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Abstract. We review the theory and present status of the proton spin problem with emphasis on the
transition between current quarks and constituent quarks in QCD.
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1 Introduction

Polarised deep inelastic scattering experiments at CERN
[1–4], DESY [5] and SLAC [6–9] have revealed an appar-
ent two (or more) standard deviations violation of OZI
in the flavour-singlet axial charge g(0)

A which is extracted
from the first moment of g1 (the nucleon’s first spin de-
pendent structure function). This discovery has inspired
much theoretical and experimental effort to understand
the internal spin structure of the nucleon.

In this article we review the theory and present status
of the proton spin problem in QCD. We start with a simple
sum-rule for the spin of the proton (+1

2 ) in terms of the
angular momentum of its quark and gluonic constituents:

1
2

=
1
2
Σ + Lz +∆g. (1)

Here, 1
2Σ and ∆g are the quark and gluonic intrinsic spin

contributions to the nucleon’s spin and Lz is the orbital
contribution. One would like to understand the spin de-
composition, (1), both in terms of the fundamental QCD
quarks and gluons and also in terms of the constituent
quark quasi-particles of low-energy QCD.

In deep inelastic processes the internal structure of the
nucleon is described by the QCD parton model [10]. The
deep inelastic structure functions may be written as the
sum over the convolution of “soft” quark and gluon parton
distributions with “hard” photon-parton scattering coef-
ficients. The (target dependent) parton distributions de-
scribe a flux of quark and gluon partons carrying some
fraction x = p+parton/p+proton of the proton’s momentum
into the hard (target independent) photon-parton interac-
tion which is described by the hard scattering coefficients.

In low energy processes the nucleon behaves like a
colour neutral system of three massive constituent quark
a e-mail: Steven Bass@physik.tu-muenchen.de

quasi-particles interacting self consistently with a cloud
of virtual pions which is induced by spontaneous chiral
symmetry breaking [11–13].

One of the most challenging problems in particle
physics is to understand the transition between the fun-
damental QCD “current” quarks and gluons and the con-
stituent quarks of low-energy QCD. The fundamental
building blocks are the local QCD quark and gluon fields
together with the non-local structure [14] associated with
gluon topology [15].

The large mass of the constituent quarks is usually
understood in terms of dynamical chiral symmetry break-
ing and the interaction of the current quarks with a scalar
condensate (in the Nambu-Jona-Lasinio model [16,12,13])
or in terms of scalar confinement (in the Bag model [11]).

Through the axial anomaly in QCD [17,18,15], some
fraction of the spin of the nucleon and of the constituent
quark is carried by its quark and gluon partons and some
fraction is carried by gluon topology [19]. The topological
winding number is a global property of the theory; it is
independent of the local quark and gluon fields. When
we take the Fourier transform to momentum space any
topological contribution to the nucleon’s spin has support
only at x = 0. This means that whereas the nucleon’s
momentum is given by the sum of the momenta of the
partons ∑

partons

xi = 1 (2)

one has to be careful about writing equations such as

1
2

?=
(

1
2
Σ + Lz +∆g

)
partons

. (3)

Some fraction of the nucleon’s spin may reside at Bjorken
x = 0. This effect may be viewed as a deformation of
the QCD θ vacuum [14] inside a nucleon due to tunneling
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processes between vacuum states with different topologi-
cal winding number.

In semi-classical quark models the quark spin content
Σ is equal to the nucleon’s flavour singlet axial charge g(0)

A .
Relativistic quark-pion coupling models predict g(0)

A ' 0.6
with about 40% of the proton’s spin being carried by or-
bital angular momentum [20,21].

The value of g(0)
A which is extracted from polarised

deep inelastic scattering experiments is g(0)
A |pDIS ' 0.2

– 0.35 [1-9]; — significantly less than the semi-classical
prediction for g(0)

A .
In QCD the axial anomaly induces various gluonic

contributions to the flavour singlet axial charge g(0)
A . Ex-

planations of the small value of g(0)
A |pDIS have been pro-

posed based on the QCD parton model [22–24] and non-
perturbative chiral UA(1) dynamics [25-31]. One finds [22–
24,19]

g
(0)
A =

(∑
q

∆q − f αs
2π
∆g

)
partons

+ C (4)

where f (=3) is the number of light flavours liberated into
the final state. Here 1

2∆q and ∆g are the amount of spin
carried by quark and gluon partons in the polarised proton
and C measures the gluon-topological contribution to g(0)

A
[19].

The topological term C has support only at x = 0; it is
missed by polarised deep inelastic scattering experiments
which measure the combination g

(0)
A |pDIS = (g(0)

A − C). If
some fraction of the spin of the constituent quark is car-
ried by gluon topology in QCD, then the constituent quark
model predictions for g(0)

A are not necessarily in contradic-
tion with the small value of (g(0)

A −C) extracted from deep
inelastic scattering experiments. In Sect. 5 we explain a
simple dynamical mechanism for producing such an effect.

If there is no topological x = 0 term, then the small
value of g

(0)
A |pDIS would be consistent with the semi-

classical prediction for Σ if ∆g is both large and posi-
tive (∼ +1.5 at Q2 ' 1GeV2). If discovered in future
experiments such a large ∆g would pose a challenge for
constituent quark models which do not naturally include
such an effect.

In this article we review our present understanding
of the spin structure of the nucleon, both at the con-
stituent quark level and in QCD. We emphasise present
and future experiments which could help to unravel the
nucleon’s internal spin structure by separately measuring
the ∆qparton, ∆gparton and C contributions to g

(0)
A . The

structure of the paper is as follows. In Sect. 2 we give a
brief introduction to deep inelastic scattering and the po-
larised deep inelastic measurements of the nucleon’s axial
charges g(k)

A . In Sect. 3 we review the theoretical inter-
pretation of the axial charges g(k)

A and the OZI violation
observed in deep inelastic measurements of g(0)

A . The con-
nection between chiral symmetry and the spin structure
of the nucleon is emphasised in Sect. 3.4. Sects. 4-6 are

more technical. In Sect. 4 we review the axial anomaly in
QCD and its role in our understanding of the physics of
g

(0)
A . In Sect. 5 we discuss the relationship between gluon

topology and the spin structure of the nucleon. Sect. 6
gives an overview of the QCD parton model and its ap-
plication to polarised deep inelastic scattering. In Sect. 7
we discuss the shape of g1 and the x dependence of the
various contributions to the nucleon’s axial charges and∫ 1

0
dx g1(x,Q2). Finally, in Sect. 8, we summarise the in-

formation about the spin structure of the nucleon which
can be learnt in present and future experiments.

We refer to [32-38] for further reviews on the spin
structure of the nucleon in polarised deep inelastic scatter-
ing and to [39] for a review of polarised photoproduction
and the transition to polarised deep inelastic scattering.

2 The spin structure function g1

2.1 Polarised deep inelastic scattering

Our present knowledge about the spin structure of the
nucleon comes from polarised deep inelastic scattering ex-
periments. These experiments involve scattering a high-
energy charged lepton beam from a nucleon target at large
momentum transfer squared. One measures the inclusive
cross-section. The lepton beam (electrons at DESY and
SLAC and muons at CERN) is longitudinally polarised.
The nucleon target may be either longitudinally or trans-
versely polarised.

Consider polarised e− p scattering.
We work in one photon exchange approximation.

Whilst the electron photon vertex is described by per-
turbative QED, the internal QCD structure of the proton
means that the photon proton interaction is described in
terms of various structure functions (form-factors).

Let pµ,m and sµ denote the momentum, mass and spin
of the target proton and qµ denote the momentum of the
exchanged photon. Define Q2 = −q2 and ν = p.q. Deep
inelastic scattering involves working in the Bjorken limit:
Q2 and ν both → ∞ with the Bjorken variable x = Q2

2p.q

held fixed.
We specialise to the target rest frame and let E de-

note the energy of the incident electron which is scattered
through an angle θ to emerge in the final state with energy
E′. Let ↑↓ denote the longitudinal polarisation of the beam
and ⇑⇓ denote a longitudinally polarised proton target.
The unpolarised and polarised differential cross-sections
are: (

d2σ ↑⇑
dΩdE′

+
d2σ ↑⇓
dΩdE′

)
=

8α2(E
′
)2

mQ4

×
[
2 sin2 θ

2
F1(x,Q2) +

m2

ν
cos2 θ

2
F2(x,Q2)

]
(5)

and
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d2σ ↑⇑
dΩdE′

− d2σ ↑⇓
dΩdE′

)
=

4α2E
′

Q2Eν

×
[
(E + E

′
cos θ) g1(x,Q2)− 2xm g2(x,Q2)

]
. (6)

Here F1 and F2 denote the nucleon’s first and second spin
independent structure functions; g1 and g2 denote the first
and second spin dependent structure functions. The struc-
ture functions contain all of the target dependent informa-
tion in the deep inelastic process.

The unpolarised structure functions have been mea-
sured in experiments at CERN, DESY, FNAL and SLAC.
We refer to [40,41] for recent reviews of these data and
the interpretation of F1 and F2.

Polarised deep inelastic scattering experiments with
longitudinally polarised targets provide the cleanest probe
of g1. In a fixed target experiment the contribution of the
second spin structure function g2 to the differential cross
section, (6), is suppressed relative to the g1 contribution
by the kinematic factor m

E . In deep inelastic experiments
m
E is typically less than 0.03 and the g2 contribution to (6)
becomes lost among the experimental errors. The struc-
ture function g2 can be measured using a transversely po-
larised target. In this case the two spin structure functions
g1 and g2 contribute to the spin dependent part of the to-
tal cross section with equal weight:(

d2σ ↑⇒
dΩdE′

− d2σ ↑⇐
dΩdE′

)
=

4α2E
′2

Q2Eν

× sin θ
[
g1(x,Q2) +

2Em
ν

g2(x,Q2)
]
. (7)

The experimental programme in polarised deep inelas-
tic scattering has so far mainly focussed on measurements
of g1. The first measurements of g2 have recently been
reported by the SMC and SLAC E-143 and E-154 collab-
orations [42]. In this review we focus on the physics of g1.
We refer to Jaffe [43] for a theoretical review of g2.

2.2 The first moment of g1

When Q2 → ∞, the light-cone operator product expan-
sion relates the first moment of the structure function g1

to the scale-invariant axial charges of the target nucleon
by [44–47]∫ 1

0

dx gp1(x,Q2)=

(
1
12
g

(3)
A +

1
36
g

(8)
A

){
1+
∑
`≥1

cNS`α
`
s(Q)

}
+

1
9
g

(0)
A |inv

{
1+
∑
`≥1

cS`α
`
s(Q)

}
+O(

1
Q2

).

