of any number of Pomerons in the t channel do
not contribute (in the leading order in 1/x) to the func-
tion g1. This is due to the fact that the signature of a
cut is equal to the product of signatures of exchanged
Reggeons [18], and is equal to +1 for any number of ex-
changed Pomerons. So the product G(−1)Iσ in this case
equals +1 and does not correspond to the amplitude that
we are interested in, g1. This result can be generalized to
the cuts that result from the exchange of any number of
Reggeons with quantum numbers σP = +1, G(−1)Iσ =
+1 (P, f, ω, ρ,A2, . . .) or σP = −1, G(−1)Iσ = +1
(π, η, . . .), as long as at least one of them has I = 1. For
any pair of such Reggeons, σ = σ1 × σ2, I = I1 + I2, G =
G1×G2, and G(−1)Iσ = G1(−1)I1σ1×G2(−1)I2σ2 = +1.

2 Numerically, this contribution is probably very small, for it
is necessary to have at least three Pomerons, and the contribu-
tion is proportional to small spin-flip couplings of the Pomeron.

The situation is different if both Reggeons have Ii = 1
and both add to the total isospin I = 1. In this case,
I = I1 + I2 − 1, and the product G(−1)Iσ = −1. So the
leading-cut contributions to the small-x behaviour of g1
are given by ρA2, ρπ (I = 1, G = −1). In the following, we
will estimate these contributions in a simple meson-cloud
model, and will show that these contributions (especially
the πρ one) can be important in the preasymptotic region
10−2 ≤ x ≤ 0.1.

Let us emphasize here that this classification of leading
j-plane singularities is valid in the leading (1/x) approx-
imation, and that contributions damped by an extra x
factor do not satisfy these selection rules. For example,
gluonic ladders can contribute to g1 with I = 0 at small
x. In the following we will consider only the leading con-
tributions for the I = 1 case.

3 The meson-cloud model

It has been known for a long time that π exchange plays
an important role in the dynamics of peripheral inelas-
tic interactions of hadrons (for review, see, for example,
[19]–[21]). In a series of papers [19,20,22,4,6] the model
with “effective” Reggeized pion exchange, which takes into
account a contribution of other exchanges (ρ,A2, etc.),
has been developed and applied to a broad class of ex-
clusive and inclusive processes in hadronic interactions. It
is demonstrated that the model reproduces many charac-
teristic features of these processes over a wide region of
energy. We mention here two qualitative effects which are
relevant to this subject.

It has been shown [22] that the model leads to the
nontrivial behaviour of spin-dependent residues for the
leading Regge poles: a small flip-nonflip ratio for I = 0
Reggeons (P, f), and a large one for I = 1 exchange (ρ
Reggeon), in agreement with experimental observations.
Note that the specific spin and isospin structure of the
bottom blob in Fig. 1, due to pion quantum numbers,
plays a crucial role in the description of the observed spin
structure. There is a strong cancellation between contri-
butions of the nucleon and ∆-isobar intermediate states
for particular amplitudes.

Another example is related to the flavour structure of
the nucleon quark sea mentioned in the introduction. It
was first noted by Sullivan [23] that π exchange can con-
tribute to deep inelastic scattering (DIS) (Fig. 1). In [4,6]
the effective pion-exchange model has been applied to the
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Fig. 3. Scattering of a virtual photon a on a pion cloud of a
nucleon and b on a “core” baryon

calculation of antiquark distributions in a nucleon, using
the distribution of q̄ in the pion. It was noted (see also [5])
that in this model, d̄ and ū distributions in a nucleon are
generally different. This difference is connected with the
relative contributions of the nucleon and ∆-isobar inter-
mediate states.

The distribution of antiquarks in the nucleon has a
simple probabilistic interpretation in this model; one can
use a convolution of the probability wπk/N to find a pion
πk in a nucleon N , and the probability q̄πk to find an
antiquark in the pion. Summing over all types of pions [4,
6], we have:

q̄N (x) =
∑

k

∫ 1

x

dxπ

xπ
wπk/N (xπ) q̄πk(x/xπ) . (5)

The probability wπk/N (xπ) is the sum of probabilities
w

(R)
k (xπ) of the production of a given state R = N,∆.

