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Abstract. Inclusive deep inelastic scattering (DIS) experiments lead to a small contribution of the quark
spins to the nucleon spin and a negative contribution from strange quarks. Historically this triggered the
interest in measuring strange form factors. However, the result of these inclusive experiments has to be
reinterpreted taking into account the axial anomaly in QCD, which depends on the gluon contribution to
the nucleon spin. The COMPASS experiment at CERN and experiments at RHIC are going to measure
this gluonic contribution.

PACS. 13.60.Hb Total and inclusive cross sections (including deep-inelastic processes) – 13.60.Le Meson
production

1 Introduction

In 1989 the EMC experiment [1] at CERN concluded that
the contribution ∆Σ of the quark spins to the nucleon spin
was compatible with zero and that the strange contribu-
tion ∆s was significantly negative, triggering the so-called
spin crisis. This meant that the strange axial matrix ele-
ment of the nucleon was non-zero, which raised the issue
whether the strange vector matrix elements could also be
non-zero and motivated a large experimental program to
study strange form factors through Parity Violation ex-
periments. Here we present an overview of the spin of the
nucleon, for a full review see [2].

2 Strange quark and total quark contributions

The spin of the nucleon can be decomposed in the contri-
butions from its constituents as

1
2

=
1
2
∆Σ + ∆g + Lq + Lg (1)

where ∆g is the contribution from the spins of the gluons
and Lq and Lg are the contributions from orbital angular
momenta of quarks and gluons. What do we know about
∆Σ from a theoretical point of view ? On the one hand we
have the quark model which provides us with a large part
of our understanding of hadrons. It gives ∆Σ ≈ 0.75. On
the other hand we are not able to use QCD to compute
∆Σ from first principles, but using results from hyperon
β decay experiments and assuming a strange quark con-
tribution ∆s = 0, we get ∆Σ ≈ 0.6. We then have a
qualitative agreement between Quark Model and QCD.
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In inclusive deep inelastic experiments (DIS) a lepton
is scattered off a nucleon and only the scattered lepton is
observed. Only two Lorentz invariants enter the problem.
They can be chosen as the mass of the virtual photon,
Q2 = −q2

µ, which gives the resolution of the probe, and
xbj = Q2/2M(E −E′) which is the fraction of the nucleon
momentum carried by the quark which absorbed the vir-
tual photon. DIS corresponds to the limit of large Q2 at
fixed xbj . The cross section involves structure functions
which depend only on the two Lorentz invariants. How-
ever, because the lepton scatters on a quark, which is a
point-like particle, the Q2 dependence vanishes, at least to
leading order in QCD, a property known as scaling. In the
unpolarized case we have two structure functions F1 and
F2. They can be expressed in terms of the parton distribu-
tion function (pdf) as F1(x) = 1

2

[ 4
9u(x) + 4

9 ū(x) + 1
9d(x)

+ 1
9 d̄(x) + 1

9s(x) + 1
9 s̄(x)

]
and F2(x) = 2xF1(x), where

u(x) for instance, is the probability to find inside the
nucleon a quark of flavor u and a fraction x of the nu-
cleon momentum. In the polarized case we have in addi-
tion g1 and g2; g1(x) = 1

2

[ 4
9∆u(x) + 1

9∆d(x) + 1
9∆s(x)

]

with ∆u(x) = u+(x) − u−(x) + ū+(x) − ū−(x), where the
polarized pdf u+(x) is the probability to find inside the
nucleon a quark of flavor u with a fraction x of the nu-
cleon momentum and a spin parallel to the nucleon spin.
The integral ∆u =

∫ 1
0 ∆u(x)dx is the total contribution

of spins of quark of flavor u to the nucleon spin. We then
have ∆Σ = ∆u + ∆d + ∆s, where the contribution of
heavier flavors (c, b and t) is negligible.

In 1989 the EMC measured Γ p
1 =

∫ 1
0 gp

1(x)dx =
1
2

[ 4
9∆u + 1

9∆d + 1
9∆s

]
. Using SUf (3) symmetry hyperon

β decays give a3 = ∆u − ∆d and a8 = ∆u + ∆d − 2∆s.
This provided 3 equations for 3 unknowns resulting in
∆Σ = 0.12 ± 0.17 and ∆s = −0.10 ± 0.03 < 0 ! This
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Fig. 1. Results of Hermes semi-inclusive analysis [4] and pro-
jections from COMPASS

came as a big surprise which was advertised as the spin
crisis, so that the EMC paper is one of the 3 most cited
experimental papers [3]. The results were confirmed by
SMC at CERN, SLAC, and Hermes at DESY. The uncer-
tainty is now dominated by the extrapolation in the low
x, unmeasured region.

