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Abstract

A whole class of non-perturbative QCD studies (e.g.
the instanton models, chiral quark models, etc.) in-
dicates that the effective degrees of freedom for the
physics in the low Q2 . 1GeV 2 region could be
the constituent quarks(CQs) and internal Goldstone
bosons (IGBs). This leads to a nucleon structure with
the spin being carried by three constituent quark sys-
tems, each composed of a massive compact CQ sur-
rounded by a qq̄ sea perturbatively generated by the
valence quark’s IGB emissions. Such a CQ-system
has a total angular momentum of 1/2 and a small
anomalous magnetic moment, built up from a quark-
spin polarization and a significant orbital motion in
the quark sea. The distinctive phenomenological sig-
nal for such a non-perturbative structure is that the
polarization of the sea-quarks differs from that of the
antiquarks: (∆q)sea 6= ∆q̄ : the sea-quarks are po-
larized negatively, (∆q)sea < 0, while the antiquarks
are not polarized, ∆q̄ = 0. This picture also suggests
a negligibly small gluon polarization, ∆G ≃ 0. All
such features can be tested by experiments in the
near future.

1 Introduction

The QCD gauge coupling is not small for the dis-
tance and energy scales involved in the structural
study of hadrons composed of light u, d, and s quarks.
Thus questions such as “what carries the proton
spin?” will necessarily involve an understanding of

∗Plenary talk presented by T.P. Cheng at SPIN-98,
Protvino, Russia, Sept. 8-12, 1998.

non-perturbative QCD. Even if we were able to an-
swer this spin question in term of percentages of the
proton spin being carried by its component quarks
and gluons, to explicate the mechanism that built up
the final spin from these fundamental QCD degrees
of freedom (DOF) is still a daunting task. For this
we may ultimately rely on such approaches as lattice
QCD calculations. But instead of such a head-on
attack (and in order to have a simple physical under-
standing), it may well be useful to adopt a two-stage
approach using an effective DOF description of the
non-perturbative phenomena.

1.1 The two-stage approach

At the first stage, one tries to find the effective de-
grees of freedom for the strong interactions in this
low Q2 regime, in terms of which the physics descrip-
tion will be simple, intuitive, and phenomenologically
correct. At the second stage, one then looks for the
relation of these non-perturbative effective DOF and
the QCD quarks and gluons.
An example of the non-perturbative DOF is the

constituent quark of the non-relativistic quark model.
The constituent quarks U, D, and S carry the same
quantum numbers as the QCD Lagrangian quarks
u, d, and s, but they have much greater mass val-
ues. It is well-known that the non-relativistic quark
model correctly describes most of the static hadronic
properties. The spectroscopy and baryon magnetic
moments are well fitted1 with CQ masses:

MU ≃ MD ≡ MU,D ≃ 350MeV, MS ≃ 500MeV

1For a recent pedigogical review, see [1].
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which are to be compared to the Lagrangian quark
mass values (at 1GeV ) of

mu,d ≡
mu +md

2
≃ 6MeV, ms ≃ 150MeV.

Presumably the extra mass of the CQ results from
some non-perturbative QCD interaction. Thus, at
the second stage, one needs to work out the details
showing how QCD can endow the light quarks with
a sizable mass — yet retaining their simple Dirac
magnetic moment structure, µQ = qQ/2MQ. Later
on we shall discuss examples of models (such as the
chiral quark model and the instanton model) that can
account for such entities.
The advantage of separating the non-perturbative

study into two stages is that the effective DOF of
the first stage provide us with a simple common lan-
guage, which can facilitate, and stimulate, communi-
cations among different groups investigating the nu-
cleon structure problem, and which allows simpler
ways to generalize to more difficult non-perturbative
phenomena. Furthermore, alternative approaches
have many features in common at the first stage.
(What sets them apart are some of the details and
precise connection to the underlying QCD.) Thus this
two stage approach should also help us in making
comparisons of different theories.