The latter can be expressed in terms of known πNN , πN∆
couplings and form factors GR

π (t), which determine pion
off-shell dependences:

w
(R)
k (xπ) =

xπ

16π2

∫ τR(xπ)

−∞
g2

πkNR(t)
(
GR

π (t)
)2

,

(R = N,∆) . (6)

Here τR is a minimal momentum transfer to the baryon
R,

τR(xπ) ≈ −m2
Rxπ

1 − xπ
+m2

Nxπ , (7)

and t is related to τR and the transverse momentum of
produced baryon k⊥:

t ≈ τR − k2
⊥

1 − xπ
. (8)

Besides corresponding coupling constants, the functions
gπkNR(t) contain traces over baryon indices also, provid-
ing extra t dependence of the bottom blob.

These formulas correspond to the simple pion-cloud
model; in this model, there is a cloud of pions in a fast-
moving nucleon, and a virtual photon interacts with an
antiquark (or quark) of the pion. In this formulation the
pion is an effective one and other exchanges are taken into
account by a proper choice of form factors GR(t). A for-
mulation of the meson-cloud model in terms of light-cone

pion wave functions (and other pseudoscalar and vector
mesons) in a nucleon 3 has been used by several authors
[24–28, 13, 29–31, 21] and has been applied to different as-
pects of DIS, including the “spin crisis” [13,31]. However,
the main attention is paid to a calculation of the function
g1(x,Q2) that results not from a meson cloud but from
a “core” baryon, because the diagrams (Fig. 1) do not
contribute to g1(x,Q2). It has been shown [13] that the
existence of the meson cloud leads to a substantional mod-
ification of the polarized-quark contributions in the region
x ∼ 1 (mainly due to renormalization of the nucleon wave
function), but the interaction with the core baryon (the
diagrams of Fig. 3b) does not influence the polarization of
antiquarks from the nucleon sea.

The experience of dealing with the pion exchange
model has shown that, if the pion exchange is not for-
bidden for a particular process, it dominates. The reason
for this is related to the smallness of the pionic mass, and
therefore to the close position of the corresponding pole to
the physical region of the process. Unfortunately, as was
shown in Sect. 2, the ππ exchange does not contribute
to the amplitude connected to the g1 structure function.
Here we would like to consider a new contribution of the
diagram of Fig. 2, one that contains πρ exchange in the
t channel and corresponds to an interference between π
and ρ exchanges4. According to the general classification
given in Sect. 2, such a state can contribute to the small-
x limit of function g1, with the total isospin I equaling 1
in the t channel. This means that its contributions to the
g1 of protons and neutrons have different signs. The new
element of this model is a strong polarization of a nucleon
sea and, in particular, of antiquarks of the nucleon. We
will show below that this polarization is strongly flavour
- dependent.

Let us note here that the model gives a nonpertur-
bative input for the initial conditions of QCD evolution.
Thus its predictions should be valid at values of Q2 ∼
1 GeV2; they will be modified by perturbative effects at
much larger Q2.

3 It is worth emphasizing at this point that, in contrast to
the light-cone approach, we do not consider the meson cloud
in terms of a relativistic wave function. This means that inter-
actions with the meson and the “bare” nucleon (or ∆ isobar)
in Figs. 3a,3b are not considered as interactions with the two
components of the physical nucleon. We treat these diagrams
as Reggeon exchanges, and the main preference of the pion
exchange is connected to the smallness of the pion mass and
therefore to the close position of the corresponding pole to the
physical region. The t-dependent residue of the Regge-pole am-
plitude can be interpreted as a form factor function describ-
ing off-shell behaviour of pionic amplitudes. In the relativis-
tic wave-function approach, mesonic couplings are described
in terms of x, p⊥ dependence of the wave function, and as a
result, one has exponential damping for xπ → 0, where pion-
exchange dominance is well justified and confirmed by experi-
ments.