(8)

Here g(3)
A , g(8)

A and g
(0)
A |inv are the isotriplet, SU(3) octet

and scale-invariant flavour-singlet axial charges respec-
tively. The flavour non-singlet cNS` and singlet cS` coef-
ficients are calculable in `-loop perturbation theory and
have been calculated to O(α3

s) precision [47].

The first moment of g1 is constrained by low energy
weak interactions. For proton states |p, s〉 with momentum
pµ and spin sµ

2msµ g
(3)
A = 〈p, s|

(
ūγµγ5u− d̄γµγ5d

)
|p, s〉c

(9)
2msµ g

(8)
A = 〈p, s|

(
ūγµγ5u+ d̄γµγ5d− 2s̄γµγ5s

)
|p, s〉c

where the subscript c denotes the connected matrix ele-
ment. The isotriplet axial charge g(3)

A is measured inde-
pendently in neutron beta decays: g(3)

A = 1.267 ± 0.004
[48]. Modulo SUF(3) breaking [49], the flavour octet axial
charge g(8)

A is measured independently in hyperon beta de-
cays: g(8)

A = 0.58±0.03. The scale-invariant flavour-singlet
axial charge g(0)

A |inv is defined by [50]

2msµg
(0)
A |inv = 〈p, s| E(αs)JGIµ5 |p, s〉c (10)

where

JGIµ5 =
(
ūγµγ5u+ d̄γµγ5d+ s̄γµγ5s

)
GI

(11)

is the gauge-invariantly renormalised singlet axial-vector
operator and

E(αs) = exp
∫ αs

0

dα̃s γ(α̃s)/β(α̃s) (12)

is a renormalisation group factor which corrects for the
(two loop) non-zero anomalous dimension γ(αs) (= f

α2
s

π2 +
O(α3

s)) of JGIµ5 [51,15,46]. In (12) β(αs) is the QCD beta
function. We are free to choose the QCD coupling αs(µ)
at either a hard or a soft scale µ. The singlet axial charge
g

(0)
A |inv is independent of the renormalisation scale µ. It

may be measured independently in an elastic neutrino pro-
ton scattering experiment [52].

Polarised deep inelastic scattering experiments mea-
sure g1(x,Q2) between some small but finite value xmin

and an upper value xmax which is close to one. Deep in-
elastic measurements of g(3)

A and g(0)
A |inv involve a smooth

extrapolation of the g1 data to x = 0 which is motivated
either by Regge theory or by perturbative QCD. As we
decrease xmin → 0 we measure the first moment

Γ ≡ lim
xmin→0

∫ 1

xmin

dx g1(x,Q2). (13)

Polarised deep inelastic experiments cannot, even in prin-
ciple, measure at x = 0 with finite Q2. They miss any
possible δ(x) terms which might exist in g1 at large Q2.

Assuming no isotriplet δ(x) term in g1, polarised deep
inelastic scattering experiments at CERN [1–4], DESY [5]
and SLAC [8,9] have verified the Bjorken sum-rule [44]

IBj =
∫ 1

0

dx

(
gp1 − gn1

)

=
g

(3)
A

3

[
1− αs

π
− 3.58

(αs
π

)2

− 20.21
(αs
π

)3
]
(14)
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for the isovector part of g1 to 10% accuracy. They have
also revealed an apparent two standard deviations viola-
tion of OZI in the flavour singlet axial charge extracted
from polarised deep inelastic scattering:

g
(0)
A

∣∣∣
pDIS

= 0.2− 0.35. (15)

This number compares with g
(8)
A = 0.58 ± 0.03 from hy-

peron beta-decays [49].
The small x extrapolation of g1 data is presently the

largest source of experimental error on measurements of
the nucleon’s axial charges from deep inelastic scattering.

3 Interpretation of g(k)
A

The small value of g(0)
A |pDIS measured in polarised deep

inelastic scattering has inspired many theoretical ideas
about the spin structure of the nucleon. The original EMC
measurement [1] of g(0)

A |pDIS came as a surprise since, in
the pre-QCD parton model, g(0)

A is interpreted as the frac-
tion of the proton’s spin which is carried by the spin of
its quarks — and since the original EMC measurement
was consistent with zero! It is amusing to speculate how
QCD might have developed if that measurement had been
available and current at the time when Gell-Mann and col-
laborators discovered the Eightfold Way symmetry.

How should we interpret the axial charges g
(k)
A in

QCD?
Define

2msµ∆q = 〈p, s|
(
qγµγ5q

)
GI

|p, s〉c. (16)

The axial charges may be written

g
(3)
A = ∆u−∆d (17)

g
(8)
A = ∆u+∆d− 2∆s

g
(0)
A ≡ g(0)

A |inv/E(αs) = ∆u+∆d+∆s.

The non-singlet axial charges are scale invariant. The
flavour-singlet combination g

(0)
A = ∆u + ∆d + ∆s de-

pends on the renormalisation scale µ; it evolves with the
two loop anomalous dimension γ(αs). The scale depen-
dent g(0)

A (µ2) is frequently used in theoretical descriptions
of deep inelastic scattering where it is common to set
the renormalisation scale µ2 equal to the virtuality Q2 of
the hard photon, make a perturbative expansion of E(αs)
and then absorb E(αs) into the singlet Wilson coefficient{

1 +
∑
`≥1 cS`α

`
s(Q)

}
. While this is a legitimate theoreti-

cal procedure for describing the first moment of g1 at large
Q2 it is important to bear in mind that physical observ-
ables do not depend on the theorist’s choice of renormal-
isation scale. g(0)

A |inv is a physical observable whereas the
renormalisation-scale dependent g(0)

A (µ2) is not [53].

In the rest of this Section we discuss the interpretation
of the axial charges g(k)

A in constituent quark models (Sect.
3.1) and in QCD (Sects. 3.2 and 3.3). In Sect. 3.4 we
highlight the relation between chiral symmetry and the
spin structure of the nucleon.

3.1 Constituent quarks and g
(k)
A

In semi-classical quark models ∆q is interpreted as the
amount of spin carried by quarks and antiquarks of flavour
q, there is no E(αs) factor and Σ = g

(0)
A . Relativistic

quark-pion coupling models such as the Cloudy Bag [11]
which contain no explicit strange quark or gluon degrees
of freedom 1 predict g(0)

A = g
(8)
A . Whilst these models do

not explain the small value of g(0)
A |pDIS they do give a good

account of the flavour non-singlet axial charges g(3)
A and

g
(8)
A .

First, consider the static quark model. The simple
SU(6) proton wavefunction

|p ↑〉 =
1√
2
|u ↑ (ud)S=0〉+

1√
18
|u ↑ (ud)S=1〉

−1
3
|u ↓ (ud)S=1〉 −

1
3
|d ↑ (uu)S=1〉

+
√

2
3
|d ↓ (uu)S=1〉 (18)

yields g(3)
A = 5

3 and g
(8)
A = g

(0)
A = 1.

In relativistic quark models one has to take into ac-
count the four-component Dirac spinor ψ =

(
f
σ.r̂g

)
. The

lower component of the Dirac spinor is p-wave with intrin-
sic spin primarily pointing in the opposite direction to spin
of the nucleon. Relativistic effects renormalise the NRQM
axial charges by a factor (f2− 1

3g
2) with a net transfer of

angular momentum from intrinsic spin to orbital angular
momentum. In the MIT Bag (f2 − 1

3g
2) = 0.65 reducing

g
(3)
A from 5

3 to 1.09. Centre of mass motion then increases
the axial charges by about 20% bringing g(3)

A close to its
physical value 1.27 2.

The pion cloud of the nucleon also renormalises the
nucleon’s axial charges by shifting intrinsic spin into or-
bital angular momentum. Consider the Cloudy Bag Model
(CBM). Here, the Fock expansion of the nucleon in terms
of a bare MIT nucleon |N〉 and baryon-pion |Nπ〉 |∆π〉
Fock states converges rapidly. We may safely truncate the
Fock expansion at the one pion level. The CBM axial
charges are [20]:

g
(3)
A =

5
3
N
(

1− 8
9
PNπ −

4
9
P∆π +

8
15
PN∆π

)
(19)

g
(0)
A = N

(
1− 4

3
PNπ +

2
3
P∆π

)
.

1 The gluonic degrees of freedom are integrated out into the
confinement potential.

2 The renormalisation of g
(3)
A from 5

3
to ' 1.25 is also found

in light-cone binding models [54].



S.D. Bass: Constituent quarks and g1 21

Here, N takes into account the relativistic factor (f2 −
1
3g

2) and centre of mass motion in the Bag. The coeffi-
cients PNπ = 0.2 and P∆π = 0.1 denote the probabili-
ties to find the physical nucleon in the |Nπ〉 and |∆π〉
Fock states respectively and PN∆π = 0.3 is the interfer-
ence term. The bracketed pion cloud renormalisation fac-
tors in (19) are 0.94 for g(3)

A and 0.8 for g(0)
A . Through

the Goldberger-Treiman, the small pion cloud renormal-
isation of g(3)

A translates into a small pion cloud renor-
malisation of gπNN , which is necessary to treat the pion
cloud in low order perturbation theory [11]. With a 20%
centre of mass correction, the CBM predicts g(3)

A ' 1.25
and g

(0)
A = g

(8)
A ' 0.6. Similar numbers [21] are obtained

in the Nambu-Jona-Lasinio model.
Including kaon loops into the model generates a small

∆s ' −0.003 [55] in the Cloudy Bag Model and −0.006
[21] in the Nambu-Jona-Lasinio model. These values are
an order of magnitude smaller than the value of ∆s ex-
tracted from polarised deep inelastic scattering experi-
ments by combining (15) with g(8)

A : ∆s between -0.13 and
-0.07.

In QCD the axial anomaly induces various gluonic con-
tributions to g(0)

A . Since gluons are flavour singlet, it fol-
lows that, modulo flavour SU(3) breaking, explicit gluonic
contributions to ∆q will cancel in the isotriplet and SU(3)
octet axial charges g(3)

A and g
(8)
A .

3.2 The renormalisation group factor E(αs)

The first QCD effect that we consider is the renormal-
isation group factor E(αs). The scale dependent axial
charge g

(0)
A is related to the scale invariant g

(0)
A |inv by

g
(0)
A = g

(0)
A |inv/E(αs).