1.2 The naive quark sea

The non-relativistic quark model is often referred to
as being the naive quark model (NQM). Relativistic
corrections have not been taken into account, and it
lacks a qq̄ quark sea, which is expected in any quan-
tum field theoretical description involving quarks.
The NQM gives a good description of the baryon

magnetic moment (i.e.minimally affected by the
quark sea). This led people to believe that the
NQM account of the quark contribution to the baryon
spin should also be reliable2. Thus the discrep-

2Quark contribution ∆q to the proton spin is the sum of
quark and antiquark polarizations, ∆q = ∆q + ∆q̄, while the

magnetic moment involves their difference ∆̃q = ∆q −∆q̄ —
because antiquark has the opposite electric charge. In NQM

there is no antiquark in the proton, hence ∆̃q = ∆q and the
magnetic moment result directly probes the quark spin contri-
butions ∆q.

ancy between the NQM prediction for the neutron
axial-vector constant gA = ∆u − ∆d = 5/3 and
the experimental value of 1.26 ≃ 5/4 has gener-
ally been attributed to a possibly large relativistic
correction[2, 3]. But such a reduction depends on
the details of the quark momentum distribution in-
side the nucleon.
Clearly one would identify the NQM quarks as

the valence quarks. Therefore, the recent study of
the hadron structure can be said to be primarily the
study of the quark sea. But, the conventional expec-
tation of the quark sea properties had been heavily
influenced by perturbative QCD reasoning: Namely,
the sea is pictured to result from the quark-pair pro-
duction by gluons.

• The sea is supposed to have the same amount
of ū and d̄, because gluon is flavor-independent,
and u and d quarks have similar masses.

• The gluon coupling is such that quarks and an-
tiquarks are expected to have the same polariza-
tion, (to the extend that masses can be ignored):

(∆q)sea = ∆q̄ or (∆q)sea −∆q̄ ≡
(
∆̃q

)
sea

≃ 0.

Since ∆̃q enters into the magnetic moment calcu-
lation, this possibility was thought to be helpful
to account for the absence of a quark sea effect
on the baryon moments.

• One part of the conventional expectation that is
non-perturbative in character is the suggestion
that OZI rule[4] should be applicable in general.
Namely, not only we expect a suppression of ss̄
in the vector channel (which explains, for exam-
ple, the ideal mixing observed among the vector
meson spectrum) but in other channels as well,
e.g. in the scalar and axial vector channels: thus
the suppression of the proton matrix elements of

〈p |s̄s| p〉 ≃
〈
p
∣∣s̄γµγ5s

∣∣ p
〉
≃ 0.

This has led to the anticipation of a small pion-
nucleon sigma term[5], and ∆s ≃ 0[6].

All such conventional expectations have been
called into question by experimental measurements.
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2 Experimental measurements

2.1 The proton spin structure

The interest in the proton spin problem has been
high, ever since the discovery in the late 1980’s by
the European Muon Collaboration[7] that the Ellis-
Jaffe sum rule[6] is violated by the experimental data
from polarized deep inelastic scattering. It implies
that the proton quark sea has a polarized strange
quark component, ∆s 6= 0. This is followed by more
polarized DIS experiments, SMC at CERN[8], E142-
3, E154-5 at SLAC[9], and HERME at DESY[10],
which generally support the original EMC findings.
Here we quote a typical set of phenomenological re-
sult as reported by SMC[11]:

(∆u)expt = 0.82± 0.02, (∆d)expt = −0.43± 0.02,

(∆s)expt = −0.10± 0.02, (∆Σ)expt = 0.29± 0.06,

(1)

all evaluated at Q2 = 5GeV 2. These results have
been obtained with the assumption of flavor-SU(3)
symmetry[6]. There are indications3 that SU(3)
breaking corrections might lower somewhat the mag-
nitude of ∆s. Here we note the main feature that
they deviate significantly from the NQM prediction:

(∆u)NQM =
4

3
, (∆d)NQM = −

1

3
,

(∆s)NQM = 0, (∆Σ)NQM = 1. (2)

This comparison naturally leads one to the possible
interpretation4 of Eqs.(1) and (2) as indicating a neg-
atively polarized quark sea. Namely, if we identify
the NQM values as the polarization of the valence
quarks, and the difference as due to the qq̄ quark sea:

(∆q)expt = (∆q)NQM + (∆q)sea with (∆q)sea < 0.

(3)

The quark sea is polarized in the direction opposite
to the proton spin.

3This is indicated both by models for SU(3) breaking[12]
and by more direct measurement by SMC[13].

4This interpretation implicitly assumes that the relativistic
correction is not the principal reduction factor of the NQM
values to the ones in (1). For example, this approach would
attribute the reduction (5/3 → 5/4) of gA mainly to the depo-
larization effect of the quark sea.

2.2 The proton flavor structure

The spin puzzle is part of nucleon structure prob-
lem and should not be treated in isolation. There is
by now a considerable amount of experimental data
having bearing on the flavor structure of the proton.