4 Note that since our parameterization of the pion exchange
partly contains the A2 contribution, we effectively take into
account the A2 − ρ cut also.
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Fig. 4. The πρ-exchange diagram with a quark box

4 Description of the model

Let us consider the diagrams of Fig. 4 to estimate the
πρ-exchange contribution to the g1 structure function.

As we are interested in the imaginary part of the am-
plitude, the particles of interest in the intermediate state
are on the mass shell. In order to get the partonic in-
terpretation for the contribution of these diagrams, it is
convenient to use the light-cone variables for momenta in
the top part of the diagram, and to choose a Lorentz frame
with a zero “plus component” of the photon momentum,
q+ ≡ q0 + qz = 0. This choice allows us to avoid non-
partonic contributions [32]. In the Lorentz frame, where
the proton is moving along the z axis, one has the simple
kinematic relations

S+
⊥ = 0 , 2(P · q) = P+q− ,

and the tensor Wµν from (1) is determined at µ = x and
ν = y only by the g1 structure function:

W (A)
xy = 4g1(x,Q2) , (for q+ = 0) . (9)

A standard consideration of the upper blob (see, e.g.,
[17]) reduces the answer, after antisymmetrization in the
photon polarization indices µ, ν to the calculation of the
matrix element for the axial current component A+ =
γ5γ+ between pion and ρ meson states. The off-shell part
of the quark propagator (the ’instantaneous’ component
[32]) is proportional to γ+ = γ0 + γ3 and, since γ2

+ = 0,
it is possible for the ’plus’-component of the current to
consider the struck quark as being on the mass shell as
it is supposed in the partonic picture. This prescription
corresponds to the light-front formalism [32].

Since the axial curent A+ measures the helicity of the
(on-shell) quark or antiquark:

ūp,λγ
+γ5up,λ = −v̄p,λγ

+γ5vp,λ = 4λp+ , (10)

the result is expressed through the difference of contribu-
tions for quarks of opposite helicities, i.e., doubled con-
tribution to the πρ-interference term from the quark with
positive helicity, as is shown schematically in Fig. 5.

For the whole diagram, one gets the well-known rela-
tions

g1(x) =
1
2

∑
q

e2
q∆qN (x) ,

∆qN (x) = q+N (x) − q−
N (x) − q̄+N (x) + q̄−

N (x) , (11)

which connect the g1(x) structure function and the differ-
ence of the polarized-quark distributions ∆qN (x), and the

part of the difference due to πρ interference has a form
similar to (5) :

∆qN (x) =
∑

k

∫ 1

x

dxπ

xπ
wα

πρ(xπ)∆qα
πρ(x/xπ) . (12)

Here α is a Lorentz vector index of the exchanged ρ me-
son (we omit indices specifying charges of π, ρ mesons);
wα

πρ includes, in analogy with (6), the contribution Bα
πρ(t)

from the bottom (nucleon) blob of the diagram of Fig. 4
for positive helicity of the initial nucleon and meson form
factors GR

π,ρ(t) (propagators and off-shell factors):

wα
πρ(xπ) =

xπ

16π2

∑
R=N,∆

∫ τR(xπ)

−∞
Bα

πρ(t)G
R
π (t)GR

ρ (t) .

(13)
∆qα

πρ is a difference between polarized - quark contribu-
tions coming from the top (quark) blob.

Let us discuss now separately the main ingredients en-
tering (12) and (13).
(i) The quark blob, ∆qα

πρ

It is convenient to write down the part coming from the
upper blob in terms of internal quark variables of the me-
son state xq,q⊥, which are related to the variables x,p⊥
of the struck quark through the relations

xq = x/xπ , p1⊥ = xk⊥ + q⊥ . (14)

It will be assumed in the following that the nonpo-
larized quark distributions are the same for the π and ρ
mesons:

fq/π(xq,pqT) = fq/ρ(xq,pqT) = fq(xq,pqT) , (15)

with the normalization condition∫ 1

0
dxqd2q⊥fq(xq) = 1 . (16)

Then

∆qα
πρ(xq) = (NπNρ)−1/2

∫
d2q⊥fq(xq,pqT)Nα . (17)