In order to go further and measure the x dependence
of the polarized pdf one needs to perform semi-inclusive
DIS, l + p → l′ + h + X. The spin asymmetry for this
process can be written as

Ah
1 =

∑
q e2

q[∆q(x)Dh
q (z) + ∆q̄(x)Dh

q̄ (z)]
∑

q e2
q[q(x)Dh

q (z) + q̄(x)Dh
q̄ (z)]

(2)

where z = Eh/Eγ∗ and the fragmentation function Dh
q (z)

gives the probability that the fragmentation of a quark of
flavor q gives a hadron h. The fact that Dh

q (z) �= Dh
q̄ (z) al-

lows for the separation of sea from valence. Using A1, Ah+
1 ,

Ah−
1 for proton and neutron the SMC obtained ∆uv, ∆dv,

∆d̄, ∆ū without using SUf (3) flavor symmetry. However,
such an analysis relies on 2, which assumes that the mea-
sured hadron comes from the fragmentation of the struck
quark and not from the target remnant.

In order to measure also ∆s(x) one needs to identify
strange particles within the measured hadrons, either us-
ing a RICH detector, or by reconstructing the K0 mass.
Unfortunately this introduces more sensitivity to target
remnants because mK > mπ. Figure 1 presents the re-
sults obtained by the Hermes collaboration. They exhibit
no indications of ∆s < 0. Data down to lower x are ex-
pected from COMPASS.

Polarized pdf can also be measured through parity vi-
olating −→p p → W at RHIC in Brookhaven [5]. The point
is that qq̄ → W± selects a given quark helicity. W+ pro-
duction is dominated by ud̄ → W+. If u comes from the
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Fig. 2. ∆Σ and ∆s as a function of the hypothesis for ∆g

polarized proton and d̄ from the unpolarized one, we get
a ∆u d̄ contribution. The opposite case gives ∆d̄ u. The
spin asymmetry for the process then reads

AW+

L =
∆u(x1)d̄(x2) − ∆d̄(x1)u(x2)

u(x1)d̄(x2) + d̄(x1)u(x2)
(3)

The same formula is obtained for W− production with u
and d exchanged. The nice thing with such an analysis is
that it is independent of target fragmentation effects. It
has, however, hardly any sensitivity to ∆s.

We must go back to the inclusive case and note that
EMC does not actually measure ∆q but axial matrix
elements aq = 〈N |q̄γµγ5q|N〉. Naively the axial matrix
elements are identified with ∆q. However, due to ax-
ial anomaly we rather have a0 = ∆Σ − 3αs

2π ∆g and
as = ∆s − αs

2π ∆g. In addition ∆g ∝ lnQ2, so that the
gluonic contribution to aq does not go to zero at high Q2

in spite of the αs factor.
The actual value of ∆Σ and ∆s now depends on the

value of ∆g as illustrated by Fig. 2. If ∆g ≈ 0 we are back
to the spin crisis with a small ∆Σ and a negative ∆s. If
∆g is large and positive we may end up with the expected
∆s ≈ 0 and ∆Σ ≈ 0.6. ∆g must be measured, both for
itself and in order to extract the actual value of ∆Σ and
∆s from inclusive experiments.

3 Gluon contribution

When Q2 increases the resolution of the probe improves
and what used to appear as a quark may start to ap-
pear as a quark and a gluon, or a gluon may appear as
a quark anti-quark pair. In these conditions the variation
dq(x, Q2)/d(lnQ2) tells us something about g(x, Q2). This
is formalized in the Dokshitzer-Gribov-Lipatov-Altareli-
Parisi (DGLAP) equations. Indeed, in the unpolarized
case, performing a next-to-leading order QCD fit of F2
data, from fixed target experiments and from the HERA
collider, provides a good measurement of g(x, Q2). This is
unfortunately not the case in the polarized case because
there is no polarized lepton-proton collider. The Q2 range
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for g1 data, between SLAC or Hermes and SMC, is not
large enough (at most a factor 10) to allow for a precise
estimate of ∆g(x, Q2). A direct measurement is needed.

It is difficult to probe gluons in lepton scattering be-
cause they have no electric charge. Photons can, how-
ever, interact with gluons through the photon gluon fusion
(PGF) process, γ∗g → qq̄. This is a higher order process
which has a small cross section relative to the leading or-
der process, γ∗q → q, so tagging is needed.