• The are more d̄ than ū in the proton: NMC[14]
first discovered that the Gottfried sum rule[15]
of l-N DIS was violated. This can be translated
into the statement about the difference of anti-
quark density as d̄ − ū = 0.147 ± 0.026. That
there are more d̄ than ū has also been confirmed
by comparing data from pp with pn Drell-Yan
processes, first by NA51 at CERN[16] and more
recently by Fermilab E866[17].

• The presence of ss̄ in the nucleon is not sup-
pressed by the basic mechanism that generates
the quark sea, even though it is reduced some-
what by the strange quark mass factor MS >
MU,D. This point is illustrated by the contrast-
ing phenomenological results of the pion-nucleon
sigma term σπN (which is the pion-nucleon
scattering amplitude at a particular kinematic
point[18]) and neutrino charm production[19].
An SU(3) analysis[5] of the σπN [20] (entirely
similar to the Ellis-Jaffe calculation[6] of the fla-
vor spin factors) suggests a surprisingly large
fraction of strange quarks (strange quark and
antiquark number divided by the sum of all
quark numbers) in the nucleon fs ≃ 0.18, which
is reduced to about 0.10 by SU(3) breaking
effects[21]. Neutrino charm production is also
sensitive to the presence of strange quarks in the
nucleon. However its phenomenological fits sug-
gest [22] a ratio of 2s̄/

(
ū+ d̄

)
≃ 0.5.

3 The chiral quark idea

Non-perturbative QCD has two prominent features:
confinement and dynamic breaking of chiral symme-
try. The key to understand both is the structure of
QCD vacuum. The most detailed theoretical model,
(i.e. covering most of the non-perturbative issues
in a self-consistent way), has been the instanton ap-
proach of Diakonov, et al.[23], or the related work by
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Shuryak, et al.[24] At a more phenomenological level,
there are also the various quark models based on
Nambu-Jona-Lasinio interaction[25]. All these mod-
els share the feature of having a “chiral quark” ef-
fective theory based on the interaction among con-
stituent quarks and some entities having the quan-
tum numbers of Goldstone bosons5. Since the basic
chiral quark idea is simpler to explain in the form
as first formulated by Manohar and Georgi[26], this
is the language we shall adopt in this presentation.
Later on we shall comment on the possible problems
of this version of the chiral quark model (χQM) and
its common features with the instanton approach.
The chiral quark idea is based on the possibility

that chiral symmetry breaking (χSB) takes place
at a distance scale much smaller than the confine-
ment radius: in terms of the energy scales, ΛχSB ≫
Λconf ≈ ΛQCD with ΛχSB ≃ 1GeV vs ΛQCD ≃
0.1 − 0.2GeV. As distance increases, the increased
QCD coupling strength g will be such that the non-
perturbative phenomenon of χSB is triggered around
Λ−1
χSB, way before the hadron exterior Λ−1

conf. In this in-
terior region, the QCD vacuum acquires a non-trivial
structure with a qq̄ condensate: 〈q̄ (x) q (x)〉0 6=
0, and pseudoscalar massless states, the Goldstone
bosons, come into being6. Thus in the hadron inte-
rior, but not so small a distance that perturbative
QCD is applicable, the effective degrees of freedom
are the CQs and internal GBs.

• Constituent quarks: They are just the ordinary
QCD quarks, but now propagating in the non-
trivial QCD vacuum having qq̄ condensate. The
quarks pick up an extra mass through the inter-
action with the condensate:

MQ = mq +
f

Λ2
χSB

〈q̄q〉0 + ... (4)

If for example MQ|mq=0
= f 〈q̄q〉0 /Λ

2
χSB + .. ≃

350MeV we can reproduce CQ masses MU,D

5In the instanton models, there are actually no free propa-
gating 0− states at all, they are just short-hands for qq̄ loop
effects: q̄q pairs “propagate” by leaping among states associ-
ated with instantons.

6For a textbook review of the strong interaction chiral sym-
metry, see, for example, [28].

and MS in the ranges of 350 and 500MeV , re-
spectively. This mechanism of mass generation
is very similar to that of the electroweak symme-
try breaking, where the non-trivial vacuum cor-
responds to the presence the Higgs condensate
and the generation of the (Lagrangian) masses
for leptons and quarks. The fermions gaining
masses through such a mechanism are compact
objects having a size on the order of symmetry
breaking scale. That the constituent quarks are
compact (because of a small Λ−1

χSB ≪ Λ−1
conf) is

supported by the absence of any observed ex-
cited quark states[27]. This also implies that a
CQ does not have an anomalous moment.