Here Nπ, Nρ are normalization functions, and the function
Nα contains a spin-dependent contribution corresponding
to the nondiagonal πρ and ρπ transition,

Nα = Nα
πρ +Nα

ρπ , (18)

Nα
πρ = Tr

[
(p̂1 +mq)

1 − γ5ŝ1
2

Γ (π)(−p̂2 +mq)Γ (ρ)
α

]
,

(19)
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Fig. 5. Schematic reduction of the
g1 amplitude to the difference of
polarized-quark distributions

(s1 is a spin vector of the quark struck by the photon),
and similarly (with interchange of π and ρ vertices) for
Nα

ρπ.
It is important that p1 and p2 in the equation above are

on-mass-shell 4-momenta of the quarks, where p2
1 = p2

2 =
m2

q, and that the “minus” component of momentum is not
conserved in the meson–quark–quark vertices: p−

1 + p−
2 6=

k−. (These prescriptions have been accepted just at the
point where the relations (10) have been used.) As a result,
the following kinematic relation is valid:

(p1 + p2)2 = M2
0 =

p2
qT +m2

q

x(1 − x)
, (20)

where M0 is a standard variable in the light-cone formal-
ism.

The spin structure of the meson–quark vertices has
been chosen as

Γ (π) = γ5 , Γ (ρ)
α = γα . (21)

The normalization functions Nπ, Nρ can be obtained, e.g.,
by consideration of the diagonal electromagnetic form fac-
tors at zero-momentum transfer. This gives us

Nπ = Tr [(p̂1 +mq)γ5(−p̂2 +mq)γ5] , (22)

Nρ = 1
3Tr [(p̂1 +mq)γα(−p̂2 +mq)γα] , (23)

for the diagonal ππ and ρρ transitions, respectively. The
quark mass mq was taken as mq = 0.3 GeV for calcula-
tions. We pointed out above that we estimate the large -
distance contribution of the meson cloud to the function
g1, so the mass of the quark in our model should be con-
sidered as a constituent quark mass, and we take for it the
value mq = 0.3 GeV.

To show the important role of the choice of the distri-
bution fq(xq), we have tried two extreme cases: a simple
wave-function description which assumes quark–antiquark
content of the pion [33], and the Glück–Reya–Stratmann
parameterization [34], which has a singularity at x = 0.
The parameterizations used for calculations are listed in
the appendix.
(ii) The nucleon blob, Bα

The bottom blob with R = N,∆ in the intermediate
state contains the nucleon traces

Bα =
∑
R

(B(R)α
πρ +B(R)α

ρπ ) , (24)

where

B(N)α
πρ = Tr

[
(P̂ +mN )

1 + Ŝγ5

2
ΓπNN

D(N)(P −K)Γα
ρNN

]
(25)

B(∆)ατ
πρ = Tr

[
(P̂ +mN )

1 + Ŝγ5

2
Γ τ

πN∆

D(∆)
τσ (P −K)Γασ

ρNN

]
(26)

The structure of the vertices ΓπNR and ΓρNR and propa-
gators D(R) is given in the appendix.

Let us note that for unpolarized quark sea, the con-
tributions to the bottom blob due to the nucleon and ∆
isobar in the intermediate state are comparable in magni-
tude. The particular values of coupling constants lead to
larger values for the nucleon contribution, and as a result,
the flavour asymmetry of the antiquark sea of the proton
in favour of d̄ antiquarks. It can be shown that for the
polarized quarks, the contribution of ∆ isobar is strongly
suppressed due to the spin structure of the vertices. More-
over, due to C-parity limitations only exchanges of
charged π, ρ mesons are allowed. The result is a much
more drastic flavour asymmetry for the polarized-quark
sea than that for the unpolarized one.
(iii) The form factors, GR

π,ρ(t)
We have used the same π-meson form factor GR

π (t) as
that in [4,6] which allows us to give a consistent descrip-
tion of nucleon and∆ inclusive spectra, data on Drell–Yan
process, and some other inclusive and exclusive processes
in the framework of the pion exchange model. The infor-
mation about the function GR

ρ , which describes the off-
shell behaviour of the ρ-meson propagator, is much more
limited5. We used the simple exponential damping. The
formulas for the form factors are given in the appendix.

