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Experimental results of deep inelastic scattering of polarized leptons
from polarized target nucleons are reviewed. Accurate values of the spin
dependent structure function g1(x) were obtained in those experiments cov-
ering a large kinematic range. The combination of all experimental results
confirms the validity of the Bjorken sum rule.
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1. Introduction

During the last decade several experiments of polarized deep inelastic
lepton scattering were completed. The main issues were the earlier observed
deviation from the Ellis-Jaffe sum rule [1,2] and the validity of the Bjorken
sum rule [3]. Both at SLAC and at CERN experimental groups collected
vast amounts of data within the limits of their experimental set-ups. These
experiments finished data taking and most of the results are already avail-
able. Also the semi-inclusive measurements bring information about the
spin structure of the nucleon. These are available from the SMC experiment
at CERN and from Hermes at DESY. The Hermes experiment is still taking
data and more information from it is expected.

The high quality data on the spin dependent structure function g1(x,Q2)
from all these experiments, in overlapping kinematic domains, allowed for
a QCD analysis and the extraction of polarized parton distributions. The
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richness of the information which can be obtained from a QCD analysis of
g1 is in principle larger than that of the structure function F2. However,
the experimental data on g1 is yet more limited in statistical accuracy and
kinematic range. It should be part of a future program for spin effects in
particle physics to determine g1 with improved accuracy over a larger x and
Q2 range, if possible, at the HERA collider.

2. How does the DIS “see” the quark spin

The spin-dependent part of the cross section can be written in terms of
two structure functions g1 and g2 which describe the interaction of lepton
and hadron currents. Let’s consider an interaction in which spins of leptons
and nucleons in the target are parallel. We can relate measured cross section
to the quark spin orientation. Since a virtual photon can only be absorbed
when its spin is anti parallel to the quark spin we can consider two situations
shown in Fig. 1 corresponding to σ1/2 and σ3/2, where the index gives a total
spin of the virtual gamma-nucleon system.

A1 =
σ1/2 − σ3/2

σ1/2 + σ3/2

=
g1 − γ2 g2

F1

. (1)

N

γ
q

N

γ
q σ1/2: selects quarks with spin

parallel to Nucleon (q↑)

σ3/2: selects quarks with spin

anti-parallel to Nucleon (q↓)

Fig. 1. An illustration for quark parton model interpretation of the cross sections

with the same (3/2) and opposite (1/2) virtual γ and nucleon spin orientations.

In order to conserve angular momentum, a virtual photon with helicity
+1 or −1 can only be absorbed by a quark with a spin projection of −1/2 or
+1/2, respectively, if the quarks have no orbital angular momentum. Hence,
A1 and g1 contain information on the quark spin orientations with respect
to the proton spin direction.
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3. Measurements of asymmetry A1

Experiments of deep inelastic lepton-nucleon scattering with polarized
beams and polarized targets are summarized in Table I. The kinematic ac-
ceptances of SLAC and CERN experiments for Q2 ≥ 1 GeV2 are shown in
Fig. 2. The higher energy of the electron or muon beam allows measurements
at smaller values of the Bjorken scaling variable x.
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Fig. 2. Kinematic ranges in x and Q2 covered by the SMC and recent SLAC

experiments with the data with Q2 > 1GeV2.

TABLE I

Comparison of the kinematic ranges in x and Q2 covered by experiments measur-

ing g1.