• Internal Goldstone bosons: One of the direct
consequence of spontaneous chiral symmetry
breaking is that there will be massless pseu-
doscalar states. When propagating outside the
confinement radius, they are the familiar light
pseudoscalar octet mesons, π, K, and η. Here we
are discussing Goldstone bosons in the hadron
interior. To emphasize that they may well have
different propagation properties, e.g. different
effective masses (also see footnote 5), we call
them the internal Goldstone bosons (IGB)

What about the gluons? Of course, it is the
QCD gluonic interaction that brings about the non-
perturbative phenomena of chiral symmetry break-
ing and the generation of massless pseudoscalar
bound qq̄ Goldstone bosons. In the Q2 . 1GeV 2

range, besides such “non-perturbative gluons”, no
perturbative gluons are expected to be an im-
portant factor. [For further comment on gluonic
contribution, see Sec.5.3] Namely, after χSB has
taken place, the interaction should be dominated
by that among the CQs and IGBs. This rema-
nent interaction is expected to be much weaker
than the original QCD quark gluon interaction.
Schematically, we can think of this in terms of
the Hamiltonian being HQCD = Hmassless q,g +
Vint at the short distances, while at distance scale
longer than Λ−1

χSB, one has the effective Hamilto-
nian Heffective = Hmassless GB, massive Q + v′int with
v′int ≪ Vint. Otherwise the non-perturbative interac-
tion among the quarks and IGB would be such as to
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completely obscure these particle identities. Because
the quarks are so heavy in this regime, we expect the
probability for processes producing the sea qq̄ pairs
to be small, making the reaction effectively pertur-
bative. [This is also a posteriori justified in χQM
calculations.]
In short, while the fundamental QCD interaction,

in terms of quarks and gluons, is non-perturbative
in the low energies, after separating out the non-
perturbative effects of χSB, the remanent interaction
(in terms of IGB and massive CQs) is again pertur-
bative. In this way one can consider the following
simple (tree diagram) mechanism for the quark sea
generation through the perturbative emission of IGB
by a valence quark Q:

Q↑ −→ GB +Q′
↓ −→ Q+ Q̄′ +Q′

↓ (5)

The subscript arrow indicates the helicity of the
quark; no arrow means an unpolarized quark.
Whatever created by the quantum fluctuation, e.g.

all quarks other than the original valence quarks in
the NQM, is considered to be part of the sea. Thus
all three final-state quarks in (5) are taken to be com-
ponents of the quark sea.

3.1 Spin structure in the χQM

The axial γ5 coupling of IGB to the constituent quark
reduces, in the non-relativistic limit, to (~s/M) · ~p
where ~s and ~p are the spin and momentum op-
erators, respectively. The one-pseudoscalar-meson-
exchange between CQs has the same spin dependent
(~si/Mi) · (~sj/Mj) structure as that due to the one-
gluon-exchange[29] — except that the overall color
factor is replaced by some flavor coefficients. Thus
all the successful account of the spin dependent fea-
tures in the baryon spectrum by the gluonic exchange
mechanism (e.g. the mass differences between ∆ and
N, between Σ and Λ etc.) can be taken over by the
IGB exchange description. In fact, as shown by Gloz-
man and Riska[30], the IGB scenario leads to a better
spectroscopy: certain features on the level orderings
in the higher mass strange baryon states can now be
explained. Moreover, the mystery of why there is
not a significant spin-orbit contribution can also be
accounted for by this IGB exchange mechanism.

This same spin-dependence of the IGB-quark cou-
pling also implies that the GB vertex will flip the
helicity of the quark Q↑ → Q′

↓ in the emission

process (5). Furthermore, the final Q + Q̄′ quarks
in (5), being produced through the GB channel
must have their spins add up to a spin-zero system,

2−1/2
(
Q↑Q̄

′
↓ −Q↓Q̄

′
↑

)
.

• Antiquarks are not polarized [31] — Since the an-
tiquarks in the sea must all be produced through
such spin-zero mesons, the antiquarks in the
quark sea are not polarized, ∆q̄ = 0 — the prob-
ability for finding an spin-up antiquark equals to
that for an antiquark in the spin-down state.

• Quark sea is negatively polarized — Since both
Q and Q̄′ quarks are unpolarized, the polariza-
tion of the entire final state (the quark sea) must
be given by the Q′

↓ quark, which is opposite to
the initial quark helicity state. This naturally
leads to a negatively polarized sea, in qualita-
tive agreement with phenomenological observa-
tion, as expressed in Eq.(3) so that

∆Σ = ∆Σval +∆Σsea (6)

is less than one.