5 Comparison with experiments

The model formulated above allows us to calculate sea-
quark polarization to the nucleon structure function g1
with I = 1. We have not tried to calculate a nonpertur-
bative contribution to the function g1 with I = 0 (for
the calculation of ρ − ρ exchange for this function, see
[35]). Experimental data show that at small x ∼ 10−2,
the amplitude with I = 1 in the t channel gives the main
contribution. In the following we will compare our results
with the g1 of the neutron, because in this case a contri-
bution of the valence quarks is small, and contribution of
the sea can be more easily separated than that of the pro-
ton case. The results for the gp

1 are just opposite in sign

5 We have not used the Reggeized version for the off-shell
behaviour of the ρ exchange, as it is difficult to find one which
would be valid for nonsmall values of xρ also.
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Fig. 6. Description of experimental data of the E154 Col-
laboration [11] on gn

1 , with fq(x) from the relativistic wave-
function model [33] for two form-factor parameter values:
R2 = 0.7 GeV2 (solid) and R2 = 1.0 GeV2 (dashed)

because I = 1 in the considered contribution. Note that
gluons (in particular, the gluon anomaly [17]) do not con-
tribute to this isospin combination. These contributions
can be important for the I = 0 amplitude.

Our model depends on several parameters, which are
not well known (e.g., the gρNN coupling constant), and
on assumptions listed above. So we do not aim for de-
tailed descriptions of the I=1 sea component of the struc-
ture function g1, but rather for a qualitative effect, and to
demonstrate that this effect is of the right order of mag-
nitude.

In Fig. 6, the contribution of the simplest diagrams
of Fig. 2 with only the qq̄ component of the pion (ρ-
meson) wave function is shown. The function g1 decreases
for x < 5 · 10−2 due to a fast decrease of the wvae func-
tions as xq → 0. It is known, however, that the valence-
quark distributions in the pion are substantially different
(especially in the region of small xq) from the behaviour
corresponding to the simplest qq̄ wave function. For a dis-
tribution of valence quarks given by the GRS model [34],
we obtain theoretical curves, shown in Fig. 7, which are
in a good agreement with experimental data. Thus the
model gives a reasonable estimate for both the size and the
form of the sea-quark polarization in the nucleon. A word
of caution concerning the above estimate of the valence
quarks in the pion: The small-x behaviour of the valence
quarks of the pion in the GRS model ∼ 1/xγ with γ ≈ 0.5
is , strictly speaking, true only for a “diagonal” transi-
tion with quantum numbers of A2, f in the t channel. In
our case, we should know the behaviour of the analogous
quantity with axial quantum numbers in the t channel. In
the model in [36], where corresponding Reggeons are gen-

Fig. 7. Description of data [11] on gn
1 with fq(x) from the

GRS parametrization [34]. The solid curve corresponds to R2 =
0.7 GeV2, and the dashed one to R2 = 1.0 GeV2

.

.

.

g
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Fig. 8. Gluon ladder for γ∗π → γ∗ρ transition

erated due to gluon emissions in the box diagram (Fig. 8),
it is possible to show that a difference between vector and
axial-vector contributions appears only at three-loop level
(the emission of two gluons in the s channel of Fig. 8). So
this difference should be important in the upper blob only
at small xq < xcr

q ≈ 0.1. This means that our estimate
with the GRV structure function of the pion can be valid
up to x ∼ x̄πx

cr
q ∼ 0.01. At smaller values of x, we expect

a gradual transition to the behaviour corresponding to the
A1 Regge exchange.