The first possibility consists in requiring the produced
qq̄ pair to be a cc̄ pair. Since the intrinsic charm inside
the nucleon is negligible, the observation of charm is a
signature of the PGF process. The fragmentation of charm
quarks produces a D0 = cū meson in 60% of the cases.
The easiest way to see the D0 is through its decay to Kπ
which has a 4% branching ratio. Due to this low branching
ratio, one requires to detect either the c or the c̄ through
this channel. The drawback is that in this case it is not
possible to reconstruct the kinematics at the vertex and
the momentum fraction of the gluon cannot be evaluated.
One gets the mean value of ∆g(x)/g(x) averaged over the
experimental acceptance.

A second possibility arises from the fact that in the
leading order process, γ∗q → q, all the produced hadrons
are in the direction of the virtual photon, whereas in the
PGF process the qq̄ pair can be produced at any angle and
the resulting hadrons may have a transverse momentum
pt with respect to the photon. So the idea is to search
for pairs of hadrons with high pt (or two high pt jets at
high energy). There is, however, a physical background,
the so-called QCD Compton process, γ∗q → qg, since in
this process the final q and g both can produce a high pt

hadron. This background has to be evaluated by a Monte
Carlo (MC) simulation, starting from the known polarized
quark distribution functions.

This second method was already used by Hermes [6]
and SMC [7]. Hermes used a 28 GeV electron beam, they
did not measure the scattered electron and they were dom-
inated by low Q2, quasi real photons. The hard scale, for
perturbative QCD to be valid, is then provided by pt. The
generator PYTHIA was used for background estimation.
The difficulty in this case is that, in addition to QCD
Compton, there is an important background of events
where the photon is resolved into its partonic structure.
In this analysis the dilution due to these events was taken
into account but not their contribution to the asymmetry.
SMC had a 190 GeV/c muon beam. They selected only
events with Q2 > 1 (GeV/c)2, in which case the resolved
photon contribution could be neglected and the pure DIS
generator, LEPTO, could be used. The results obtained
by the two collaborations are presented in Fig. 4. Error
bars are still pretty large.

The COMPASS collaboration [8] at CERN is using
both methods. The muon beam intensity was increased
by a factor 5 relative to SMC to provide an average lu-
minosity of 5 · 1032 cm−2s−1. The target is made of 6LiD
with a dilution factor ≈ 0.5 to be compared to 0.24 for
deuterated butanol, used by SMC. The spectrometer was
commissioned and first data were taken in 2002. Data were

taken again in 2003 and 2004 but there will be no beam
in 2005, due to LHC installation.

The 2002 data gives an asymmetry for high pt pair
production, Aγd→hh′

= −0.065 ± 0.036 ± 0.010, including
all Q2. MC studies are going on, to take into account the
contribution of resolved photons to the asymmetry. Part
of these events involve a gluon in the nucleon so that their
contribution to the asymmetry is proportional to ∆g/g.
Neglecting this fact, a statistical error δ(∆g/g) = 0.17
should be obtained. In the same conditions, all data be-
tween 2002 and 2004 should provide δ(∆g/g) ≈ 0.05, or
alternatively four bins in xg with δ(∆g/g) ≈ 0.10 in each
bin. Using only data with Q2 > 1 (GeV/c)2, should pro-
vide δ(∆g/g) ≈ 0.16.

The D0 → Kπ open charm channel suffers from an
important combinatorial background. Requiring that the
D0 comes from the disintegration D∗ → D0π → Kππ,
strongly reduces the background. The first reason is the
small value of MD∗ − MD0 − Mπ = 6 MeV, which leaves
little space for the background. The second reason is the
excellent experimental resolution in this mass difference,
better than 2 MeV, to be compared to about 25 MeV for
the resolution in the D0 mass alone. Many improvements
are ongoing in terms of reconstruction, in particular in the
RICH detector used to identify K. An error δ(∆g/g) ≈
0.24 is then expected out of 2002 to 2004 data.

The gluon distribution can also be probed in polarized
proton-proton collisions [5]. The golden channel is the so-
called direct γ production −→p −→p → γ + jet + X. At the
parton level this corresponds to qg → qγ, where quarks
from one of the protons are used to probe gluons in the
other proton. So the measured asymmetry is a convolu-
tion, ∆g ⊗ ∆q. There is a physics background, qq̄ → gγ,
which also produces γ + jet + X. Its contribution to the
asymmetry, which goes like ∆q ⊗ ∆q̄, can be computed
from the measured ∆q(x) and ∆q̄(x).

Other possible channels at RHIC include jet produc-
tion (or high pt leading hadron) and heavy flavor produc-
tion.

RHIC, the relativistic heavy ion collider, is used part
of the time as a polarized proton-proton collider at

√
s =

50−500 GeV. Both PHENIX and STAR collaborations are
taking data in this mode. The design polarization is 70%,
using siberian snakes in RHIC and partial snakes in the
AGS to eliminate depolarizing resonances. The design lu-
minosity is L = 2·1032 cm−2s−1. An integrated luminosity
of 7 pb−1 with P ≈ 50% is expected from the 2004-2005
run. The first measured leading hadron asymmetry, Aπ

LL,
is presented in Fig. 3. This asymmetry is sensitive to the
convolution ∆g ⊗ ∆g. It should then be positive unless
there is a node in ∆g(x).