• Quark sea has a positive orbital angular mo-
mentum[32] — Angular momentum conserva-
tion in the reaction Q↑ → GB + Q′

↓ requires

that
[
GB, Q′

↓

]
be in the relative P-wave state,

〈lz〉 = +1, in order to compensate the Q↑ → Q′
↓

quark helicity flip δσ = −2,

1

2
∆Σsea + 〈Lz〉 = 0 (7)

• The proton spin is built up from quark spins and
orbital motion in the quark sea — Combining
Eqs.(6), (7) and ∆Σval = 1, we see that the pro-
ton spin sum (≡ 1) is composed of quark spin
and orbital angular momentum terms:

∆Σ + 2 〈Lz〉 = 1. (8)

Many authors have suggested the possibility of
proton spin receiving a significant contribution
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from the orbital angular momentum[33]. How-
ever, most of such schemes have 〈Lz〉 arising
from the valence quarks in higher orbital states
(so called configuration mixing). In contrast, the
present discussion concerns the orbital angular
momentum in the quark sea. To make this dis-
tinction clearer, it may be helpful to consider the
valence CQ and the sea it generates together as
a “constituent quark system”. What we suggest
here is that, even though the sea has a depolar-
ization effect, it is compensated by its positive
orbital motion — so that the whole CQ-system
remains to be a spin 1

2
entity. Proton’s three

CQ-systems themselves, however, remain in the
relative S-wave state, i.e. not in any significant
relative orbital motion.

3.2 Magnetic moments in the χQM

The quark sea will also contribute to the baryon
magnetic moment µB = µB

val +
(
µB
sea

)
. Because

(∆q)sea − ∆q̄ =
(
∆̃q

)
sea

6= 0, it is puzzling why

the NQM can yield a good account of the baryon
magnetic moments even when the sea is strongly po-
larized. The answer is that, because the spin polar-
ization and orbital angular momentum have opposite
signs, Eq.(7), their magnetic moment contributions
also tend to cancel [32]:

(
µB
sea

)
= µB

spin + µB
orb ≃ 0. (9)

This is indicated in a non-relativistic calculation.
While the non-relativistic approximation is useful in
giving us a simple intuitive physical picture, the rel-
ativistic field-theoretical loop calculation will auto-
matically include both the spin and orbital contribu-
tions. It yields an anomalous magnetic moment for
the constituent quark system. The claimed cancella-
tion in (9) simply means that the anomalous moment
due to the chiral field is particularly small. This is
indeed the case as shown in the explicit calculations
by Dicus et al.[34] and by Brekke[35].
Thus we see that even though the quark sea has

a strong depolarization effect, the constituent quark
system still has spin 1

2
with an approximate Dirac

moment. This explains the reason why NQM can

yield a good account of the baryon magnetic mo-
ments even though its spin content predictions has
been found to be incomplete.
The anomalous moment is small, but measurable.

It has been shown[35] that the NQM fit of the baryon
moments can be considerably improved by giving
quarks small anomalous moments and the fit sup-
plemented by exchange current contributions, which
arise naturally in the χQM.

3.3 Flavor structure in the χQM

Here we make the brief comment that the chiral quark
approach can naturally account for the observed pro-
ton flavor puzzles: d̄ ≫ ū and a significant s̄.

• In the χQM the valence u quark, through the
intermediate state of IGB, is more likely to pro-
duce d̄, and valence d tends to produce ū. While
u → π+d → ud̄d and u → K+s → us̄s are
allowed, the u → π−q5/3 or K−q5/3 → ū.... pro-
cesses cannot take place because there does not
exit a q5/3 quark having a 5/3 charge. This nat-
urally leads a proton quark sea having more d̄
than ū because there are two valence u quarks
and only one valence d. (This effect is diluted
somewhat by q → π0q, η0q which produce equal
amount of d̄ and ū.)

• While there is a tendency for u 9 ū... and
d 9 d̄... both valence u and d can produce s̄.
If one could ignore the effect of MS > MU,D,
there would be more strange than non-strange
antiquarks: s̄ > d̄, ū in the quark sea[36]. The
MS suppression effect is not expected to be
overwhelming because constituent mass differ-
ence is considerably smaller than current quark
mass differences, (MS/MU,D) ≪ (ms/mu,d) ,
and because of non-vanishing internal momen-
tum

〈
k2
〉
6= 0.