One popular idea [56,57] is that the physics of confine-
ment and dynamical symmetry breaking determines the
parton distributions at some low scale µ2

0 ∼ 0.3GeV2. Par-
ton distributions may be calculated at the scale µ2

0 using
one’s favourite quark model, evolved using perturbative
QCD to deep inelastic values of Q2 and then compared
with data. In this approach it is natural to associate the
quark model predictions of g(0)

A with g
(0)
A (µ2

0) instead of
the scale-invariant quantity g(0)

A |inv in QCD.
How big is E(αs) ?
The perturbative QCD expansion of E(αs) is

E(αs) = 1− 24f
33− 2f

αs
4π

+
1
2

(
αs
4π

)2
f

33− 2f

(
16f
3
− 472 + 72

102− 14f
3

33− 2f

)
+ O(α3

s) (20)

where f is the number of flavours. To O(α2
s) the perturba-

tive expansion (20) remains close to one – even for large
values of αs. If we take αs ∼ 0.6 as typical of the infra-red

3 then
E(αs) ' 1− 0.13− 0.03 = 0.84. (21)

Here -0.13 and -0.03 are the O(αs) and O(α2
s) corrections

respectively. Perturbative QCD evolution is insufficient to
reduce the flavour-singlet axial-charge from its naive value
0.6 to the value (15) extracted from polarised deep inelas-
tic scattering.

3.3 Gluons and g
(0)
A

In QCD the axial anomaly [17,18] induces various gluonic
contributions to g(0)

A . One finds [22–24,19]

g
(0)
A =

(∑
q

∆q − f αs
2π
∆g

)
partons

+ C (22)

where f (=3) is the number of light-quark flavours. Here
∆qparton and ∆gparton are interpreted as the amount
of spin carried by quark and gluon partons in the po-
larised nucleon and C measures any contribution to g

(0)
A

from gluon topology [19]. In leading order QCD evolu-
tion ∆gparton evolves as 1/αs so the product −αs2π∆gparton

scales at very large Q2 [23].
The three terms in (22) are separately measurable. We

now outline the physics associated with each of these three
contributions — a detailed discussion is given in Sects. 4-6
below.

The QCD parton model [10] describes g1 at finite x
(greater than zero). The polarised gluon contribution to
(22) is characterised by the contribution to the first mo-
ment of g1 from two-quark-jet events carrying large trans-
verse momentum squared k2

T ∼ Q2 [24] which are gen-
erated by photon-gluon fusion — see Sect. 6. The po-
larised quark contribution ∆qparton is associated with the
first moment of the measured g1 after these two-quark-jet
events are subtracted from the total data set.

The term C measures any topological contribution to
g

(0)
A and has support only at x = 0. Suppose that gluon

topology contributes an amount C to the flavour-singlet
axial charge g(0)

A . The flavour-singlet axial charge which
is extracted from a polarised deep inelastic experiment
is (g(0)

A − C). In contrast, elastic Z0 exchange processes
such as νp elastic scattering [60] and parity violation in
light atoms [61,62] measure the full g(0)

A [52]. One can,
in principle, measure the topology term C by comparing
the flavour-singlet axial charges which are extracted from
polarised deep inelastic and νp elastic scattering experi-
ments.

If some fraction of the spin of the constituent quark is
carried by gluon topology in QCD, then the constituent

3 The coupling αs(µ
2
0) ' 0.6 is the optimal model input

which is found in both the GRV [56] and Bag Model [58] fits to
deep inelastic structure function data. It is interesting to note
that this is the same coupling where Gribov [59] suggested that
perturbative QCD should give way to something approaching
a constituent-quark pion coupling model.
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quark model predictions for g(0)
A are not necessarily in con-

tradiction with the small value of (g(0)
A − C) which is ex-

tracted from deep inelastic scattering experiments. The
Ellis-Jaffe conjecture [45] (g(8)

A ' g(0)
A |inv) may hold in con-

stituent quark models and in QCD but fail if we consider
only the partonic (x > 0) contributions to the nucleon’s
axial-charges. 4

In the absence of the topological term (C = 0), the
small value of g(0)

A extracted from polarised deep inelas-
tic scattering would be consistent with the semi-classical
predictions for Σ if ∆gparton is both large and positive
(∼ +1.5 at Q2 ' 1GeV2). At the same time, such a large
∆gparton would pose a challenge for constituent quark
models, which do not naturally include such an effect. The
size of∆gparton is one of the key issues in QCD spin physics
at the present time — see Sect. 6.3.

3.4 Chiral symmetry and g
(k)
A

We have seen in Sects. 3.1-3.3 that the axial charges g(k)
A

measure the partonic spin structure of the nucleon. The
isotriplet Goldberger-Treiman relation [65]

2mg(3)
A = fπgπNN (23)

relates g(3)
A and therefore (∆u − ∆d) to the product of

the pion decay constant fπ and the pion-nucleon coupling
constant gπNN . This result is non-trivial. It means that
the spin structure of the nucleon measured in high-energy,
high Q2 polarised deep inelastic scattering is intimately
related to spontaneous chiral symmetry breaking and low-
energy pion physics.

Isosinglet extensions of the Goldberger-Treiman re-
lation are quite subtle because of the UA(1) problem
whereby gluonic degrees of freedom mix with the flavour-
singlet Goldstone state to increase the masses of the η and
η′ mesons [66]. If we work in the approximation mu = md,
then the η − η′ mass matrix becomes [67]

M2
η−η′=

 4
3m

2
K − 1

3m
2
π − 2

3

√
2(m2

K −m2
π)

− 2
3

√
2(m2

K −m2
π) 2

3m
2
K + 1

3m
2
π + χ(0)/Nc

.
(24)

Here we work in the (λ8, λ0) basis. The gluonic contribu-
tion to the mass of the flavour singlet state is χ(0)/Nc
where χ(0) is the topological susceptibility [67,68] and Nc
is the number of colours in QCD. We diagonalise the ma-
trix (24) to obtain the masses of the physical η and η′

mesons:

m2
η′,η = (m2

K + χ(0)/2Nc) (25)

±1
2

√
(2m2

K − 2m2
π − χ(0)/3Nc)2 +

8
9
χ(0)/N2

c .

4 Possible δ(x) terms in deep inelastic structure functions
have also been discussed within the context of Regge the-
ory where they are induced by Regge fixed poles with non-
polynomial residue [64].

If we turn off the gluon mixing term, then one finds
mη′ =

√
2m2

K −m2
π and mη = mπ. The best fit to the

η and η′ masses from the quadratic mass formula (25)
is mη = 499MeV and mη′ = 984MeV corresponding to
taking χ(0)/Nc = 0.73GeV2 and an η − η′ mixing angle
θ ' 18.2 degrees. The physical masses are mη = 547MeV
and mη′ = 958MeV. Several explanations of the UA(1)
problem and the dynamical origin of the χ(0)/Nc term
have been proposed based on instantons [69,70] and large
Nc arguments [68,71]. The axial anomaly is central to each
of these explanations.

Working in the chiral limit, Shore and Veneziano [26]
have used the low-energy UA(1) effective action of QCD
to derive the flavour-singlet Goldberger-Treiman relation

2mg(0)
A =

√
χ′(0)gφ0NN . (26)

Here φ0 is the flavour-singlet Goldstone boson which
would exist in a gedanken world where OZI is exact — for
example, taking Nc to infinity in (24,25) with χ(0) held
constant as a function of Nc [68]. The φ0 is a theoretical
object and not a physical state in the spectrum. χ′(0) is
the first derivative of the topological susceptibility. viz.

χ′(0)= lim
k2→0

d
dk2

(∫
dzeik.zi〈vac|TQ(z)Q(0)|vac〉

)
(27)

where Q(z) = αs
2πGµνG̃

µν(z) is the topological charge den-
sity. The value of g(0)

A which appears in the flavour-singlet
Goldberger-Treiman relation (26) includes any contribu-
tion from gluon topology at Bjorken x equal to zero.

The important feature of (26) is that g(0)
A factorises

into the product of the target dependent coupling gφ0NN

and the target independent susceptibility term
√
χ′(0).

The scale dependence of g(0)
A is carried by

√
χ′(0); the

coupling gφ0NN is scale independent. Motivated by this
observation, Narison, Shore and Veneziano [27] conjec-
tured that any OZI violation in g

(0)
A |inv might be carried

by the target independent factor
√
χ′(0) and that gφ0NN

might be free of significant OZI violation. In a different ap-
proach, Brodsky, Ellis and Karliner [72] have used a par-
ticular version of the Skyrme model to argue that gφ0NN

might be OZI suppressed. The target (in-)dependence of
the OZI violation in (g(0)

A − C) may be tested in semi-
inclusive measurements of polarised deep inelastic scat-
tering in the target fragmentation region [73]. These ex-
periments [74] could be performed with a polarised proton
beam at HERA [75].

The flavour-singlet Goldberger-Treiman relation (26)
can also be written as the sum of two terms involving the
coupling of the physical η′ and a pseudoscalar “glueball”
object, G, to the nucleon [26]:

2mg(0)
A = Fgη′NN +

1
2f
F 2m2

η′gGNN (28)

Here F is a scale invariant decay constant [26] and f = 3
is the number of light flavours. The coupling gη′NN will
be measured at ELSA in Bonn.
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The flavour-singlet UA(1) Goldberger-Treiman rela-
tion means that the flavour-singlet spin structure of the
nucleon is intimately related to gluodynamics and axial
UA(1) symmetry. The phenomenology of UA(1) dynamics
will be explored in several new and ongoing experiments
studying η and η′ physics. Photo- and leptoproduction of
η and η′ mesons near threshold is being studied at ELSA
[76] and MAMI [77]. Higher energy measurements will be
made at CEBAF [78] and HERA [79]. CELSIUS [80] and
COSY [81] are studying η and η′ production in pp and pn
scattering near threshold. Central production of η and η′

mesons in pp interactions at 450 GeV/c has been measured
[82] by the WA102 Collaboration at CERN. CLEO has
measured the hard form-factors for the processes η → γγ∗

and η′ → γγ∗ [83]. They have also observed strikingly
large branching ratios for B decays into an η′ and ad-
ditional hadrons [84] 5 which may [85] be related to the
axial anomaly. When combined with polarised deep inelas-
tic scattering, these experiments on η and η′ production
and decay provide complementary windows on the role of
gluons in dynamical chiral symmetry breaking.