We would like to emphasize that due to the smallness
of the diagram with the ∆ intermediate state of Fig. 2,
only the d̄ quarks of the proton (ū quarks of the neutron)
are polarized. The following relations for polarized-quark
distributions in the proton and the neutron are valid in the
model (here we separate quark and antiquark polarized
distributions, unlike in (11)):

∆up
sea(x) = ∆dn

sea(x) = ∆d̄p(x) = ∆ūn(x)
≈ 6gp

1(x) = −6gn
1 (x) , (27)

∆dp
sea(x) = ∆un

sea(x) = ∆ūp(x) = ∆d̄n(x) ≈ 0 . (28)

Thus the model predicts an even higher flavour asymme-
try for polarized antiquarks than for unpolarized distribu-
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tions. Present estimates of polarization for antiquarks do
not contradict the limits on this quantity established from
a study of semi-inclusive DIS [37], especially taking into
account that the hypothesis of flavour symmetry for light
quarks (antiquarks) of the sea has been used in the anal-
ysis of experimental data. In principle, different flavour
contributions to the polarized-quark sea can be separated,
and model predictions tested, if accuracy of experimental
data will be improved.

The most straightforward test of our model would be a
measurement of the polarization asymmetries in DIS with
simultaneous registration of a nucleon or ∆ in the final
state. For ∆ production, sea polarization should be small
or absent compared to the case of neutron production off
a proton (or a proton from a neutron target).

Let us comment on the relevance of these results for
the Bjorken [38] and Ellis–Jaffe [39] sum rules. It is clear
from experimental results [10] that the region of x < 0.1,
where sea quarks are important, gives a substantial con-
tribution (∼ 30%) to the Bjorken sum rule. This means
that the sea-quark component of a nucleon should be im-
portant in the dynamical calculation of the axial coupling
constant gA. So all calculations of the axial couplings of
baryons [31] should be reconsidered with an account of
this mechanism. Another important problem for the test
of the Bjorken sum rule is the evaluation of the integral of
the difference gp

1(x) − gn
1 (x) in the unmeasured region of

very small x [10]. The simplest power-law extrapolation
of existing data gives a large contribution to the integral
[10]. Our investigation indicates that a steep increase of
the sea component with I = 1 in the structure function
g1(x) should change at x ∼ 10−2 to a slower increase (or
constant behaviour) as x decreases. In this case, the un-
measured small-x region contributes only 0.02/0.03 to the
integral.

It is known [13,31] that the inclusion of a meson cloud
in the nucleon wave function leads to better agreement
with the Ellis–Jaffe sum rule. However, it is difficult to
obtain a good description of experimental data on gp

1 , gn
1

and to solve completely the problem of spin crisis. We
hope that this situation will improve with the account of
interference diagrams considered here. An interference of
K and K∗ exchanges will lead to some polarization of s
and s̄ quarks, which can be relevant for this problem.

6 Conclusions

In this paper we proposed a new nonperturbative mech-
anism for polarization of sea quarks in a nucleon. The
mechanism leads to a strong flavour dependence of the
sea polarization. It can not be imitated by the diagrams
of perturbative QCD. An estimate of the πρ interference
mechanism carried out in this paper shows that it can ac-
count for the unusual behaviour of the structure function
gn
1 in the small-x region and is important for calculations

of the axial couplings of baryons.
Future experiments with polarized beam and target in

DIS and hadronic interactions will allow a critical test of
the proposed mechanism for the sea-quark polarization.
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Appendix

Here we give a description of the main components enter-
ing the model – quark distributions used for calculations,
baryon vertices and propagators, and form factors.

A. Quark distributions in mesons

In order to illustrate the effect of the choice of differ-
ent parametrizations, we used two types of distributions.
The first one supposes that mesons contain only a va-
lence quark and antiquark. This two-particle distribution
is parametrized in terms of the light-cone wave function
[33]:

fq(xq,pqT ) = |ψ(xq,pqT )|2 , (A.1)
where

ψ(xq,pqT ) =

√
M0

2xq(1 − xq)
φ(p) , (A.2)

with

M2
0 =

m2
q + p2

qT

xq(1 − xq)
, (A.3)

p =
√

p2
qT + p2

z , pz = M0(xq − 1/2) . (A.4)