4 Chiral QM calculations

Bjorken[37] was the first to suggest that the chi-
ral quark idea may be relevant to a solution of the
proton flavor and spin puzzles. Eichten, Hinchliffe

6



and Quigg[38] carried out the non-relativistic quark
model calculation (as well as the chiral field calcu-
lations of the x and Q2 distributions). Cheng and
Li[36] have proposed to work with a χQM includ-
ing not only the octet GBs but also the singlet η′

meson, with a broken U(3) → SU(3)×U (1) symme-
try. In the leading N−1

c expansion (Nc is the num-
ber of colors), there are nine Goldstone bosons, but
the concomitant U(3) symmetry must be broken by
higher order N−1

c corrections (so as to account for
the presence of axial anomaly). This is implemented
by allowing for distinctive couplings f1 (6= f8) for the
singlet GB.

The phenomenology at the SU(3) symmetric level
suggests a negative ratio f1/f8[36]. Since the fit is
not very sensitive to precise value, we shall simply
fix it at f1 = −f8. In this way, there left only one pa-
rameter to adjust. This is the transition probability
a ∝ |f8|

2
for the emission process u → π+d and its

SU(3) equivalents. The model calculation results are
shown in the third columns of Tables 1 and 2. At the
next stage we can include the broken SU(3) effects
of MS > MU,D, or equivalently mK,η > mπ, by in-
troducing suppression factors for strange-quark con-
taining GB amplitudes [39, 40]. To see whether our
approach has the qualitatively correct phenomeno-
logical features, we will limit the number of extra
parameters to one by applying a common factor of[〈
k2
〉
+m2

GB

]−1
for each GB amplitude. The results

from the two parameter, a and
〈
k2
〉
, calculation[40]

are shown in the last columns of Tables 1 and 2. We
also recall that the same model can give a good ac-
count of the magnetic moment data as well as the
baryon spectroscopy.

These calculations have not included relativistic
corrections [3]. Relativistic reduction of the spin frac-
tions is likely to improve the agreement, but to in-
clude this one would need more parameters repre-
senting the internal momentum distributions.

At this stage the calculated densities are under-
stood to be averaged over all x. [See further dis-
cussion in the next Section.] Since this is non-
perturbative model calculation, the results are for
Q2 . 1GeV 2. But the comparison with the exper-
imental data measured at Q2 ≃ 5GeV 2 is still valid

because experimentally it is known that the Q2 vari-
ation is small in going from 1 to 5 GeV 2. Putting
it another way, if we had been calculating the dis-
tribution functions, they would be the “initial dis-
tributions” at Q2 ≈ 1GeV 2, from which the higher
Q2 distributions can be deduced by performing the
pQCD calculations.

SPIN pheno. values χQM
SU3 br’n SU3

∆u 0.82± 0.02 0.78 0.85
∆d −0.43± 0.02 −0.33 −0.40
∆s −0.10± 0.02 (↓?) −0.11 −0.07
∆Σ 0.29± 0.06 0.34 0.38

∆ū, ∆d̄ 0.01± 0.07 0 0
gA 1.257± 0.03 1.12 1.25
F/D 0.575± 0.016 2/3 0.57

Table 1. Comparison of χQM spin struc-

ture results with phenomenological values. The

third column corresponds to the SU(3) symmet-

ric result with a single parameter a = 0.12,
while the fourth column for the broken SU(3)

result with two parameters: a = 0.15 and〈
k2
〉
= 350MeV 2. The quark contributions

to the proton spin (∆q,∆q̄) are from an SU(3)

symmetric analysis by SMC[11, 13]. The ∆s
magnitude may be reduced when broken SU(3)

effect is taken into account (see footnote 3).

Hence the symbol (↓?) behind the stated value.

F/D is the ratio of SU(3) reduced matrix el-
ements for the axial currents.

FLAVOR pheno. values χQM
SU3 br’n SU3

d̄− ū 0.147± 0.026 0.15 0.15

σ
πN

: fs 0.18
ms→ 0.10 0.19 0.09

2s̄/
(
ū+ d̄

)
≃ 0.5 1.86 0.6

Table 2. Comparison of χQM flavor struc-

ture results with phenomenological values. Ex-

actly the same parameters have been used as

in Table 1. The ū − d̄ difference is from NMC

measurement which is supported by more re-

cent E866 data, although the central value is

somewhat lower. The strange quark fraction

fs is deduced from pion-nucleon sigma term

7



with both SU(3) symmetric and breaking val-

ues given, while the antiquark ratio in the last

row is from structure function fits based pri-

marily on the CCFR data on neutrino charm

production.

