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Abstract

I will �rst review the latest development in the nucleon spin struc-

ture study with lepton-nucleon deep inelastic scattering (DIS) from

high energy laboratories. I will then concentrate on the progress and

plan of study of the nucleon spin structure in the low energy region.

With the newly built high luminosity 6 GeV electron beam accelera-

tor and the progress in the highly polarized electron source and highly

polarized targets, new experiments are being carried out at Je�erson

Lab (CEBAF) to study the nucleon spin structure in the resonance

region at low Q2, with focus on the generalized GDH sum rule. Some

preliminary results are presented. A generalized GDH sum rule study

could provide a �rst comparison of experimental data with calcula-
tions from a fundamental theory over the entire Q2 regime. Taking

advantage of the high luminosity of Je�erson Lab, selected spin struc-

ture experiments in the DIS region are also planned, concentrating in

the valence quark region and the study of the quark-gluon correlations

through higher twist e�ects. The parton-hadron duality provides the

link between the DIS and the resonance region. Experimental study of

duality in spin structure is planned. Outlook of spin structure study

with a future 12 GeV energy upgraded Je�erson Lab is discussed.

1 Introduction

In late 80s, the CERN European Muon Collaboration (EMC) spin structure
experiment results [1], combined with earlier SLAC results [2], indicated that
the quark spins contribute only a small amount to the nucleon spin. This
puzzling situation is referred to as the \spin crisis". Over the last decade,
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both theoretical [3] and experimental physicists devoted substantial e�orts
to understand this problem. A new generation of experiments were carried
out at SLAC (E142, E143, E154, E155 and E155x) [4], CERN (SMC) [5] and
DESY (HERMES) [6]. These experiments concluded that the quark carries
about 20� 30% of the nucleon spin, and the Bjorken sum rule [7] is veri�ed
to about 7% level. The next section is an overview of the current status of
the spin structure study.

At the Q2 = 0 end, there is another related sum rule for spin structure,
the Gerasimov-Drell-Hearn (GDH) sum rule [8]. Large e�orts have been put
and are planned to test the GDH sum rule and to study the spin structure
in the resonance region. In section 3, preliminary results from Mainz are
presented as well as the future plans of Je�erson Lab and other laboratories.

To connect the GDH with the Bjorken sum rule, several attempts were
made to extend the GDH sum rule. One of the generalized GDH sum rule
derivation will be presented in Section 4. A large number of experimental
e�orts are underway at Je�erson Lab, which is a 100% duty factor 6 GeV
electron accelerator with high luminosity. The recent progress in the polar-
ized electron source and polarized proton, deuteron and 3He targets greatly
extends the kinematic region for the study of the nucleon spin structure.
First preliminary extended GDH experiment results with virtual photon are
presented and discussed in Section 4.

Taking advantage of the high luminosity (1036 particles/sec for polarized
beam-polarized target), experiments are planned at Je�erson Lab to study
polarized valence quark structure with DIS in the high x region. As an
example, one experiment, which will measure the neutron spin asymmetry
(An

1 ), is discussed in Section 6.

Experiments are also planned to study e�ects beyond the leading twist.
The leading twist gives the quark distributions in the nucleon. The higher
twists give access to the quark-gluon interactions. As an example, one ex-
periment will measure the g2 spin structure function. The deviation of g2
from the leading twist part gww2 , which can be obtained from the measured g1
structure function, gives the twist 3 and higher twist contributions. Details
are given in Section 7.

An energy upgrade to 12 GeV is planned for Je�erson Lab. Nucleon spin
structure study with the upgraded Je�erson Lab is discussed in Section 8.
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2 Overview of the nucleon spin structure study

at high energy laboratories

2.1 Inclusive Polarized Lepton-Nucleon Scattering

High energy leptons provide a clean probe of the nucleon's substructure,
since they only interact with quarks through the electroweak interaction (no
strong interaction). Deep inelastic scattering of leptons with nucleons has
provided us with the most extensive information on the parton substructure
of the nucleon and helped to establish the current theory of the strong in-
teraction, quantum chromodynamics (QCD), which is mostly responsible for
the structure of the nucleon.