The expected error on ∆g/g in the golden channel for
an integrated luminosity of 320 pb−1 with P = 70% are
presented in Fig. 4. We see that a wide range of xg is cov-
ered with an excellent accuracy. Note, however, that this is
only the statistical accuracy, some systematic uncertainty
will arise from background subtraction and deconvolution.

In the long term there is the EIC project [10] to build a
10 GeV polarized electron linac to collide with one of the
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with 100% polarization at a given starting scale
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Fig. 4. Measured values of ∆g/g by Hermes and SMC, to-
gether with projections from COMPASS and RHIC

RHIC polarized proton beams with a luminosity of 1033 to
1034 cm−2s−1 and

√
s = 100 GeV. The beam could start

between 2012 and 2014. This would allow for:
– the measurement of g1 down to x = 10−4 instead of
3 · 10−3 now, dramatically reducing the dominant error
on

∫ 1
0 g1(x)dx (and then on a0) which is due to the low x

extrapolation.
– a large range of Q2 for g1 data and then a precise esti-
mate of ∆g from QCD NLO fit.
– a direct measurement of ∆g(x, Q2) through hadronpairs,
jet pairs and charm production.

– all in all this should give an error on the integral ∆g =∫ 1
0 ∆g(x)dx on the order of 0.03 to 0.05.

4 Conclusions and perspectives

In the reconstruction of the spin puzzle,

1
2

=
1
2
∆Σ + ∆g + Lq + Lg (4)

we know the flavor singlet axial matrix element a0 = ∆Σ−
(3αs/2π)∆g = 0.27 ± 0.13.

The strange axial matrix element is as ≈ −0.10, but
this is more sensitive to possible violations of SUf (3)
symmetry than a0. The measurement of ∆s(x) in semi-
inclusive DIS is delicate because it is sensitive to target
fragmentation effects. There is hardly any sensitivity to
∆s(x) in −→p p collisions. A possible solution would be to
get the integral ∆s from neutrino experiments combined
with parity violation experiments [11].

The first measurements of ∆g(x) by COMPASS and
RHIC will appear soon. The experimental methods and
the systematic errors are completely different and in addi-
tion each experiment has several channels, so this should
provide a reliable measurement of ∆g(x).

In the longer term the project of a polarized electron-
proton collider at RHIC would provide a much more ac-
curate value of a0 and ∆g and then of ∆Σ.

The contributions from orbital momentum are very
difficult to access. Generalized Parton Distributions
(GPD, for a review see e.g. [12]) describe at the same time
the transverse position and the longitudinal momentum,
which is what is needed to compute the orbital momen-
tum. This is formalized in the Ji sum rule which relates
an integral of GPDs to Jq = ∆Σ +Lq. GPDs can be mea-
sured in DVCS experiments, lN → l′N ′γ. First DVCS
measurements were performed at JLAB and HERA and
plans exist at COMPASS; due to its high luminosity an
electron-proton collider at RHIC would be the ideal tool
for this. There is, however, a very long way before mea-
suring the Ji sum rule.

References

1. J. Ashman et al.: Phys. Lett. B 206, 364 (1988),
Nucl. Phys. B 328, 1 (1989)

2. M. Anselmino, A. Efremov, E. Leader: Phys. Rep. 261, 1
(1995); B. Lampe and E. Reya: Phys. Rep. 332, 1 (2000)

3. http://www.slac.stanford.edu/library/topcites/
4. A. Airapetian et al.: Phys. Rev. Lett. 92, 012005 (2004)
5. G. Bunce et al.: Ann. Rev. Nucl. Part. Sci. 50, 525 (2000);

hep-ph/0007218
6. A. Airapetian et al.: Phys. Rev. Lett. 84, 2584-2588 (2000)
7. B. Adeva et al.: Phys. Rev. D 70, 012002 (2004)
8. COMPASS, G. baum et al.: CERN-SPSLC-96-14,

http://www.compass.cern.ch/compass/proposal
9. hep-ex/0404027

10. www.phenix.bnl.gov/WWW/publish/abhay/Home_of_EIC/
11. S. Pate: Don’t Forget to Measure ∆s, these proceedings
12. M. Diehl: Phys. Rep. 388, 41 (2003) or hep-ph/0307382


	Introduction
	Strange quark and total quark contributions
	Gluon contribution
	Conclusions and perspectives