5 Discussion

These simple calculations seem to bolster the idea
that CQ and internal GB as effective DOF can yield
an adequate description of the principal features of
the proton’s spin/flavor structure. This provides
the supporting reason as why the simple constituent
quark model works. The massive but compact con-
stituent valence quarks are surrounded by a quark
sea, which is perturbatively generated by IGB emis-
sions.
The advantage of working with such effective DOF

description is that it is simple enough so that gen-
eralization to more complicated and difficult physi-
cal situations will be possible. Chiral quark model
has already been applied by Troshin and Tyurin to
hadron scattering, in particular in their attempt to
calculate the single spin asymmetries in pp and pp̄
collisions[41].
As we have already mentioned, this chiral ef-

fective description is shared by a number of non-
perturbative approaches: instanton[23, 24, 42], quark
model with NJL interaction[25], chiral bag model[43]
and skyrmion model[44]. Some of them, because fur-
ther approximation, (e.g. skyrmion model of baryon
being the large-Nc approximation of QCD), may lead
to a phenomenology somewhat different from that
discussed above. For example, the skyrmion model
has the prediction of ∆Σ = 0[45].

5.1 The instanton approach

As we have emphasized, the main feature in the chi-
ral quark approach is the dynamical chiral symme-
try breaking, leading to a non-trivial QCD vacuum
inside the hadron. Not surprisingly the most com-
plete model is the one that has the most worked-out
mechanism of chiral symmetry breaking. This is the
instanton approach.

Instantons are classical Euclidean solutions of
QCD[46]. Physically one may think of them as
patches of intense gluon field fluctuations in space-
time (because they are ∼ g−1) that arise from tun-
nelling among different classical QCD vacua[47]. At-
tempts to understand the hadron structure by as-
suming an instanton dominance in non-pQCD phe-
nomena were made at the earliest stage of instanton
research[48]. The recent study has been greatly stim-
ulated by the discovery, first through phenomenolog-
ical study of correlations[24], and then by variational
principle calculation[23], that large instanton effects
are suppressed. The infrared problem is now under
control.
Starting from the only dimensional parameter in

QCD, namely ΛQCD, the two basic characteristic
length scales of the instanton vacuum can be obtained
through variational calculation: the average distance
between neighboring instantons R̄ ≃ 1 fm, and their
averagemean square radius ρ̄ ≃ 0.35 fm. This in turn
allows one to deduce quantities such as MQ|mq=0

≃

350MeV and 〈q̄q〉0 ≃ − (250MeV )3 , etc. We re-
mark that these two scales

(
R̄, ρ̄

)
essentially replaced

the two scales of (Λconf,ΛχSB) in the simple χQM.
The study of the equation of motion for light

quarks propagating in the instanton field shows
the existence of fermionic “zero modes”, i.e.
quarks localized around instanton. A well defined
procedure[49] then leads one to conclude that there
are quark pair condensate in the ground state:
〈q̄q〉0 6= 0, hence, a spontaneously broken chiral sym-
metry. Furthermore, ’t Hooft has shown that (for the
three light flavor case) an effective six-quark interac-
tion, in the determinantal form, is induced,

HG = det
i,j

[q̄iRqjL + h.c.] (10)

where the flavor indices i, j = 1, 2, 3. Because this
term is symmetric under SUL(3) × SUR(3) but not
under UA (1) it will give a mass to the singlet would-
be-Goldstone boson, thus solving the axial UA (1)
problem[47].
Instanton-induced quark-interaction is qualita-

tively similar to that of the chiral quark. Forte,
Dorokhov, and Kochelev[50, 42] have pointed out
that just as the GB-quark coupling, the instanton
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induced quark interaction flips the quark chirality.
The ’t Hooft interaction (10) implies that an in-
stanton absorbs a left-handed quark of each fla-
vor and emits a right-handed quark of each flavor,
ūRuLd̄RdLs̄RsL. This provides a mechanism for pro-
duce a negatively polarized quark sea, and (in the
equal mass limit) a flavor structure of s̄ > d̄ > ū in
the proton.

5.2 Alternative approaches

If different theories yield similar effective DOF de-
scriptions, how do we differentiate them apart? We
can do so by the following considerations:
Theoretical consideration: We give two illustra-