In the last 30 years, unpolarized lepton DIS has been successfully used to
extract the parton distributions in the nucleon. The observation of the scaling
violation over a wide kinematic range has con�rmed QCD Q2 evolution. The
polarized lepton DIS started in the 70s. A big surprise came in late 80s when
EMC found that a quark-parton model (Ellis-Ja�e) sum rule[9] is violated
and the quark spins do not account for the proton spin. This `spin crisis'
lead to great theoretical and experimental excitement. A number of new
experiments at several high energy laboratories followed in the last decade.
The new results from these experiments tested a rigorous QCD (Bjorken)
sum rule, established the extent of the contribution of the quark spins to the
nucleon spin and provided information on the polarized parton distribution,
including a �rst glance at the gluon contribution to the nucleon spin.

For inclusive polarized lepton scattering o� a polarized nucleon target,
in the lowest order (�rst Born) approximation and neglecting the parity
violating e�ect, the interaction is mediated by a virtual photon (with 4-
momentum transfer Q2 and energy transfer �). The cross section depends on
four structure functions, F1(Q

2; x), F2(Q
2; x), g1(Q

2; x) and g2(Q
2; x), where

x = Q2=2m� is the Bjorken scaling variable, F1 and F2 are the unpolarized
structure functions and g1 and g2 are the polarized structure functions. In
the Bjorken limit, when Q2 and � goes to 1 while the ratio x is kept con-
stant, all structure functions become functions of x only, which is the Bjorken
scaling behavior. In the naive quark-parton model, F1 and F2 give the quark
momentum distribution and g1 gives the quark spin distribution:

g1(x) =
1

2
�ie

2
i�qi(x) (1)
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where

�qi(x) = q+i (x)� q�i (x) + �q+i (x)� �q�i (x) (2)

and q+i (x)(q
�
i (x)) is the distribution of quark with avor i and spin parallel

(antiparallel) to the nucleon spin. The interpretation of g2(x) in the QPM is
less straight forward. It was shown that in QCD, it can be decomposed as

g2(Q
2; x) = gWW

2 (Q2; x) + �g2(Q
2; x) (3)

where gWW
2 is a leading twist contribution and is completely determined by

g1(Q
2; x):

gWW
2 (Q2; x) = �g1(Q

2; x) +
Z 1

x
g1(Q

2; y)
dy

y
: (4)

The term �g2 is a twist-3 contribution and is sensitive to the quark-gluon
correlation in the nucleon.

The unpolarized cross sections are usually much larger than the polar-
ized cross sections. Experimentally, it is usually easier to measure cross
section asymmetries where the unpolarized part cancels. The experimen-
tally measured asymmetries for a longitudinally polarized lepton beam on
longitudinally and transversely polarized target are

Ak =
�"# � �""

�"# + �""
(5)

and

A? =
�#! � �"!

�#! + �"!
(6)

where the arrows in �"#, �"", �#!, �"! refer to the beam and target spin
directions respectively. The physics asymmetries A1 and A2 are de�ned along
and perpendicular to the virtual photon direction (the virtual photon-nucleon
asymmetries).

Ak = D(A1 + �A2) (7)

and

A? = d[A2 � (1� y=2)A1] (8)
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where D, the depolarization factor of the virtual photon, depends on the
kinematic variables and R, the ratio of unpolarized longitudinal cross section
to the transverse cross section. � is a kinematic factor and d is proportional
to D. For spin-1/2 targets (proton and neutron),

A1 =
�1=2 � �3=2
�1=2 + �3=2

=
2�TT

�T
(9)

and

A2 = 2�TL=�T : (10)

2.2 The Bjorken Sum Rule and Ellis-Ja�e Sum Rule

The sum rules of the spin structure functions relate the integral of the spin
structure functions to some static properties of the nucleon. They provide
powerful tools to experimentally test theoretical predictions. One fundamen-
tal sum rule is the Bjorken sum rule:

