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Abstract. The polarized 3He program of Hall A at Jefferson Lab will be described. Results on the gen-
eralized Gerasimov-Drell-Hearn integral for the neutron in a Q2 range between 0.02 GeV2/c2 < Q2 <
0.9 GeV2/c2 will be presented. Preliminary results of the virtual photon asymmetry An

1 (x, Q2) and the
spin structure function gn

2 (x, Q2) at large values of Bjorken x and low Q2, respectively, will be discussed.

PACS. 11.55.Hx Sum rules – 13.40.Gp Electromagnetic form factors – 13.88.+e Polarization in interactions
and scattering – 29.25.Pj Polarized and other targets

1 Introduction

For more than a decade most major accelerator labora-
tories in the world have carried out sophisticated experi-
ments to study the fundamental spin structure of the nu-
cleons. Contrary to the early expectation that the spin is
completely carried by the valence quarks of the nucleon,
contributions from valence and sea quarks, as well as the
gluons and possible orbital excitations are equally impor-
tant. A vast amount of experimental and theoretical effort
has been devoted to disentangle these different contribu-
tions [1]. It turns out that often sum rules, i.e. integrals
over certain physical quantities, allow for a very robust
comparison between experiment and theory. One of the
most prominent examples is the Bjorken (Bj) sum rule
which relates the axial charge, (∆u+∆ū)− (∆d+∆d̄) =
gA/gV , to the difference of the first moments of the pro-
ton and neutron spin structure function gp

1 and gn
1 , respec-

tively [2]. This sum rule is predicted to be 0.181 ± 0.005
(up to α3

s corrections) at a Q2 of 5 GeV2/c2. It has been
experimentally verified to within 5%. This result is one of
the most direct tests of perturbative QCD. Another sum
rule, the Gerasimov-Drell-Hearn (GDH) sum rule, has also
gained recent popularity. This sum rule relates the differ-
ence of the spin-dependent photon-nucleon cross-sections
to the anomalous magnet moment of the nucleon. It was
derived in 1966 by Gerasimov [3] and, independently, by
Drell and Hearn [3], based on very fundamental principles.
Experimentally, such integrals are very difficult to evalu-
ate, especially when they are Q2-dependent. Evolutions
and extrapolations are often necessary. With the advent
of highly polarized few-nucleon targets and highly polar-
ized c.w. beams, e.g. at Jefferson Lab, MAMI or ELSA,
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at least the low-energy contribution to some integrals can
finally be addressed with high precision.

In addition to sum rules precision measurements of
the spin structure functions, g1(x,Q2) and g2(x,Q2),
and, more recently, generalized parton distributions and
transversity have attracted considerable interest.

The focus of this paper is on the Q2 evolution of the
GDH sum for low and intermediate values of Q2 (sect. 2).
Precision measurements of inclusive asymmetries and the
extraction of spin structure functions in previously unex-
plored kinematical regions such as large values of Bjorken
x or low values of Q2 will be discussed in sects. 3 and 4.

2 The GDH integral for the neutron

All experiments described here were performed using in-
clusive polarized electron-nucleon scattering. In such ex-
periments two independent structure functions, g1(x,Q2)
and g2(x,Q2), can be isolated by measuring the following
scattering asymmetries:

A‖ =
σ� − σ⇒

σ� + σ⇒ = D ·
{
(E + E′ cos(θ))g1(x,Q2)

− Q2

ν
g2(x,Q2)

}
,

(1)

A⊥ =
σ→↓ − σ←↓

σ→↓ + σ←↓ = D · E′ sin(θ)
{
g1(x,Q2)

+
2E
ν
g2(x,Q2)

}
.