Experiment beam E smallest x average Q2 target
(GeV) Q2 > 1 GeV2 (GeV2) nucleon

E80/130 e− 23 0.10 4 p
EMC µ+ 100–200 0.01 10.7 p
SMC µ+ 100–190 0.003 10 p, d
E142 e− 19–25 0.03 2 n
E143 e− 10–29 0.029 3 p, d
E154 e− 48.3 0.014 5 n
E155 e− 48.3 0.014 5 p, d
HERMES e+ 27.5 0.023 2.3 n, p

Measured count rate asymmetries for opposite longitudinal beam or tar-
get polarizations were used to determine the virtual photon asymmetry
A1(x), where the count rate

N = nφaσ̄{1 − fDPbPt(A1 + ηA2)} (2)
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depends on the target density per cm2, n, the beam flux φ, the detector
acceptance a, the unpolarized cross section σ̄, the dilution factor f , the
depolarization factor D, the beam polarization Pb, the target polarization
Pt, and the spin asymmetry A1. The contribution from A2 is small as the
kinematic factor η is small and the asymmetry A2 was measured [4] to be
consistent with zero in most of the kinematic range of the measurements
discussed here. The uncertainties due to n, φ, a and σ̄ cancelled to a large
extend by the way the experiments were carried out and analyzed.

The world data for Q2 ≥ 1 GeV2 on the spin asymmetries A1(x) presently
published are shown in Fig. 3. The data were published by EMC [1], SMC [5],
E142 [6], E143 [7], E154 [8], and HERMES [9]. A very precise data from
E155 are available as preliminary. These data and more date from HERMES
are expected to be published soon.

At the lower values of x there are measurements from SMC, see Fig. 4.
These data cover Q2 range down to Q2 = 0.01 GeV2 at the lowest x.
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Fig. 3. World data on Ap
1 , Ad

1 and An
1 if Q2 ≥ 1 GeV2 is required. The errors are

statistical. These data were used in the QCD analysis discussed in the text.
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Fig. 4. The spin asymmetry A1 at low x and low Q2 measured by SMC. The optimal

data set with Q2 > 0.2GeV2 and the very low x data, which are still preliminary,

obtained with dedicated low x trigger with the hadron requirement. This allows

access to the kinematic region where elestic scattering of muons of atomic electrons

would be dominant for inclusive measurement.

4. Evaluation of g1 and tests of sum rules

The spin dependent structure function gp
1
(x,Q2) is determined from the

measured spin asymmetries A1(x,Q2) and parametrizations of the unpolar-
ized structure functions F2 and R. Recently a next-to-leading order QCD
analysis of the world data (all data shown in Fig. 3) was performed [10].
The distributions for singlet quarks and gluons obtained in this analysis is
shown in Fig. 5. The results of this analysis were used to calculate the first
moments

Γ1 =

1∫

0

g1(x) dx

for the proton, deuteron and neutron at a fixed value of Q2
0. The Q2

0 = 5
GeV2 was chosen as it is close to the average Q2 of the data. The results of
the QCD fit were used for the extrapolation of g1 from measured Q2 to Q2

0 =
5 GeV2 and also for the extrapolation to unmeasured regions towards x = 0
and x = 1. The results obtained for the first moments of g1: Γ p

1
= 0.121 ±

0.003(stat.)±0.005(syst.)±0.017(QCD), Γ d
1

= 0.021±0.004±0.003±0.016
and Γ n

1 = −0.075 ± 0.007 ± 0.005 ± 0.019 are all significantly lower than
the Ellis–Jaffe sum rule predictions, as it is shown in Fig. 6 where they are
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shown as bands of one standard deviation around their central values. The
errors are dominated by the uncertainty on the low x extrapolation.

-0.4
    

-0.2
    

0
   

0.2
   

0.4

10
-2

10
-1

1

x⋅∆Σ(x)

X

-0.4
    

-0.2
    

0
   

0.2
   

0.4

10
-2

10
-1

1

x⋅∆g(x)

X

     

-0.1

     

0

    

0.1

10
-2

10
-1

1

x⋅∆qNS
p (x)

X

     

-0.2

     

-0.1

     

0

10
-2

10
-1

1

x⋅∆qNS
n (x)

X

Fig. 5. The polarized parton distribution functions determined from pQCD analysis

at Q2 = 1GeV2. Their statistical uncertainty is shown as a band with crossed

hatch and two bands indicate experimental (upper) and the theoretical (lower)

uncertainties.
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compared with the Bjorken, and Ellis-Jaffe predictions.