We now review the theory of the axial anomaly and its
relation to the first moment of g1.

4 The axial anomaly

In QCD one has to consider the effect of renormalisation.
The flavour singlet axial vector current JGIµ5 in (10,11)
satisfies the anomalous divergence equation [17,18]

∂µJGIµ5 = 2f∂µKµ +
f∑
i=1

2imiq̄iγ5qi (29)

where

Kµ =
g2

16π2
εµνρσ

[
Aνa

(
∂ρAσa −

1
3
gfabcA

ρ
bA

σ
c

)]
(30)

is a renormalised version of the gluonic Chern-Simons cur-
rent and the number of light flavours f is 3. (29) allows
us to write

JGIµ5 = Jcon
µ5 + 2fKµ (31)

where Jcon
µ5 and Kµ satisfy the divergence equations

∂µJcon
µ5 =

f∑
i=1

2imiq̄iγ5qi (32)

and

∂µKµ =
g2

8π2
GµνG̃

µν . (33)

Here g2

8π2GµνG̃
µν is the topological charge density. The

partially conserved current is scale invariant and the scale
5 One finds B(B → η′ X) = (6.2 ± 1.6 ± 1.3)x10−4 under

the constraint 2.0 < pη′ < 2.7GeV/c [84]. Exclusive B →
η′K decays have been observed with branching ratios B(B+ →
η′K+) = (6.5+1.5

−1.4±0.9)x10−5 and B(B0 → η′K0) = (4.7+2.7
−2.0±

0.9)x10−5.

dependence of JGIµ5 is carried entirely by Kµ. When we
make a gauge transformation U the gluon field transforms
as

Aµ → UAµU
−1 +

i

g
(∂µU)U−1 (34)

and the operator Kµ transforms as

Kµ → Kµ + i
g

16π2
εµναβ∂

ν

(
U†∂αUAβ

)
+

1
96π2

εµναβ

[
(U†∂νU)(U†∂αU)(U†∂βU)

]
. (35)

Gauge transformations shuffle a scale invariant operator
quantity between the two operators Jcon

µ5 and Kµ whilst
keeping JGIµ5 invariant.

The nucleon matrix element of JGIµ5 is

〈p, s|JGI5µ |p′, s′〉 = 2m
[
s̃µGA(l2) + lµl.s̃GP (l2)

]
(36)

where lµ = (p′−p)µ and s̃µ = u(p,s)γµγ5u(p′,s′)/2m. Since
JGI5µ does not couple to a massless Goldstone boson it
follows that GA(l2) and GP (l2) contain no massless pole
terms. The forward matrix element of JGI5µ is well defined
and

g
(0)
A |inv = E(αs)GA(0). (37)

We would like to isolate the gluonic contribution to
GA(0) associated with Kµ and thus write g(0)

A as the sum
of “quark” and “gluonic” contributions. Here one has to
be careful because of the gauge dependence of the operator
Kµ. To understand the gluonic contributions to g(0)

A it is
helpful to go back to the deep inelastic cross-section in
Sect. 2.1.

4.1 The anomaly and the first moment of g1

Working in the target rest frame, the spin dependent part
of the deep inelastic cross-section, (6), is given by

d2σ

dΩdE′
=
α2

Q4

E′

E
LAµν W

µν
A (38)

where the lepton tensor

LAµν = 2iεµναβkαqβ (39)

describes the lepton-photon vertex and the hadronic ten-
sor

1
2m

Wµν
A = iεµνρσqρ

(
sσ

1
p.q

g1(x,Q2)

+ [p.qsσ − s.qpσ]
1

m2p.q
g2(x,Q2)

)
(40)

describes the photon-nucleon interaction.
Deep inelastic scattering involves the Bjorken limit:

Q2 = −q2 and p.q both →∞ with x = Q2

2p.q held fixed. In
terms of light-cone coordinates this corresponds to taking
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q− → ∞ with q+ = −xp+ held finite. The leading term
in Wµν

A is obtained by taking the Lorentz index of sσ as
σ = +. (Other terms are suppressed by powers of 1

q−
.)

The flavour-singlet axial charge which is measured in
the first moment of g1 is given by the matrix element

2msµg
(0)
A = 〈p, s|JGIµ5 |p, s〉c. (41)

If we wish to understand the first moment of g1 in terms of
the matrix elements of anomalous currents (Jcon

µ5 and Kµ),
then we have to understand the forward matrix element
of K+.

Here we are fortunate in that the parton model is for-
mulated in the light-cone gauge (A+ = 0) where the for-
ward matrix elements of K+ are invariant. In the light-
cone gauge the non-abelian three-gluon part of K+ van-
ishes. The forward matrix elements of K+ are then in-
variant under all residual gauge degrees of freedom. Fur-
thermore, in this gauge, K+ measures the gluonic “spin”
content of the polarised target [86,87]. We find [22,24]

G
(A+=0)
A (0) =

∑
q

∆qcon − f
αs
2π
∆g (42)

where ∆qcon is measured by the partially conserved cur-
rent Jcon

+5 and −αs2π∆g is measured by K+. The gluonic
term in (42) offers a possible source for any OZI violation
in g

(0)
A |inv.
What is the relation between the formal decomposition

in (42) and our previous (more physical) expression (22)?

4.2 Questions of gauge invariance

In perturbative QCD ∆qcon is identified with ∆qparton and
∆g is identified with ∆gparton — see Sect. 6.1 below. If
we were to work only in the light-cone gauge we might
think that we have a complete parton model description
of the first moment of g1. However, one is free to work in
any gauge including a covariant gauge where the forward
matrix elements of K+ are not necessarily invariant under
the residual gauge degrees of freedom [25].

We illustrate this by an example in covariant gauge.
The matrix elements of Kµ need to be specified with

respect to a specific gauge. In a covariant gauge we can
write

〈p, s|Kµ|p′, s′〉c = 2m
[
s̃µKA(l2) + lµl.s̃KP (l2)

]
(43)

where KP contains a massless Kogut-Susskind pole [88].
This massless pole cancels with a corresponding massless
pole term in (GP − KP ). In an axial gauge n.A = 0 the
matrix elements of the gauge dependent operator Kµ will
also contain terms proportional to the gauge fixing vector
nµ.

We may define a gauge-invariant form-factor χg(l2) for
the topological charge density (33) in the divergence of
Kµ:

2ml.s̃χg(l2) = 〈p, s| g
2

8π2
GµνG̃

µν |p′, s′〉c. (44)

Working in a covariant gauge, we find

χg(l2) = KA(l2) + l2KP (l2) (45)

by contracting (43) with lµ.
When we make a gauge transformation any change δgt

in KA(0) is compensated by a corresponding change in
the residue of the Kogut-Susskind pole in KP , viz.

δgt[KA(0)] + lim
l2→0

δgt[l2KP (l2)] = 0. (46)

The Kogut-Susskind pole corresponds to the Goldstone
boson associated with spontaneously broken UA(1) sym-
metry [15]. There is no Kogut-Susskind pole in perturba-
tive QCD. It follows that the quantity which is shuffled
between the Jcon

+5 and K+ contributions to g(0)
A is strictly

non-perturbative; it vanishes in perturbative QCD and is
not present in the QCD parton model.

One can show [25,89] that the forward matrix ele-
ments of Kµ are invariant under “small” gauge transfor-
mations (which are topologically deformable to the iden-
tity) but not invariant under “large” gauge transforma-
tions which change the topological winding number. Per-
turbative QCD involves only “small” gauge transforma-
tions; “large” gauge transformations involve strictly non-
perturbative physics. The second term on the right hand
side of (35) is a total derivative; its matrix elements vanish
in the forward direction. The third term on the right hand
side of (35) is associated with the gluon topology [89].

The topological winding number is determined by the
gluonic boundary conditions at “infinity” 6 [14,15]. It is
insensitive to local deformations of the gluon field Aµ(z)
or of the gauge transformation U(z). When we take the
Fourier transform to momentum space the topological
structure induces a light-cone zero-mode which can con-
tribute to g1 only at x = 0. Hence, we are led to consider
the possibility that there may be a term in g1 which is
proportional to δ(x) [19].

It remains an open question whether the net non-
perturbative quantity which is shuffled between KA(0)
and (GA − KA)(0) under “large” gauge transformations
is finite or not. If it is finite and, therefore, physical, then,
when we choose A+ = 0, this non-perturbative quantity
must be contained in some combination of the ∆qcon and
∆g in (42).

5 Gluon topology and g
(0)
A

We now explain how tunneling processes may induce topo-
logical polarisation inside a nucleon. This effect is related
to the realisation of UA(1) symmetry breaking [15,69,70]
by instantons.

6 A large surface with boundary which is spacelike with re-
spect to the positions zk of any operators or fields in the phys-
ical problem.
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5.1 UA(1) symmetry

In classical field theory Noether’s theorem tells us that
there is a conserved current associated with each global
symmetry of the Lagrangian. Chiral SU(2)L ⊗ SU(2)R is
associated with the isotriplet axial vector current J (3)

µ5 . In
the classical version of QCD (before we turn on vacuum
polarisation) the chiral singlet UA(1) or U(1)L ⊗ U(1)R
symmetry of LQCD is associated with the Noether current

Nµ5 =
(
ūγµγ5u+ d̄γµγ5d+ s̄γµγ5s

)
Noether

. (47)

This classical current satisfies the divergence equation

∂µNµ5 =
f∑
i=1

2imiq̄iγ5qi. (48)

Nµ5 is gauge invariant; there is no anomaly in this clas-
sical theory. The classical theory predicts the existence
of the flavour-singlet, pseudoscalar Goldstone boson φ0

which we introduced in Sect. 3.4. The axial anomaly and
the absence of any such boson in the physical spectrum
means that the realisation of UA(1) symmetry in real QCD
(with interactions) is quite subtle.

We choose A0 = 0 gauge and define two operator
charges:

X(t) =
∫
d3zJGI05 (z) (49)

and
Q5(t) =

∫
d3zJcon

05 (z) (50)

corresponding to the gauge-invariant and partially con-
served axial-vector currents respectively.

The charge X(t) is manifestly gauge invariant whereas
Q5 is only invariant under “small” gauge transformations.
It transforms as

Q5 → Q5 − 2n (51)

where n is the winding number associated with the gauge
transformation U . Whilst Q5 is gauge dependent, we can
define a gauge invariant Q5 chirality, Q5, of any given
operator O through the gauge-invariant eigenstates of the
commutator

[Q5,O]− = Q5 O. (52)

The gluon field operator and its derivative have zero Q5

chirality and non-zero X(t) chirality [90].