(2)

Both, A‖ and A⊥, can be measured by using a longitudi-
nally polarized beam in combination with longitudinally



382 The European Physical Journal A

and transversely polarized targets. The spin-averaged de-
nominator is expressed in terms of the factor D:

D =
1

F1(x,Q2)
· 1
ν
· 1− ε

1 + εR(x,Q2)
. (3)

Here, F1(x,Q2) is the unpolarized Dirac form factor and
R(x,Q2) is the ratio σL/σT . ε is a kinematical factor. If F1

and R are known, g1(x,Q2) and g2(x,Q2) can be simply
extracted from eqs. (1) and (2). Although this procedure is
quite common in deep inelastic scattering (DIS), it should
be pointed out that the unpolarized structure functions
are not well known in the resonance region. In the DIS
region, i.e. at large values of the invariant mass W , the
structure functions have been measured quite precisely at
CERN and SLAC over a wide range of x and Q2.

The GDH integral has gained considerable theoreti-
cal and experimental interest in recent years. The sum
rule was originally derived for real photons using a few
fundamental properties of physics, e.g. causality, unitar-
ity, a low-energy theorem, and an (unsubtracted) disper-
sion relation. It was shown that the spin-dependent cross-
sections for real photons scattered off a target with non-
zero nuclear spin obey the following relationship:

I(Q2 = 0) =
∫ ∞

νthresh

dν
ν
(σ↑↓(ν)− σ↑↑(ν)) = −2π2α

MN
κ2

N .

(4)
κN is the anomalous magnetic moment of the target nu-
cleus. The integral extends from the inelastic threshold
of the target, i.e. single-pion production threshold in the
case of the nucleon, to infinite photon energy. This im-
plies that high-energy contributions to the integral have
to be estimated theoretically. It should be noted that
the cross-sections are weighted with 1/ν and therefore
low-energy excitations will dominate. Within the last few
years, collaborations at MAMI (Mainz) and ELSA (Bonn)
measured this integral for the proton using real pho-
tons with energies up to ≈ 3.1 GeV. First results from
MAMI (200 MeV < Eγ < 800 MeV) show that the in-
tegral agrees within experimental errors with the expec-
tation of 205 µb. Therefore, the total contribution from
higher photon energies has to be small. An extension of
the integral to non-zero values of Q2 can be performed
by taking the transverse part of the spin-dependent vir-
tual photon cross-sections. Now we have a Q2-dependent
integral which can be evaluated theoretically using χPT
techniques at low Q2 and the operator product expansion
(OPE) at large Q2. Only a small region between about
0.2 GeV2/c2 � Q2 � 0.5 GeV2/c2 cannot be covered
using these techniques. Often the difference in the spin-
dependent cross-section is called σ′

TT and is related to the
spin structure functions via

σ′
TT =

1
2
(σ↑↓−σ↑↑)= 4π2α

MNK

(
g1(x,Q2)−Q2

ν2
g2(x,Q2)

)
.

(5)

We measured the integral for six different values of Q2 in
a range from 0.02 GeV2/c2 to 0.9 GeV2/c2 using a po-
larized 3He target in Hall A at Jefferson Lab. The 3He

Fig. 1. GDH integral for the neutron. Solid curve: “infrared
regulated” χPT [6]. The shaded area is an estimate of the
theoretical error. Dashed curve: standard HBχPT [7].