�p � �n =
Z 1

0
gp1(x)dx�

Z 1

0
gn1 (x)dx =

1

6

gA
gV

(11)

where gA and gV are the axial and vector weak coupling constants measured
from neutron beta decay. The sum rule was derived by Bjorken from light
cone current algebra assuming isospin invariance. The modern day approach
is using the QCD operator product expansion (OPE). The sum rule is valid
at the Q2 !1 limit. At �nite Q2, there are QCD radiative corrections:

�p � �n =
1

6

gA
gV

[1�
�s(Q

2)

�
� :::] (12)

where �s is the strong coupling constant.
Separate sum rules for the proton and the neutron were derived by Ellis

and Ja�e within QPM, and assumed avor-SU(3) symmetry and no strangeness
contribution to the nucleon spin. Integration of eq. 1 gives

�p =
1

2
(
4

9
�u+

1

9
�d+

1

9
�s); (13)

and, from isospin invariance,

�n =
1

2
(
1

9
�u+

4

9
�d+

1

9
�s); (14)
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where

�qi =
Z 1

0
�qi(x)dx (15)

are the moments of spin-dependent parton distributions in the proton. In the
QPM, these moments are related to the weak axial-vector couplings a0; a3
and a8:

a0 = �u+�d +�s = ��; (16)

a3 = �u��d =
gA
gV

; (17)

a8 = �u+�d� 2�s: (18)

Assuming avor-SU(3) symmetry, a3 and a8 are related to the symmetric
and antisymmetric weak SU(3)f couplings F and D of the baryon octet,
a3 = gA=gV = F + D and a8 = 3F � D. The measured F/D from the
hyperon weak decay can be used to determine a8. To determine a0, Ellis
and Ja�e assumed that the strange sea in the nucleon is unpolarized (i. e.
�s = 0). therefore a0 = a8. The Ellis-Ja�e sum rule follows:

�p(n) =
1

12
[+(�)a3+

1

3
a8]+

1

9
a0 = +(�)

1

12
(F +D)+

5

36
(3F �D):(19)

The Ellis-Ja�e sum rule is valid in the Q2 ! 1 limit. At �nite Q2,
there are QCD radiative corrections, which are sizable in the Q2 range of the
experiments.

Higher twist e�ects also contribute to the Q2 evolution of the g1 moments.
It has been the subject of considerable theoretical e�ort. However, in the
kinematics of most high energy spin structure experiments, these e�ects are
believed not to be signi�cant.

The Q2 evolution of the spin structure function g1 itself can be treated
in perturbative QCD. The quark and the gluon distributions follow the
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations[10]. Deter-
mination of the distribution functions depends on the renormalization and
factorization scheme. The modi�ed minimal subtraction ( �MS) scheme[11]
and the Adler-Bardeen (AB) scheme[12] are commonly used in the analysis
of the polarized parton distributions. In the �MS scheme, the gluon density
�G(Q2; x) does not contribute to the �rst moment of g1. In the AB scheme,
the gluon density �G(Q2) contributes explicitly to �1 and the total quark
contribution to the nucleon spin is Q2 independent.
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2.3 Spin `Crisis' and Recent Experimental Results

The EMC experiment result from CERN with polarized muon beam on po-
larized proton (NH3) target, when combined with the earlier results from
SLAC E80 and E130, violates the Ellis Ja�e sum rule. The experimen-
tal result for �p is 0:126� 0:010(statistical) � 0:015(systematic), while the
Ellis-Ja�e sum rule prediction is 0:189� 0:005. The total quark contribution
to the proton spin is only (12 � 9 � 14)% and the strange sea quark con-
tribution is �0:095� 0:016� 0:023. Such a small contribution of the quark
spin to the proton spin came as a big surprise and was quoted as the `spin
crisis'. It is clear now that it is only a `crisis' of the quark model and the
quark model still remains unjusti�ed within QCD. However, the `spin crisis'
has generated much productive experimental and theoretical activity.