5.2 Instantons and UA(1) symmetry

When topological effects are taken into account, the QCD
vacuum |θ〉 is a coherent superposition

|θ〉 =
∑
m

eimθ|m〉 (53)

of the eigenstates |m〉 of
∫
dσµK

µ 6= 0 [14,91]. Here σµ is
a large surface which is defined [91] such that its boundary

is spacelike with respect to the positions zk of any opera-
tors or fields in the physical problem under discussion. For
integer values of the topological winding number m, the
states |m〉 contain mf quark-antiquark pairs with non-
zero Q5 chirality

∑
l χl = −2ξRfm where f is the number

of light-quark flavours. Relative to the |m = 0〉 state, the
|m = +1〉 state carries topological winding number +1
and f quark-antiquark pairs with Q5 chirality equal to
−2fξR. The factor ξR is equal to +1 if the UA(1) symme-
try of QCD is associated with Jcon

µ5 and equal to -1 if the
UA(1) symmetry is associated with JGIµ5 — see below.

There are two schools of thought [15,70] about how
instantons break UA(1) symmetry. Both of these schools
start from ’t Hooft’s observation [69] that the flavour de-
terminant

〈det
[
qL

iqR
j(z)

]
〉inst. 6= 0 (54)

in the presence of a vacuum tunneling process between
states with different topological winding number. (We de-
note the tunneling process by the subscript “inst.”. It is
not specified at this stage whether “inst.” denotes an in-
stanton or an anti-instanton.)

(a) Explicit UA(1) symmetry breaking
In this scenario [69,70] the UA(1) symmetry of QCD
is associated with the current JGIµ5 and the topologi-
cal charge density is treated like a mass term in the
divergence of JGIµ5 . The quark chiralities which ap-
pear in the flavour determinant (54) are associated
with X(t) so that the net axial charge g(0)

A is not con-
served (∆X 6= 0) and the net Q5 chirality is conserved
(∆Q5 = 0) in quark instanton scattering processes.
In QCD with f light flavoured quarks the (anti-
)instanton “vertex” involves a total of 2f light quarks
and antiquarks. Consider a flavour-singlet combina-
tion of f right-handed (Q5 = +1) quarks incident on
an anti-instanton. The final state for this process con-
sists of a flavour-singlet combination of f left-handed
(Q5 = −1) quarks; +2f units of Q5 chirality are taken
away by an effective “schizon” [70] which carries zero
energy and zero momentum. The “schizon” is intro-
duced to ensure Q5 conservation. Energy and momen-
tum are conserved between the in-state and out-state
quarks in the quark-instanton scattering process. The
non-conservation of g(0)

A is ensured by a term coupled
to Kµ with equal magnitude and opposite sign to the
“schizon” term which also carries zero energy and zero
momentum. This gluonic term describes the change in
the topological winding number which is induced by
the tunneling process. The anti-instanton changes the
net UA(1) chirality by an amount (∆X = −2f).
This picture is the basis of ’t Hooft’s effective instanton
interaction [69].

(b) Spontaneous UA(1) symmetry breaking
In this scenario the UA(1) symmetry of QCD is as-
sociated with the partially-conserved axial-vector cur-
rent Jcon

µ5 . Here, the quark chiralities which appear in
the flavour determinant (54) are identified with Q5.
With this identification, the net axial charge g

(0)
A is
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conserved (∆X = 0) and the net Q5 chirality is not
conserved (∆Q5 6= 0) in quark instanton scattering
processes. This result is the opposite to what happens
in the explicit symmetry breaking scenario. When f
right-handed quarks scatter on an instanton 7 the fi-
nal state involves f left-handed quarks. There is no
“schizon” and the instanton induces a change in the
net Q5 chirality ∆Q5 = −2f . The conservation of g(0)

A
is ensured by the gluonic term coupled to Kµ which
measures the change in the topological winding num-
ber and which carries zero energy and zero momen-
tum. The charge Q5 is time independent for massless
quarks (where Jcon

µ5 is conserved). Since ∆Q5 6= 0 in
quark instanton scattering processes we find that the
UA(1) symmetry is spontaneously broken by instan-
tons. The Goldstone boson is manifest [15] as the mass-
less Kogut-Susskind pole which couples to Jcon

µ5 andKµ

but not to JGIµ5 — see (43).

It is important to note that the X(t) and Q5 chiral-
ities have different physical content. The difference be-
tween the two theories of quark instanton interactions is
about more than just the sign of the (X or Q5) chirality
which is flipped in the quark instanton scattering pro-
cess. We now explain why these two possible realisations
of UA(1) symmetry breaking have a different signature in
νp elastic scattering.

5.3 The topological contribution to g
(0)
A

In both the explicit and spontaneous symmetry breaking
scenarios we may consider multiple scattering of the inci-
dent quark first from an instanton and then from an anti-
instanton. Let this process recur a large number of times.
When we time-average over a large number of such inter-
actions, then the time averaged expectation value of the
chirality Q5 carried by the incident quark is reduced from
the naive value +1 that it would take in the absence of
vacuum tunneling processes. Indeed, in one flavour QCD
the time averaged value of Q5 tends to zero at large times
[29,30].

In the spontaneous UA(1) symmetry breaking scenario
[15] any instanton induced suppression of the flavour-
singlet axial charge which is measured in polarised deep
inelastic scattering is compensated by a net transfer of ax-
ial charge or “spin” from partons carrying finite momen-
tum fraction x to the flavour-singlet topological term at
x = 0. It induces a flavour-singlet δ(x) term in g1 which
is not present in the explicit UA(1) symmetry breaking
scenario.

The net topological term is gauge invariant. In the
A0 = 0 gauge the x = 0 polarisation is “gluonic” and
is measured by

∫
d3zK0. In the light-cone gauge this po-

larisation may be re-distributed between the “quark” and
“gluonic” terms measured by Jcon

+5 and K+ respectively.

7 cf. an anti-instanton in the explicit UA(1) symmetry break-
ing scenario.

To guide our intuition about non-perturbative QCD
it is sometimes helpful to consider analogies with similar
phenomena in condensed matter physics. For example, the
Nambu-Jona-Lasino (NJL) model [16,12,13] is motivated
by the analogy between the constituent quarks and the
Dirac quasi-particles which appear in the BCS theory of
superconductivity [92]. Keeping in mind that the under-
lying physics is fundamentally different, it is nevertheless
interesting to note that polarised zero-momentum modes
are observed in low temperature physics in the form of po-
larised condensates. The vacuum of the A-phase of super-
fluid 3He behaves both as an orbital ferromagnet and uni-
axial liquid crystal with spontaneous magnetisation along
the anistropy axis l̂, and as a spin antiferromagnet with
magnetic anisotropy along a second axis d̂ [93]. Recent ex-
periments [94] have revealed that superfluidity in 4He can
form in finite systems; 60 atoms of 4He are the minimum
needed for superfluidity.

5.4 How to measure topological polarisation

The scale-invariant flavour singlet axial charge can be
measured independently in elastic Z0 exchange processes
such as elastic neutrino proton scattering [60] and par-
ity violation in light atoms [61,62]. QCD renormalisation
group arguments tell us that the neutral current axial
charge which is measured in elastic νp scattering is [52]

g
(Z)
A =

1
2
g

(3)
A +

1
6
g

(8)
A −

1
6

(1 + C)g(0)
A |inv +O(

1
mh

)
(55)

=
1
2

(
g

(3)
A −∆s|inv

)
− 1

6
Cg(0)

A |inv +O(
1
mh

).

Here C denotes the leading order heavy-quark contribu-
tions to g

(Z)
A and mh represents the heavy-quark mass.

Numerically, C is a ' 6 − 10% correction [52] — within
the present experimental error on g

(0)
A |inv. The flavour-

singlet axial charge in (55) includes any contribution from
the topological term at x = 0 8. (In νp elastic scattering
there is no kinematic factor which could filter out zero
mode contributions to g

(0)
A , unlike deep inelastic scatter-

ing where Bjorken x = 0 is kinematically unreachable at
finite Q2.)

If the topological contribution C to g(0)
A is finite, then

the flavour-singlet axial charge which is extracted from a
polarised deep inelastic experiment is (g(0)

A −C). Elastic Z0

exchange processes such as νp elastic scattering [60] and
parity violation in light atoms [61,62] measure the full g(0)

A
[52]. One can measure the effect of the topological x = 0
polarisation by comparing the flavour-singlet axial charges
which are extracted from polarised deep inelastic and νp
elastic scattering experiments.

8 Heavy-quark instanton interactions are suppressed as
O(1/mh) where mh is the heavy-quark mass [95]. It follows
that the coefficient of any heavy-quark δ(x) term in g1 de-
couples as O(1/mh). It does not affect the relation between
polarised deep inelastic scattering and νp elastic scattering.
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6 Partons and g1

6.1 The QCD parton model

The parton model description of polarised deep inelas-
tic scattering involves writing the deep inelastic structure
functions as the sum over the convolution of “soft” quark
and gluon parton distributions with “hard” photon-parton
scattering coefficients. We focus on the flavour-singlet part
of g1

g1|singlet =
1
9

(∑
q

∆q ⊗ Cq +Nf∆g ⊗ Cg
)
. (56)

Here, ∆q(x) and ∆g(x) denote the quark and gluon par-
ton distributions, Cq and Cg denote the corresponding
hard scattering coefficients, and Nf is the number of quark
flavours liberated into the final state. The parton distribu-
tions are target dependent and describe a flux of quark and
gluon partons into the hard (target independent) photon-
parton interaction which is described by the coefficients.
The separation of g1 into “hard” and “soft” is not unique
and depends on the choice of factorisation scheme [96–99].

The hard coefficients are calculable in perturbative
QCD. One can use a kinematic cut-off on the partons’
transverse momentum squared (k2

T > λ2) to define the
factorisation scheme and thus separate the hard and soft
parts of the phase space for the photon-parton collision.
The cut-off λ2 is called the factorisation scale. The coef-
ficients have the perturbative expansion Cq = δ(1− x) +
αs
2π f

q(x,Q2/λ2) and Cg = αs
2π f

g(x,Q2/λ2) where the func-
tions fq and fg have at most a ln(1−x) singularity when
x→ 1 [100].

The gluon coefficient is calculated from the box graph
for photon-gluon fusion. We use a cut-off on the transverse
momentum squared of the struck quark relative to the
photon-gluon direction to separate the total phase space
into “hard” (k2

T ≥ λ2) and “soft” (k2
T < λ2) contributions.