tive examples: (i) The meson cloud model[51], at
one level, is very similar to the chiral quark model:
in both cases the pseudoscalar mesons play a cen-
tral role. In the cloud model, the IGBs of χQM
are replaced by the physical pseudoscalar mesons ex-
terior to the nucleon. The DIS processes proceed
through the Sullivan mechanism, i.e. the lepton
probe scatters off the meson cloud surrounding the
target nucleon[52]. The flavor asymmetry is thought
to result from the excess of π+ (hence d̄) compared
to π−, because p → π+ + n, but 9 π− + ... if the fi-
nal states are restricted to the nucleons. But, it still
has to be worked out why the long-distance feature of
the pion cloud surrounding the nucleon should have
such a pronounced effect on the DIS which should
probe the interior of the target. Also, such meson
cloud effect may well be reduced by emissions such
as p → π− +∆++, etc. (ii) The χQM as formulated
by Manohar and Georgi[26] appears to have two sets
of pseudoscalars: The GBs appearing in the effective
Lagrangian as independent DOF, as well as another
set of pseudoscalar bound Q̄Q states. On the other
hands, the chiral effective Lagrangian from the in-
stanton approach does not have an explicit kinetic
energy term for GBs: there is no propagating GB in
the instanton effective theory (see footnote 5).
Consideration of model details: Even though dif-

ferent theories can result in similar effective structure
at the quark model level, they may very well differ
when more detailed phenomenology is examined. (i)
An obvious example is that while several theories may

give the same densities, when averaged over all x as
discussed in Sec.4. Different theories have different
distributions. Thus the distribution from chiral effec-
tive theory having propagating GBs will be different
from theories such as instanton theory, where IGBs
are just short-hand for q̄q loop effects7. (ii) While the
singlet and octet coupling ratio f0/f8 in the χQM
calculations is an arbitrary parameter. The instan-
ton determinantal interaction suggests that it should
be negative[55] (an effect directly related to the sin-
glet meson gaining a mass even in the chiral limit).
This is in accord with the phenomenology as shown
in Sec.4.
Clearly much work need to be done in filling out the

details of the model predictions which should then be
checked by experimental measurement.

5.3 The gluonic contribution

The proton spin problem is often discussed in the
context of percentage of the spin being carried by
quark spin ∆Σ, gluon spin ∆G[56] and the orbital
angular momentum contributions:

1

2
∆Σ +∆G+ 〈Lz〉 =

1

2
. (11)

How is our χQM conclusion, valid for Q2 . 1GeV 2,
related to such an expression at the higher Q2 region?
As we have emphasized, the constituent quarks are
just the ordinary quarks propagating in the range of
Q2 . 1GeV 2. In the same manner, one would expect
the non-perturbative gluons of the low Q2 range to
be the starting point for ∆G to evolve to higher Q2

as prescribed by pQCD. The χQM suggests:

1

2
∆Σ+ 〈Lz〉 =

1

2
, ∆G = 0. (12)

About one-third of proton spin resides in the quark
constituents while about two-thirds in the orbital an-
gular momentum of the quark sea. There is no ∆G in
the low energy regime. Namely, the non-perturbative
gluons which bring about χSB and confinement are

7The instanton theory can apparently produce quark dis-
tributions in general agreement[53] with those extracted from
phenomenology[54].
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not polarized. Thus one would expect a negligibly
small ∆G even for the higher Q2 region. This is
consistent with the experimental observation of the
a very weak Q2-dependence in ∆Σ, which is deter-
mined by the ∆G

(
Q2

)
contribution via the axial

anomaly equation.

5.4 Concluding remarks

The nucleon spin/flavor structure, from the pQCD
perspective, has been thought as being puzzling. This
naturally suggests that the non-pQCD in the low en-
ergy Q2 . 1GeV 2 region as being the source for this
non-trivial structure. In this presentation we have
concentrated on the possibility of using the effec-
tive DOF of constituent quarks and internal Gold-
stone bosons for a simple description of the non-
perturbative phenomena. This gives the initial dis-
tributions which are to be evolved to the higher Q2

ranges through pQCD equations.
The chiral quark model is able to provide us with

an unified account for the main features of the ob-
served nucleon spin and flavor structure. The simple
picture is that nucleon is composed of three CQ sys-
tems which are the valence quarks being surrounded
by their quark sea. The sea is generated perturba-
tively through the IGB emissions. The u valence sys-
tem has a significant d̄ and s̄ components and the
d valence system has a significant ū and s̄, with the
would-be-large strange component being counterbal-
anced by mass suppression factor. The quark sea has
a strong negative spin polarization which is compen-
sated by a significant orbital motion so that each CQ
system has spin 1/2 and a small anomalous magnetic
moment. While its property of

(∆Σ)sea = −2 〈Lz〉 ≃ −2/3 (13)

is compatible with the known spin and magnetic
data, its distinctive phenomenological prediction of
no antiquark polarization, and a negligibly small glu-
onic polarization,

∆q̄ = 0, and ∆G ≃ 0 (14)

can be checked by future experimental measure-
ments, in particular the various spin programs at
HERA[57], RHIC[58], and COMPASS[59].
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