The 2nd generation of spin structure experiments were performed at
SLAC (E142, E143, E154, E155 and E155x), CERN (SMC) and DESY
(HERMES). The new generation experiments not only greatly improved the
precision of the proton result, extended the kinematic coverage, but also
measured on the deuteron and the neutron (with polarized 3He). Some of
the new generation of the experiments also measured both the longitudinal
and the transverse asymmetries, which enabled the direct determination of
g1 and g2, instead of the early determination of g1 only from the longitudinal
asymmetry with the assumption of g2 = 0.

The latest results of g1(x) for the proton, the deuteron and the neutron
(from polarized 3He) are summarized in �gure 1[4]. Also for the �rst time,
there are reasonable Q2 coverage that one can plot the Q2 evolution of the
gp1(Q

2; x) structure function (see �gure 2). Figure 3 shows the g2(x) results
for the proton and the deuteron.

With this reasonable amount of data, global QCD analyses have been
carried out by several groups. Polarized parton distributions have been ex-
tracted from these analyses[13]. Precision data at very low x and high x,
and wide Q2 range are needed to complete the picture and to have accurate
determination of the complete parton distribution, especially the avor and
valence-sea separation and the polarized gluon distribution.

With all these results, the Bjorken sum rule is con�rmed to about 7%
and the Ellis-Ja�e sum rule is violated[14].

The determination of the total quark contribution to the proton spin is
scheme dependent. Depending on which experimental data sets and which
scheme ( �MS and AB) are used, the results vary between 0.2 to 0.3 with
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Figure 1: The preliminary result of g1 for proton, deuteron and neutron from
SLAC experiment E155 and previous world data.
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a typical uncertainty of 0.05. The remain contributions to the nucleon spin
must come from the gluon contribution (including the gluon polarization and
the gluon angular momentum) and the quark angular momentum. The same
QCD analysis of the Q2 evolution gives an estimation of the polarized gluon
distribution. SMC found the �rst moment of the polarized gluon distribution
at Q2 = 1GeV 2 to be

�g =
Z 1

0
�G(x)dx = 0:99+1:17

�0:31(stat:)
+0:42
�0:22(syst:)

+1:43
�0:45(theor:): (20)

The large uncertainties show that the indirect measurements have their lim-
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Figure 2: The preliminary result for the Q2 dependence of gp1 from SLAC
experiment E155 and previous world data.
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itation and direct measurements are needed.

The gluon polarization has also been extracted from HERMES mea-
surement of semi-inclusive asymmetry in the photoproduction of high pT
hadron pairs[15]. With a model-dependent analysis, HERMES determined
that �G=G = 0:41� 0:18(stat:)� 0:03(syst:) at 0:06 < x < 0:28.

Semi-inclusive experiments can provide the avor decomposition. The
�rst HERMES[16] and SMC[17] semi-inclusive results give the valence quark
distributions and the sea quark distributions (assumed the avor indepen-
dence of the sea quark polarization). The �rst moments from HERMES
data at Q2 = 2:5GeV 2 are �u + ��u = 0:57 � 0:02 � 0:03 , �d + ��d =
�0:25 � 0:06 � 0:05 and �s + ��s = �0:01 � 0:03 � 0:04. With improved
particle identi�cation, HERMES will provide re�ned data for the avor de-
composition in near future.

Figure 3: The preliminary result of g2 for proton and deuteron from SLAC
experiment E155x and previous world data.
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2.4 Future experiments

The large data sample provided by the high energy DIS experiments has
allowed a reasonable determination of the polarized parton distributions.
However, many questions remain to be answered.

One obvious piece in the proton spin puzzle is the polarized gluon contri-
bution. Large experimental e�orts are planned: RHIC-spin at Brookhaven,
COMPASS at CERN, HERMES at DESY, and possibly others[18]. Results
should be available in the next a few years.