One finds [101]:

g
(γ∗g)
1 (x,Q2, P 2)|hard = −αs

2π

√
1− 4(m2+λ2)

s

1− 4x2P 2

Q2

(57)[
(2x− 1)(1− 2xP 2

Q2
)
(

1− 1√
1− 4(m2+λ2)

s

√
1− 4x2P 2

Q2

ln
(1 +

√
1− 4x2P 2

Q2

√
1− 4(m2+λ2)

s

1−
√

1− 4x2P 2

Q2

√
1− 4(m2+λ2)

s

))
+(x− 1 +

xP 2

Q2
)

(
2m2(1− 4x2P 2

Q2 )− P 2x(2x− 1)(1− 2xP 2

Q2 )
)

(m2 + λ2)(1− 4x2P 2

Q2 )− P 2x(x− 1 + xP 2

Q2 )

]
for each flavour of quark liberated into the final state.
Here m is the quark mass, P 2 = −p2 is the virtuality of
the gluon, x is the Bjorken variable (x = Q2

2ν ) and s is the
centre of mass energy squared s = (p+q)2 = Q2( 1−x

x )−P 2

for the photon-gluon collision.

If we set λ2 to zero, thus including the entire phase
space, then we obtain the full box graph contribution to
gγ
∗g

1 . The gluon structure function g
(γ∗g)
1 is invariant un-

der the exchange of (p↔ q). If we take λ2 to be finite and
independent of x, then the crossing symmetry of g(γ∗g)

1
under the exchange of (p ↔ q) is realised separately in
each of the “hard” and “soft” parts of g(γ∗g)

1 .
When Q2 is much greater than the other scales

(λ2,m2, P 2) in (57) the expression for g(γ∗g)
1 simplifies to

g
(γ∗g)
1 |hard =

αs
2π

[
(2x− 1)

(
ln
Q2

λ2
+ ln

1− x
x
− 1

)
(58)

+ (2x− 1) ln
λ2

x(1− x)P 2 + (m2 + λ2)

+ (1− x)
2m2 − P 2x(2x− 1)
x(1− x)P 2 +m2 + λ2

]
.

We choose an x-independent cut-off (Q2 À λ2,m2, P 2).
The first moment of g(γ∗g)

1 |hard is the sum of two contri-
butions [96]:

∫ 1

0

dxg
(γ∗g)
1 |hard = −αs

2π

[
1+

2m2

P 2

1√
1 + 4(m2 + λ2)/P 2

× ln

(
1−

√
1 + 4(m2 + λ2)/P 2

1 +
√

1 + 4(m2 + λ2)/P 2

)]
.(59)

The unity term describes a contact photon-gluon inter-
action. It comes from the region of phase space where
the hard photon scatters on a quark or antiquark car-
rying transverse momentum squared k2

T ∼ Q2 [24]. The
second term comes from the kinematic region k2

T ∼
O(λ2, P 2,m2). It vanishes when we take the factorisation
scale λ2 À P 2,m2. The −αs2π factor in (59) is the coeffi-
cient of ∆gparton in (22) and ∆g in (42).

When we apply the operator product expansion the
first term in (59) corresponds to the gluon matrix element
of the anomaly current Kµ. If we remove the cut-off by
setting λ2 equal to zero, then the second term in (59) is
the gluon matrix element of Jcon

µ5 [96]. This term is as-
sociated with the “soft” quark distribution of the gluon
∆q(g)(x, λ2). By extending this operator product expan-
sion analysis to the higher moments of gγ

∗g
1 , one can show

that [102,33,103] that the axial anomaly contribution to
the shape of g1 at finite x is given by the convolution of
the polarised gluon distribution ∆g(x,Q2) with the hard
coefficient

C̃(g)|anom = −αs
π

(1− x). (60)

This anomaly contribution is a small x effect in g1; it is
essentially negligible for x less than 0.05 [101,104–106].
The hard coefficient C̃(g)|anom is normally included as a
term in Cg — (56). It is associated with two-quark jet
events carrying k2

T ∼ Q2 in the final state.
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One could also consider an x-dependent cut-off on the
struck quark’s virtuality [96,101]

m2 − k2 = P 2x+
k2
T +m2

(1− x)
> λ2

0 = constant(x) (61)

or a cut-off on the invariant mass squared of the quark-
antiquark component of the light-cone wavefunction of the
target gluon [97,107]

M2
qq =

k2
T +m2

x(1− x)
+ P 2 ≥ λ2

0 = constant(x). (62)

These different choices of infrared cut-offs correspond to
different jet definitions and different factorisation schemes
for photon-gluon fusion. If we evaluate the first moment of
g

(γ∗g)
1 using the cut-off on the quarks’ virtuality, then we

find “half of the anomaly” in the gluon coefficient through
the mixing of transverse and longitudinal momentum com-
ponents [96,101]. The anomaly coefficient for the first mo-
ment is recovered with the invariant mass squared cut-off
through a sensitive cancellation of large and small x con-
tributions [96].

The x-independent cut-off is preferred for discussions
of the axial anomaly and the symmetry properties of the
γ∗g interaction. The reason for this is that the transverse
momentum is defined perpendicular to the plane spanned
by pµ and qµ in momentum space. The x-dependent cut-
offs mix the transverse and longitudinal components of
momentum. Substituting (61,62) into (57) we find that
the “hard” and “soft” contributions to g(γ∗g)

1 do not sep-
arately satisfy the (p ↔ q) symmetry of g1(x,Q2) if use
the x-dependent cut-offs to define the “hard” part of the
total phase space [108].

6.2 QCD evolution

In deep inelastic scattering experiments the different x
data points on g1 are each measured at different values of
Q2, viz. xexpt.(Q2). One has to evolve these experimental
data points to the same value of Q2 in order to test the
Bjorken [44] and Ellis-Jaffe [45] sum-rules.

The structure function g1 is given by the sum of the
convolution of the parton distributions ∆q and ∆g with
the hard scattering coefficients Cq and Cg respectively —
see (56). The structure function is dependent on Q2 and
independent of the factorisation scale λ2 and the “scheme”
used to separate the γ∗-parton cross-section into “hard”
and “soft” contributions. Examples of different “schemes”
are the transverse momentum squared and virtuality cut-
offs that we discussed in Sect. 6.1.

In the parton model formula (56) the hard coefficients
Cq and Cg are calculable in perturbative QCD as a func-
tion of Q2 and the factorisation scale λ2. The λ2 depen-
dence of the parton distributions is given by the DGLAP
equations [109]

d

dt
∆Σ(x, t) =

αs(t)
2π

[∫ 1

x

dy

y
∆Pqq(

x

y
)∆Σ(y, t) (63)

+ 2Nf
∫ 1

x

dy

y
∆Pqg(

x

y
)∆g(y, t)

]
d

dt
∆g(x, t) =

αs(t)
2π

[∫ 1

x

dy

y
∆Pgq(

x

y
)∆Σ(y, t)

+
∫ 1

x

dy

y
∆Pgg(

x

y
)∆g(y, t)

]
where Σ(x, t) =

∑
q∆q(x, t) and t = lnλ2. The split-

ting functions Pij in (63) have been calculated at next-
to-leading order by Mertig, Zijlstra and van Neervan [110]
and by Vogelsang [111].

6.3 Gluonic contributions to g1

The size of ∆gparton is one of the key issues in QCD spin
physics at the present time.

The polarised gluon distribution ∆g(x,Qλ2) con-
tributes to g1 through the convolution∆g⊗Cg. Depending
on the choice of factorisation scheme, the gluonic coeffi-
cient Cg has at most a ln(1− x) singularity when x→ 1.
In contrast, the leading term in the quark coefficient Cq is
δ(1 − x). The convolution involving Cg has the practical
effect that ∆g makes a direct contribution to g1 only at
x < 0.05 [101,104–106].

At the same time, the λ2 evolution of the flavour-
singlet quark distribution involves the polarised gluon dis-
tribution ∆g(y, λ2) at values of y in the range (x < y < 1)
[109] — see (63). Thus, through evolution, the polarised
gluon distribution is relevant to the shape of g1 over the
complete x range. This result enables one to carry out
next-to-leading order QCD fits to polarised deep inelastic
data with the hope of extracting some information about
∆gparton. Here, one starts with an ansatz for the shape of
∆q(x,Q2

0) and ∆g(x,Q2
0) at some particular input scale

Q2
0. The input distributions are evolved to the range of

Q2 covered by the deep inelastic experiments. Finally, one
chooses a particular factorisation scheme (see below) and
makes a best fit to the g1 data in terms of the input shape
parameters and the scale Q2

0.
Several groups have followed this approach

[4,104,105,112-117]. Different QCD motivated fits
to the polarised deep inelastic data yield values of
∆gparton(Q2) between zero and +2 at Q2 = 1GeV2.
The value of ∆gparton which is extracted from these fits
depends strongly on the functional form which is assumed
for the input distributions with only small changes in the
overall χ2 for the fits [115] — we refer to de Florian et al.
[115] for a nice overview of QCD fits to g1 data.

Three schemes are commonly used in the analysis of
experimental data: the k2

T cut-off, MS and AB schemes.
These schemes correspond to different procedures for sepa-
rating the phase space for photon-gluon fusion into “hard”
and “soft” contributions.

In the parton model that we discussed in Sect. 6.1
using the cut-off on the transverse momentum squared,
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the polarised gluon contribution to the first moment of g1

is associated with two-quark jet events carrying k2
T ∼ Q2.

The hard coefficient is given by C(g)
PM = g

(γ∗g)
1 |hard in (58)

with Q2 ≥ λ2 and λ2 À P 2,m2. This “parton model
scheme” is sometimes called the “chiral invariant” (CI)
[33] or JET [112] scheme.

Different schemes can be defined relative to this “par-
ton model scheme” by the transformation

C(g)

(
x,
Q2

λ2
, αs(λ2)

)
→ C(g)

(
x,
Q2

λ2
, αs(λ2)

)
(64)

− C̃
(g)
scheme

(
x, αs(λ2)

)
where C̃

(g)
scheme equals αs

π times a polynomial in x. The
parton distributions transform under (64) as

∆Σ(x, λ2)scheme = ∆Σ(x, λ2)PM +Nf (65)∫ 1

x

dz

z
∆g(

x

z
, λ2)PMC̃

(g)
scheme(z, αs(λ2))

∆g(x, λ2)scheme = ∆g(x, λ2)PM

so that g1 is left invariant by the change of scheme. The
virtuality and invariant-mass cut-off versions of the par-
ton model that we discussed in Sect. 6.1 correspond to
different choices of scheme.