The function ψ(x,pT ) is normalized as

1
16π3

∫
dx

∫
d2pT |Ψ(x,pT )|2 = 1 , (A.5)

which corresponds to the standard normalization of the
function φ(p):

1
(2π)3

∫
d3p |φ(p)|2 = 1 . (A.6)

We use a simple oscillator-type parametrization for the
wave function φ(p) [33]:

φ(p) = π−3/4β−3/2(2π)3/2 exp(−p2/2β2) (A.7)

with β = 0.32. The second type of distribution, written
under an assumption of the multiparticle content of a me-
son, was taken from the paper by Glück, Reya and Strat-
mann [34]:

fq(xq,pqT ) = 0.471x−0.501
q (1 − xq)0.367(1 + 0.632

√
xq)

λ

π

× exp(−λp2
qT ) , (A.8)

where the value of λ does not affect the final result, and
was chosen to be equal to 1.
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B. Baryon vertices

The baryon vertices were taken in the form

ΓπNN = gπNNγ5 , (B.1)

Γα
ρNN = g

(0)
ρNNγα +

g
(1)
ρNN

2mN
σαβkβ , (B.2)

Γ τ
πN∆ = gπN∆pNτ , (B.3)

Γατ
ρN∆ = gρN∆γ5(k̂gατ − γαkτ ) , (B.4a)

Γατ
ρN∆ = gρN∆ε

ατδγPδp
γ
∆ , (B.4b)

where α and τ are Lorentz indices of ρ and ∆, respec-
tively. The form of the first three vertices is unambiguious;
for the fourth one, we tried both the structure (B.4a) used
in meson-exchange models [40], and the simplest structure
(B.4b), which is in agreement with experimental data on
the process πp → π∆ [41].

Only the second term in (B.2) contributes to the small-
x asymptotics of the g1(x). The intermediate state with
∆ isobar does not contribute to the asymptotics of the
g1(x) at all (for the both structures (B.4a), (B.4b)). This
fact results in important predictions on flavour structure
of the polarized-quark sea (see Sect. 5).

The following values of coupling constants were taken
[6,40]:

g2
π0pp/4π = 14.6 , (B.5)

g
(0)2
ρ0pp/4π = 0.84 , g

(1)
ρNN/g

(0)
ρNN = 6.1 , (B.6)

g2
π−p∆++/4π = 19 GeV−2 , (B.7)

g2
ρ−p∆++/4π = 34.7 GeV . (B.8)

C. Baryon propagators

Propagators of the nucleon and the ∆ isobar have stan-
dard forms for particles of spin 1/2 and 3/2:

DN (P ) = P̂ +mN , (C.1)

D∆(P ) = (P̂ +m∆)
[

2
3m2

∆

PαPτ − gατ +
1
3
γαγτ

+
1

3m∆
(γαPτ − γτPα)

]
. (C.2)

D. Form factors

The functions GR
π (t) were defined using the same param-

eterization as in [6]:

GR
π (t) = exp

[(
R2

1R + α′ ln 1/xπ

)
(t− µ2)

] ×

×



πα′/(2 sin[πα′

π(t− µ2)/2]) , |t| ≤ |TR|
exp[R2

2R(t− TR)]πα′
π

/2 sin[πα′
π(TR − µ2)/2]) , |t| > |TR|

(D.1)

with parameter values

R2
1N = 0.3 GeV−2, R2

2N = 2.0 GeV−2,

TN = −0.4 GeV2, (D.2)

R2
1∆ = 0.2 GeV−2, R2

2∆ = 0.74 GeV−2,

T∆ = −0.7 GeV2. (D.3)

The values of the parameters provide continuity of the
derivative of function at t = TR. In fact, as was mentioned,
the contribution of the ∆ isobar is negligible, and only the
nucleon intermediate state contributes to the g1 structure
function.

The function GN
ρ (t) was taken as a simple form con-

sistent with meson-exchange models,

GN
ρ (t) =

eR2(t−m2
ρ)

t−m2
ρ

, (D.4)

and the results of calculations with R2 = 0.7 GeV−2 and
R2 = 1.0 GeV−2 were shown as an illustration.
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