Another piece in the proton spin puzzle is the quark angular momentum
contribution. The theoretical study of this problem leads to a broad new
framework which goes beyond the standard parton distribution functions:
the generalized parton distributions (GPDs) (they are also called o�-forward
parton distributions or skewed parton distributions)[19]. The GPDs can be
accessed with the deep virtual Compton scattering (DVCS) and the deep
virtual meson productions. One of the GPD sum rules relates the quark
angular momentum to the sum of one GPD[20]. Large e�orts are planned at
Je�erson Lab, HERMES, COMPASS to experimentally explore the GPDs.
Several discussions are underway to build new facilities to study the GPDs.
It is out of the scope of this paper to discuss these in great depth.

For inclusive lepton scattering measurements, the very low x region, the
high x region and the Q2 dependence at all x regions are still to be explored.
The high x region provides a clean region to study the valence quark struc-
ture. The Q2 dependence of the spin structure functions and the higher twist
e�ects give access to the quark-gluon interactions. At low Q2 and Q2 = 0,
the focus has been on the study of the GDH sum rule, the generalized GDH
sum rule and the resonance spin structure. Many experiments in a number of
laboratories have been planned and some have been carried out. E�orts are
also planned to study the connection between DIS and the resonance region
(the parton-hadron duality).

New windows open up with the semi-inclusive reactions. The HERMES
initial results are just the beginning of this new exploration. Further ex-
periments in the semi-inclusive reactions will provide us with the complete
spin-avor decomposition of the spin structure. It can also access the trans-
verse spin distribution[21], which is another important aspect of the nucleon
spin structure.
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3 Spin Structure with Real Photon: Garesimov-

Drell-Hearn Sum Rule

3.1 The Garesimov-Drell-Hearn Sum Rule

The Gerasimov-Drell-Hearn (GDH) sum rule[8] relates the total cross section
of circularly polarized photons on longitudinally polarized nucleons to the
anomalous magnetic moment of the nucleon:

Z 1

thr
(�1=2 � �3=2)

d�

�
= �2�2�

�2

m2
(21)

where �1=2 and �3=2 are the total cross sections for hadron photoproduction on
nucleons in the helicity 1/2 and 3/2 states, � is the laboratory photon energy,
� is the anomalous magnetic moment and m is the mass of the nucleon. The
lower limit of the integration is the pion photoproduction threshold.

The GDH sum rule follows from the dispersion relation for forward Comp-
ton scattering along with the optical theorem and the low energy theorem.
The forward Compton scattering amplitude may be written in terms of two
scalar invariant functions of �:

f(�) = f1(�)~e
0� � ~e+ �f2(�)i~� � ~e

0� � ~e (22)

where ~e and ~e
0

are the transverse polarization vectors of the incident and
forward-scattered photon, respectively. Causality implies analyticity of f2
which allows us to write the dispersion relation for the forward amplitude
without subtraction:

Ref2(�) =
2�

�
P
Z 1

0
d� 0

Imf2(�
0)

� 02 � �2
: (23)

Unitarity can be expressed in the optical theorem:

Imf2(�) =
�

8�
(�1=2 � �3=2) (24)

The low energy theorem[22], which comes from gauge invariance and relativ-
ity, informs us that

f2(0) = �
��2

2m2
: (25)
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Combining the above equations, the GDH sum rule follows immediately. The
no-subtraction assumption (Re(f2(1)) = 0) and that the cross section dif-
ference falls o� with energy faster than 1=ln(�) could be open to `reasonable'
question. The GDH sum rule, especially the high energy behavior, can be
used to study QCD and may have implications for physics beyond the Stan-
dard Model. The generality of the input assumption suggests very strongly
that the sum rule should be veri�ed, which has become possible now with
the technical development in polarized beams, polarized targets and the new
detection capabilities at Je�erson Lab, Mainz and other laboratories.