The MS and AB schemes are defined as follows. In
the MS scheme the gluonic hard scattering coefficient is
calculated using the operator product expansion with MS
renormalisation [118]. One finds [33,102]:

C
(g)

MS
= C

(g)
PM +

αs
π

(1− x). (66)

In this scheme
∫ 1

0
dx C

(g)

MS
= 0 so that

∫ 1

0
dx ∆g(x, λ2)

decouples from
∫ 1

0
dxg1. This result corresponds to the

fact that there is no gauge-invariant twist-two, spin-one,
gluonic operator with JP = 1+ to appear in the operator
product expansion for the first moment of g1. In the MS
scheme the contribution of

∫ 1

0
dx ∆g to the first moment

of g1 is included into
∫ 1

0
dx ΣMS(x, λ2). The AB scheme

[119] is defined by the formal operation of adding the x-
independent term −αs2π to the MS gluonic coefficient, viz.

C
(g)
AB(x) = C

(g)

MS
− αs

2π
. (67)

In both the parton model and AB schemes
∫ 1

0
dx C(g) =

−αs2π . We refer to Cheng [103] and Llewellyn Smith [120]
for a critical discussion of these schemes and their appli-
cation to polarised deep inelastic scattering.

The SMC and SLAC E-154 experiments quote values
of ∆g for their own data. The SMC values are [4]

∆gparton = + 0.25 +0.29
−0.22 , MS scheme (68)

and

∆gparton = + 0.99 +1.17
−0.70 , AB scheme (69)

in the MS [118] and AB [119] schemes respectively — each
at 1GeV2: The E-154 values are [117]

∆gparton = +1.8 +0.7
−1.0 , MS scheme (70)

and
∆gparton = +0.4 +1.7

−0.9 , AB scheme (71)

— each at 5GeV2.
Dedicated experiments have been proposed to measure

∆gparton more precisely. The COMPASS [121] and HER-
MES [122] experiments will measure charm production in
polarised deep inelastic scattering; a further experiment is
proposed for SLAC [123]. Polarised RHIC [124] will mea-
sure prompt photon production in polarised pp collisions
through the process qg → qγ, thus enabling a different
measurement of ∆gparton. In the longer term there is a
proposal to polarise the proton beam at HERA [75,125].
A polarised proton beam at HERA would allow precision
measurements of g1 at small x where it becomes increas-
ingly more sensitive to the polarised gluon distribution
and to study the two-quark-jet cross-section associated
with the axial anomaly.

7 The shape of g1

There have been many theoretical papers proposing pos-
sible explanations of the small value of g(0)

A |pDIS extracted
from polarised deep inelastic scattering. Besides offering
an explanation of the size of g(0)

A it is important to under-
stand how the different possible effects contribute to the
shape of g1, which contains considerably more information
than just the first moment.

Early constituent quark model calculations of the
shape of g1 [130–132] still provide a reasonable descrip-
tion of the g1 data in the “valence” region (x greater than
about 0.2). More recent quark model calculations [58,133]
include QCD evolution from the Bag “input scale” µ2

0

to deep inelastic Q2. In their next-to-leading order Bag
model fits to deep inelastic data Steffens et al. [58] found
that the model “input scale” increased corresponding to a
change in the coupling αs(µ2

0) from 0.8 to 0.6 when pion
cloud corrections were included into the model input.

Semi-inclusive measurements of g1 will enable us to
disentangle the separate ∆qvalence(x) and ∆qsea(x) contri-
butions to g1 [126,127]. The first semi-inclusive measure-
ments have been published by the SMC [128]; more precise
data will soon be available from HERMES.

If the sum of ∆uv =
∫ 1

0
dx∆uvalence(x) and ∆dv =∫ 1

0
dx∆dvalence(x) extracted from semi-inclusive measure-

ments of g1 falls short of the constituent quark model
prediction for g(0)

A , then the “discrepancy” could be in-
terpreted as a first hint that some of the nucleon’s spin
might reside at x = 0. (Recall from Sect. 5 that instan-
ton tunneling processes have the potential to shift some
fraction of g(0)

A from valence partons carrying x > 0 to
the topological term at x = 0.) The first semi-inclusive
data (from SMC) yield ∆uv = +0.77 ± 0.10 ± 0.08
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Fig. 1. The SLAC data on g
(p−n)
1 at small x. The pro-

ton data is taken from E-143 [8] and E-155 [135] (two
smallest x data points). The neutron data is taken
from E-154 [9]

and ∆dv = −0.52 ± 0.14 ± 0.09. Combining the errors
in quadrature we find ∆uv + ∆dv = +0.25 ± 0.21 (cf.
the constituent quark model prediction g

(0)
A ' 0.6) and

∆uv − ∆dv = +1.29 ± 0.21 (cf. g(3)
A = 1.267 ± 0.004). It

will be interesting to see how these results hold up in the
light of more accurate data from HERMES.

Wislicki [129] has analysed the polarised semi-inclusive
data from SMC and HERMES looking for possible evi-
dence of the axial anomaly at large x. The data shows
no evidence of any deviation between the charge parity
C = +1 and C = −1 polarised quark distributions in the
“valence” region x > 0.3.

Perturbative QCD Counting Rules [134] make predic-
tions for the large x behaviour of g1. The small x ex-
trapolation of g1 data is presently the largest source of
experimental error on deep inelastic measurements of the
nucleon’s axial charges. The small x extrapolation is usu-
ally motivated either by Regge theory or by perturbative
QCD arguments.

We now outline what is known about g1 at large x
(Sect. 7.1) and at small x (Sect. 7.2). In Sect. 7.3 we collect
this theory and describe how it explains the shape of the
measured spin dependent and spin independent isotriplet
structure functions as a function of x.

7.1 g1 at x→ 1

Perturbative QCD counting rules predict that the parton
distributions should behave as a power series expansion
in (1 − x) when x → 1 [134]. We use q↑(x) and q↓(x)
to denote the parton distributions polarised parallel and
antiparallel to the polarised proton. One finds [134]

q↑↓(x)→ (1− x)2n−1+∆Sz ; (x→ 1). (72)

Here, n is the number of spectators and ∆Sz is the differ-
ence between the polarisation of the struck quark and the

polarisation of the target nucleon. When x→ 1 the QCD
counting rules predict that the structure functions should
be dominated by valence quarks polarised parallel to the
spin of the nucleon. The ratio of polarised to unpolarised
structure functions should go to one when x→ 1.

7.2 g1 at small x

The small x extrapolation of g1 data is important for pre-
cise measurements of the nucleon’s axial charges from deep
inelastic scattering. The SLAC data [8,9] has the smallest
experimental error in the x range (0.01 < x < 0.12). We
show these data in Fig. 1.

There are several important properties of the g1 data
at small x.

(a) The magnitude of g(p−n)
1 is significantly greater than

the magnitude of g(p+n)
1 in the measured small x re-

gion. This is in contrast to unpolarised deep inelastic
scattering where the small x region is dominated by
isoscalar pomeron exchange.

(b) The isosinglet g(p+n)
1 is small and consistent with zero

in the measured small x range (0.01 < x < 0.05).
Polarised gluon models [114] predict that g(p+n)

1 may
become strongly negative at smaller values of x (∼
10−4) but this remains to be checked experimentally.

(c) Polarised deep inelastic data from CERN and SLAC
consistently indicate a strong isotriplet term in g1

which rises at small x.

We consider the isotriplet part of g1 in more detail.
Combining the proton data from E-143 [8] together with
the neutron data from E-154 [9], one finds a good fit [136,
137] to the SLAC data on g

(p−n)
1 :
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g
(p−n)
1 ∼ (0.14) x−

1
2 (73)

in the x range (0.01 < x < 0.12) at Q2 ' 5GeV2.
Regge theory makes a prediction for the large sγp de-

pendence of the spin dependent and spin independent
parts of the total photoproduction (Q2 = 0) cross-section.
It is often used to describe the small x behaviour of
deep inelastic structure functions (Q2 larger than about
2GeV2). The Regge prediction for the isotriplet part of g1

is [138,139]

g
(p−n)
1 ∼ x−αa1 , (x→ 0). (74)

Here αa1 is the intercept of the a1 Regge trajectory. If
one makes the usual assumption that the a1 trajectory is
a straight line running parallel to the (ρ, ω) trajectories,
then one finds αa1 = −0.4.

Clearly, Regge theory does not provide a good descrip-
tion of g(p−n)

1 in the measured x range (0.01 < x < 0.12).
At first glance, this result is surprising since Regge the-
ory provides a good description [140] of the NMC mea-
surements [141] of both the isotriplet and isosinglet parts
of F2 in the same small x range (0.01 < x < 0.1) at
Q2 ' 5GeV2. In practice, the shape of g1 at small x is Q2

dependent. The Q2 dependence is driven by DGLAP evo-
lution and, at very small x (∼ 10−3), by the resummation
of αls ln2l x radiative corrections — see eg. [105,142,143].

To understand this evolution, let us define an effec-
tive intercept α̃a1(Q2) to describe the small x behaviour
of g1 at finite Q2: g(p−n)

1 ∼ x−α̃a1 . The net Q2 depen-
dence of α̃a1 depends strongly on the value of α̃a1 which
is needed to describe the leading twist part of g(p−n)

1 at
low momentum scales — for example µ2

0 ∼ 0.3GeV2. Let
(∆u−∆d)(x) denote the leading twist (=2) part of g(p−n)

1 .
DGLAP evolution of (∆u − ∆d)(x) from µ2

0 to deep in-
elastic Q2 shifts the weight of the distribution from larger
to smaller values of x whilst keeping the area under the
curve, g(3)

A , constant. QCD evolution has the practical ef-
fect of “filling up” the small x region — increasing the
value of α̃a1 with increasing Q2. The scale independence
of g(3)

A provides an important constraint on the change in
α̃a1 under QCD evolution. The closer that α̃a1(µ2

0) is to
the Regge prediction -0.4, the more that α̃a1(Q2) will grow
in order to preserve the area under (∆u−∆d)(x) when we
increase Q2 to values typical of deep inelastic scattering.