target was operated using the technique of spin exchange
with highly polarized Rb. A 40 cm long thin-walled cylin-
drical glass container served as the target cell. The target
pressure was (10–12) atm and an average in-beam polar-
ization of 0.35± 0.014 was achieved. Both high-resolution
spectrometers (HRS) were used in single-arm mode. The
polarization of a longitudinally polarized electron beam
(Pb ≈ 0.70, I = (10–15) µA) was flipped at a rate of
1 Hz. The beam energy varied between 0.86 GeV and
5.06 GeV. Data were taken from quasi-elastic kinemat-
ics through the resonance region up to an invariant mass
W of about 2 GeV. We used eq. (5) for the evaluation of
the integrals, i.e. we determined the cross-sections and
spin structure functions directly from asymmetry mea-
surements. This procedure was necessary since the un-
polarized structure functions of the neutron are not well
known in the resonance region. We applied the model of
degli Atti et al. [4] to extract the neutron information
from the 3He data. Radiative corrections were performed
using the program POLRAD [5]. Figure 1 shows our re-
sults of the GDH integral for the neutron as a function of
Q2. This is the first measurement of the generalized GDH
sum on the neutron in the resonance region. A striking
Q2-dependence can be observed in this region where the
transition from the partonic to the hadronic picture takes
place. The shaded region at very low Q2 is the prediction
of Bernard et al. [6]. The calculation was performed within
the framework of “infrared regulated” χPT. The shaded
region covers the estimated error in the theory due to un-
certainties in low-energy constants. The dashed curve is a
HBχPT calculation by Ji and Osborne [7]. It is interesting
to note that there has to be a minimum in the GDH in-
tegral somewhere between Q2 = 0.1 GeV2/c2 and 0. This
region will be the focus of a follow-up experiment which
will run in 2003 in Hall A at Jefferson Lab [8].
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Fig. 2. World data of the virtual photon asymmetry Ap
1 of the

proton.

3 The virtual photon asymmetry An
1(x, Q2)

Similar to eq. (1), the virtual photon asymmetry,
A1(x,Q2), can be expressed in terms of the spin struc-
ture functions via

A1=
σT

1
2
− σT

3
2

σT
1
2
+ σT

3
2

=
1

F1(x,Q2)

(
g1(x,Q2)−4m2

Nx
2

Q2
g2(x,Q2)

)
.

(6)
The 2nd term in eq. (6) is often kinematically suppressed
(∝ 1/Q2) and therefore

A1 =
g1(x,Q2)
F1(x,Q2)

=
4∆u+∆d

4u+ d
(proton),

=
4∆d+∆u

4d+ u
(neutron) .

(7)

Here, we substituted the unpolarized (u, d) and polarized
(∆u, ∆d) parton distributions into the structure functions
and omitted any sea quark contributions. Experimental
data at large x suggest that the u-quarks dominate the
cross-sections over the d-quarks. This can be seen from
the large-x behavior of F n

2
F p

2
. A1 has been measured very

precisely over a wide kinematical range for the proton.
Figure 2 shows the present quality of the proton data It
can be seen that Ap

1 is large and positive as x→ 1. If Ap
1

approaches unity as x→ 1, the asymmetry is dominated
by ∆u

u and therefore ∆u = u. The situation changes for
the neutron. The present precision of the data does not
allow a reliable prediction for An

1 (x) at large values of x.
For x � 0.3, An

1 (x) is consistent with zero. This is consis-
tent with a simple SU(6) model prediction for the neutron.
However, it is clear from Ap

1 that such simple models are
inconsistent with the data, since the SU(6) prediction for
the proton is 5/9. Isgur showed that the valence quark
SU(6) predictions get modified when hyperfine interac-
tions are taken into account [9]. In this new approach Ap

1
and An

1 are expected to approach 1 as x→ 1. Perturbative
QCD calculations predict large and positive asymmetries
for the proton and neutron at large values of x as well [10].

The experimental conditions in Hall A at Jefferson Lab
are an ideal environment to perform precision measure-
ments at large values of x, i.e. at small cross-sections. In
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Fig. 3. World data of the virtual photon asymmetry An
1 for the

neutron as a function of Bjorken x. The results from E99-117
are preliminary.

the summer of 2001 the asymmetry A
3He
1 was measured

with unprecedented precision. The target was the same as
described in sect. 2. The average target polarization was
about 0.40 with beam on target and the beam polarization
was about 0.80. Also here, the method described in ref. [4]
was used to extract the neutron asymmetry, An

1 . The pre-
liminary result is shown in fig. 3. Radiative corrections
have been applied using the program POLRAD.

The results of E99-117 show clearly that An
1 changes

sign at x ≈ 0.5 and increases with increasing x. The three
measured values are below Isgur’s extended quark model
prediction and indicate a negative contribution of ∆d to
the asymmetry.