From Fig. 6 one can also see that all the data are consistent with the
validity of the Bjorken sum rule, predicting Γ p

1
− Γ n

1 = 0.181 ± 0.003 at
Q2

0
= 5 GeV2. In the QCD fit the test of Bjorken sum rule is done by

using as an extra parameter the axial vector coupling constant gA/gV . The
result obtained corresponds to Γ p

1
− Γ n

1
= 0.174 ± 0.24/0.12 at this Q2.

The value of Γ p
1
− Γ n

1 was also calculated from the direct integration of
the non-singlet structure function gNS

1 (x,Q2). Fig. 7 shows xgNS
1 (x,Q2)
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Fig. 7. The non-singlet functions xgNS
1 and xFNS

1 . Both functions are presented at

the measured Q2 of the experiments. The errors are statistical only.

calculated for SMC and E143 experiments as a function of x at average value
of Q2 of the measurement. The changes of gNS

1
due to the Q2 evolution

are small. For SMC data at Q2 = 10 GeV2 from the integrating gNS
1

we
obtain Γ p

1
−Γ n

1 = 0.198± 0.023, which should be compared with theoretical
prediction of 0.186 ± 0.003 at this Q2.

5. Polarized quark distributions

Semi-inclusive spin asymmetries for positively and negatively charged
hadrons from polarized protons and deuterons and 3He were analyzed to
determine the polarized valence quark distributions ∆uv(x) and ∆dv(x), as
well as the polarized sea quark distribution ∆q̄(x). In Fig. 8 these distri-
butions published by SMC experiment [11] are compared with preliminary
ones from HERMES [12]. The results are consistent in the overlapping x
range. The polarization of the uv quarks was found to be positive and to
increase with x, while for the dv quarks it was found to be negative. For
the sea quarks the observed polarization was consistent with zero with high
accuracy at small x. From the SMC data the first moments of the polarized
quark distributions were ∆uv = 0.77±0.10±0.08, ∆dv = −0.52±0.14±0.09,
and ∆q̄ = 0.010 ± 0.04 ± 0.03.
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                                         statistical errors only
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Fig. 8. Flavour separated polarized quark distributions x∆q(x). The open circles

results from SMC experiment, close circles - preliminary results from HERMES.

The errors shown are only statistical. Systematic uncertainty estimated in SMC

experiment are smoller than staistical ones.

6. Conclusions

The presented data sets of A1 cover a substantial range in x. The use
of polarized 3He target in the E142 and E154 experiments at SLAC and by
HERMES at DESY provides direct measurements of gn

1 which are in good
agreement with the combined proton and deuteron data.

The NLO-QCD analysis of all available data was performed and the re-
sults were used to extrapolated measured polarized structure functions g1’s
to common value of Q2 and to estimate contributions to the first moments

from the unmeasured regions. The results for the first moments Γ p,d,n
1

con-
firm the validity of the Bjorken sum rule with an uncertainty of about 10
percent. The violation of the Ellis-Jaffe sum rule is clearly demonstrated
and indicates either a large negative polarization of strange quarks in the
nucleon or a large positive gluon spin contribution to the nucleon spin at a
relatively low Q2 scale.

Polarization distributions for up and down valence quarks are deter-
mined from semi-inclusive asymmetries in the framework of the quark parton
model. Positive polarization of up valence quarks and negative polarization
of down valence quarks in the proton are demonstrated, together with van-
ishing polarization of up and down sea quarks. More data on semi-inclusive
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neutron asymmetries are needed to improve the accuracy of the down va-
lence quark polarization distribution and to test isospin symmetry of polar-
ized parton distributions. The main purpose of the polarized semi-inclusive
lepton nucleon scattering experiments of HERMES and COMPASS will be
a direct measurement of the gluon polarization.
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