Badelek and Kwiecinski [142] have investigated the ef-
fect of DGLAP and αs ln2 x resummation on the small x
behaviour of g(p−n)

1 . They find a good fit to the data using
a flat small-x input distribution at Q2

0 = 1GeV2. In their
optimal NLO QCD fit to polarised deep inelastic data
Glück et al. [105] used a rising input at µ2

0 ' 0.3GeV2.
The isosinglet part of g1 is more complicated because

of possible gluonic exchanges in the t−channel. There
have been several suggestions how the isosinglet part of g1

should behave at small x based on non-perturbative [144–
146] and perturbative [105,147–149] QCD arguments.

7.3 Isotriplet structure functions

To understand the shape of g(p−n)
1 it is helpful to compare

the isotriplet part of g1 with the isotriplet part of F2 (the
nucleon’s spin independent structure function).

In the QCD parton model

2x(gp1−gn1 ) =
1
3
x

[
(u+u)↑−(u+u)↓−(d+d)↑+(d+d)↓

]
⊗∆CNS (75)

and

(F p2 −Fn2 ) =
1
3
x

[
(u+u)↑+(u+u)↓−(d+d)↑−(d+d)↓

]
⊗CNS . (76)

Here u and d denote the up and down flavoured quark
distributions polarised parallel (↑) and antiparallel (↓) to
the target proton and ∆CNS and CNS denote the spin-
dependent and spin-independent perturbative QCD coeffi-
cients [100] 9. There is no gluonic or pomeron contribution
to the isotriplet structure functions g(p−n)

1 and F
(p−n)
2 .

In Fig. 2 we show the SLAC data [8,9] on g
(p−n)
1 (x)

together with the NMC measurement [151] of F (p−n)
2 (x).

The NMC data are quoted at Q2 = 4GeV2. Our SLAC
data set is obtained by combining the published E-143
data on gp1 with the E-154 data on gn1 — both at Q2 =
5GeV2. We combine the g1 measurements to produce one
g

(p−n)
1 data point for each x bin listed by the NMC.

Clearly, 2xg(p−n)
1 is greater than F

(p−n)
2 for x < 0.4 in

this data (— see also [137,3]).
Sum-rules for the first moments of g(p−n)

1 and the un-
polarised structure function F

(p−n)
2 /x provide important

constraints for our understanding of the structure of the
nucleon. The Gottfried integral [150]

IG =
∫ 1

0

dx

(
F p2 − Fn2

x

)
(77)

=
1
3

∫ 1

0

dx

(
uV (x)− dV (x)

)
+

2
3

∫ 1

0

dx

(
u(x)− d(x)

)

measures any SU(2) flavour asymmetry in the sea. The in-
tegral IG has been measured by the NMC in deep inelastic
scattering (IG = 0.235 ± 0.026) [151] and by the Fermi-
lab E-866 NuSea Collaboration in Drell-Yan production
(IG = 0.267 ± 0.018) [152]. Possible explanations of this
effect include the pion cloud of the nucleon [153] and the
Pauli-principle [154] at work in the nucleon’s sea. We refer
to Thomas and Melnitchouk [155] for a pedagogical review

9 The coefficients CNS and ∆CNS have the perturbative ex-
pansion δ(1−x)+ αs

2π
f(x). They are related (in the MS scheme)

by [100] ∆CNS(x) = CNS(x)− αs
2π

4
3
(1 + x). The difference be-

tween CNS and ∆CNS makes a non-negligible contribution to
the deep inelastic structure functions only at x < 0.05.
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Fig. 2. The isotriplet structure functions 2xg
(p−n)
1

and F
(p−n)
2 . The g

(p−n)
1 data is from SLAC, the

F
(p−n)
2 data is from NMC

of the physics involved in understanding the Gottfried in-
tegral.

When we convolute the polarised and unpolarised par-
ton distributions with the perturbative coefficients CNS
and ∆CNS the difference between the two coefficients
makes a negligible contribution to the structure functions
at x > 0.05 — the bulk of the x range in Fig. 2. Di-
viding 1

3g
(3)
A by the central values of IG measured by the

NMC and Fermilab E-866 experiments we obtain 1.78 and
1.57 respectively. Whilst the physical values of g(3)

A and IG
differ markedly from the simple SU(6) predictions, it is in-
teresting to observe that the ratio 1

3g
(3)
A /IG is consistent

with the SU(6) prediction (2IBj/IG = 5
3 ).

In Fig. 3 we plot the ratio R(3)(x) = 2xg(p−n)
1 /F

(p−n)
2 .

We also plot the SU(6) prediction for 2IBj/IG, together
with the result of dividing twice the value of 1

6g
(3)
A by the

central values of the measured Gottfried integral IG from
NMC (top line) and E-866 (bottom line).

There are several observations to make. First, the deep
inelastic data is consistent with R(3)(x) ' 5

3 in the x range
(0.02 < x < 0.4) [137]. At large x the data is consistent
with the QCD Counting Rules prediction

R3 → 1 , x→ 1. (78)

The data exhibits no evidence of the simple Regge predic-
tion R(3) ∝ x when x → 0 (— say x < 0.1). The SMC
have recently published their measurements of R(3) down
to x = 0.005. This new data is consistent with the SLAC
measurements and the observation R(3) ' 5

3 .
We make some phenomenological observations which

may help to understand the relative shapes of the isotriplet
parts of g1 and F2. First, the total area under g(p−n)

1 is
fixed by the Bjorken sum-rule. Soffer and Teryaev [136]
have observed that ' 50% of the Bjorken sum-rule comes
from small x (x < 0.12) if the shape (68) is extrapolated to

x = 0. Suppose that we pivot g(p−n)
1 about its measured

value at x = 0.12 and impose the Regge behaviour ∼
x+0.4 at smaller values of x instead of the observed small x
behaviour∼ x−0.5. We shall call this the “Regge modified”
g

(p−n)
1 . For the “Regge modified” g(p−n)

1 the fraction of the
total Bjorken sum-rule which comes from x less than 0.12
would be reduced to ' 17%. That is, ' 33% of the total
Bjorken sum-rule would be shifted to larger values of x.

A priori, one would expect the simple SU(6) predic-
tion for R(3) to come closest to the ratio of the leading
twist contribution to the measured structure functions at
a value x∗ close to 1

3 after the leading twist parton dis-
tributions have been evolved to the quark model scale µ2

0.
QCD evolution shifts the value of x∗ to slightly smaller
x at deep inelastic Q2. Deep inelastic structure functions
fall rapidly to zero when x → 1. Suppose we combine
the “Regge modified” g(p−n)

1 together with the measured
F

(p−n)
2 data. The resultant “Regge modified” R(3) would

considerably exceed the SU(6) prediction R(3) = 5
3 in the

intermediate x region because of the extra area that has
been shifted under g(p−n)

1 at x > 0.12. However, this con-
tains the x range where we would most expect the SU(6)
prediction to work (if it is to work at all). In summary, if
R(3) takes the SU(6) value 5

3 at some intermediate value
x∗ and decreases towards one when we increase x greater
than x∗, and if g(p−n)

1 has a power law behaviour ∼ x−α̃a1

at small x, then g
(p−n)
1 must rise at small x (in contra-

diction to Regge theory) with R(3) ∼ 5
3 so that g(p−n)

1
saturates the Bjorken sum-rule with the physical value of
g

(3)
A .

To summarise this Section, constituent quark model
calculations provide a reasonable description of g1 in the
intermediate x region. The soft Regge theory predictions
for the small x behaviour of the g1 spin structure function
seem to fail badly at deep inelastic Q2. The shape of the
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Fig. 3. The ratio R(3) = 2xg
(p−n)
1 /F

(p−n)
2 obtained

from the g
(p−n)
1 and F

(p−n)
2 data in Fig. 2

measured isotriplet spin structure function g(p−n)
1 may be

understood in terms of perturbative QCD Counting Rules
(at x > 0.2) and constituent quark model ideas (in the x
range 0.01 < x < 0.2).

8 Conclusions and outlook

Relativistic constituent-quark pion coupling models pre-
dict g

(0)
A |inv ' g

(8)
A ' 0.6. The value of g(0)

A extracted
from polarised deep inelastic scattering experiments is
g

(0)
A |pDIS ' 0.2 – 0.35. This result has inspired many

theoretical ideas about the internal spin structure of the
nucleon. Central to these ideas is the role that the axial
anomaly plays in the transition from parton to constituent
quark degrees of freedom in low energy QCD.

In QCD some fraction of the spin of the nucleon and
of the constituent quark may be carried by gluon topol-
ogy. If the topological contribution C is indeed finite,
then the constituent quark model predictions for g(0)

A are
not necessarily in contradiction with the small value of
g

(0)
A |pDIS = (g(0)

A − C) extracted from polarised deep in-
elastic scattering.

New experiments will help to further resolve the spin
structure of the nucleon and to distinguish between the
various theoretical possibilities.

– Semi-inclusive measurements of g1 in the current frag-
mentation region (HERMES) will enable more accu-
rate measurements of the valence and sea quark con-
tributions to g1. If a polarised proton beam becomes
available at HERA it will be possible to extend this
programme into the target fragmentation region and
to study the target (in-)dependence of the small value
of g(0)

A |pDIS.
– Measurements of open charm production in polarised

deep inelastic scattering (COMPASS, HERMES and

SLAC) will enable a direct measurement of the po-
larised gluon distribution ∆g(x) in deep inelastic scat-
tering. A complementary measurement of ∆g(x) will
come from studies of prompt photon production in po-
larised pp collisions at RHIC. It will be interesting to
compare the deep inelastic and polarised pp measure-
ments of ∆gparton. A polarised proton beam at HERA
would enable us to measure g1 at small x where it is
most sensitive to ∆g(x) and to study the two-quark-jet
cross-section associated with the axial anomaly.

– A precision measurement of νp elastic scattering or
parity violation in light atoms would enable us to make
an independent determination of g(0)

A |inv. The value of
g

(0)
A |inv which is extracted from these elastic Z0 ex-

change processes includes any contribution from topo-
logical polarisation at x = 0 whereas the deep inelastic
measurement does not — thus, enabling us to measure
the topological term C.

The physics of the flavour-singlet axial-charge g
(0)
A pro-

vides a bridge between the internal spin structure of the
nucleon and chiral UA(1) dynamics. When combined with
experimental and theoretical studies of the η− η′ system,
QCD spin physics offers a new window on the role of glu-
ons in dynamical chiral symmetry breaking.
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I also thank V.N. Gribov, H. Fritzsch, P. Minkowski, B. Povh,
D. Schütte, G.M. Shore and W. Weise for helpful discussions
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