4 Precision measurement of gn
2(Q

2) at
x ≈ 0.2

As pointed out in the previous sections, the spin structure
functions g1(x,Q2) and g2(x,Q2) can be extracted from
two independent asymmetry measurements. g1(x,Q2) has
a simple interpretation within the quark model picture. It
is just the sum of the charge (squared) weigthed polarized
parton number densities. g2(x,Q2), on the other hand,
does not have such a simple interpretation. g2(x,Q2) is re-
lated to the transverse spin structure function gT = g1+g2
and quark-gluon correlations as well as quark mass terms
enter as twist-3 contributions in leading order in αs. g2 is
called a twist-3 structure function in the language of the
operator product expansion (OPE). Twist-3 contributions
to physical observables are suppressed by 1/Q. Wandzura
and Wilzcek [11] found that the leading-twist, i.e. twist-2,
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Fig. 4. Statistical precision achieved in E97-103. The solid
lines are NLO results for gWW

2 for different polarized-quark
distributions. The markers indicate the points where the NLO
calculations were performed.

part of g2 is purely determined by g1 via

gWW
2 (x,Q2) = −g1(x,Q2) +

∫ 1

x′

dx′

x′
g1(x′, Q2) . (8)

This implies that g2 can be decomposed in g2 = gWW
2 +

gh.t.
2 , where gh.t.

2 are all the higher-twist contributions to
g2. So far the information on gh.t.

2 has been very lim-
ited. The main experimental direct evidence for non-zero
higher-twist contributions comes from the SLAC E155 and
E155x experiments [12]. These experiments measured the
twist-3 matrix element d2 = 3

∫ 1

0
dxx2gtw3

2 (x,Q2) for the
proton and neutron. The results are: dp

2 = 0.0032±0.0017
and dn

2 = 0.0079 ± 0.0048 [12]. The data were taken in a
Q2 range from 0.7 GeV2/c2 to 20 GeV2/c2.

Since hardly any additional information is available on
gn
2 , the polarized 3He target of Hall A was used to mea-
sure the Q2-dependence of gn

2 at nearly constant values
of x (≈ 0.2). The range in Q2 varied from 1.36 GeV2/c2

down to 0.58 GeV2/c2. Due to the 1/Q suppression of the
twist-3 part, its contribution to g2 is expected to increase
at lower values of Q2. The experiment was performed in
2001. Figure 4 shows the statistical precision we achieved.
The errors were reduced by nearly one order of magnitude
as compared to previous data at x = 0.2. The figure also
shows some twist-2 expectations for gWW

2 in next-to-
leading order (NLO). Different modern parameterizations
for the polarized quark and gluon density distributions
served as input. First, DGLAP evolutions to the measured
Q2 were performed [13] for these distributions, then g1

was determined, and finally gWW
2 was calculated based on

eq. (8). It is interesting to note that all the parameteriza-
tions seem to converge to a common value for gWW

2 at Q2

values > 1 GeV2/c2, but some dispersion can be observed
at the lower Q2 values. This is most likely a consequence
of the scale at which the input distributions were param-
eterized. The new data from Hall A will certainly shed
more light on this low-Q2 regime.

5 Conclusions

The experimental data presented in this paper show the
unique opportunity for Jefferson Lab to contribute to our
basic understanding of the nucleon spin structure. The
combination of a dense, highly polarized 3He target and
the intense polarized CEBAF c.w. electron beam allowed
us to access and improve the precision of some observables
such as the generalized GDH sum rule, An

1 (x) at large x,
and gn

2 (Q
2) at low Q2 and constant x. Nuclear corrections

are well under control in the DIS region. The corrections
in the resonance region were performed using a model of
Scopetta et al. [4]. Future experiments on higher-twist ob-
servables, spin duality, the electric form factor of the neu-
tron, Gn

E , at large Q2, and, especially, Jefferson Lab at
12 GeV, promise a lot more precision data on the (spin)
structure of the neutron.
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84ER40150.
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