Because of the 1/� weighting in the integrals, and that the resonances
contribute most of the strength to the sum rule, single pion photoproduction
is expected to have a sizeable contribution (dominant at low energy). Using
the results of multipole analyses of the existing data, Karliner[23] and re-
cently Workman and Arndt[24], Burkert and Li[25], Sandor�, et al.[26], have
computed the single pion contribution to the GDH sum rule for the proton
and the neutron, with some estimates of the inelastic contribution included.
These values are compared to the GDH prediction in table 1, along with the
most recent calculation by Drechsel, Kamalov and Tiator[27] using an uni-
tary isobar model (MAID), taking into account the single �, � and double
�'s plus some estimation of the high energy contribution. Also listed are
the values calculated based on an extended algebra model [28]. In the ex-
tended algebra calculation, the GDH sum rule is modi�ed by extending the
assumption of the `no-subtraction' dispersion relation to have a J = 1 pole
contribution. However, recent analysis[29] suggests that the extra pole is not
consistent with QCD analysis with existing data. Some of the analyses give
reasonable agreement with the GDH sum rule for proton, but all missed the
neutron GDH sum rule. It is of particular interest to notice that the proton-
neutron sum rule (which is equivalent to isoscalar-isovector interference sum
rule) is of di�erent sign from the partial wave analysis results, and far from
saturation by the existing calculation up to 2 GeV.

It is of great interest to experimentally test the GDH rum rule on both
proton and neutron.

Recent theoretical e�orts[29] provide extensive discussions on the sub-
ject of the GDH sum rule, including discussions of the validity of the no-
subtraction hypothesis, the consequences of the GDH sum rule for our un-
derstanding of the nucleon structure, the strong interaction (QCD) and pos-
sible new physics beyond the Standard Model, and the estimation of the high
energy (� > 2 GeV) contribution.
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Table 1. Various Predictions for GDH sum
- GDH(p) GDH(n) GDH(p-n)

GDH sum rule -204.5 �b -232.8�b 28.3�b
Extended Current Algebra -294 �b -185�b -109�b

Analysis by Karliner -261 �b -183 �b -78 �b
Analysis by Workman and Arndt -257 �b -189 �b -68 �b

Analysis by Burkert and Li -203 �b -125 �b -78�b

3.2 First Measurement of GDH integral on Proton:

Preliminary Result from Mainz

The �rst GDH experiment was carried out at the Glasgow-Mainz tagged
photon facility of the MAMI accelerator in Mainz, Germany[32]. Circularly
polarized photons are produced by bremsstrahlung of longitudinally polar-
ized electrons with energy up to 800 MeV. A strained GaAs photocathode
routinely delivered electrons with polarization of about 75%. The electron
polarization was monitored with a M�ller polarimeter to a precision of 3%.
The photon polarization was evaluated according to Ref [33]. The photon en-
ergy was determined by a tagging spectrometer which analyzes the momenta
of the electrons which have radiated bremsstrahlung photons.

A frozen spin butanol (C4H9OH) target provided the polarized protons.
The system consisted of a horizontal dilution refrigerator and a 2.5 Teslas
superconducting magnet, used in the polarization phase, together with a mi-
crowave system for dynamical nuclear polarization. During the measurement
the polarization was maintained in the frozen-spin mode at a temperature
of about 50 mK and a magnetic �eld of 0.4 Tesla. A maximum polarization
close to 90% and a relaxation time in the frozen-spin mode of about 200
hours have been regularly achieved. The target length of 2 cm gave a total
thickness of 9 � 1022 protons/cm�2. The target polarization was measured
with NMR techniques to a precision of 1:6%.

A large angular acceptance (21� < � < 159�; full azimuthal angle cover-
age) detector DAPHNE, complemented by additional detectors covering the
forward angular region down to 2�, were used to detect the photoemitted
hadrons. Preliminary data discussed below are data recorded only by the
DAPHNE detector. The forward angle data are still under analysis.

The experiment measured inclusive hadron production (count of hadron
events without partial channel separation) and the exclusive channels (single
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pion production and double pion production) for photon energies from 200
MeV to 800 MeV. Preliminary results of the inclusive cross section di�erence
and the GDH integral have already been shown at conferences[32]. The
experimental systematic uncertainty is about 6%. The uncertainty due to
the angular extrapolation is not signi�cant and will be checked once the
forward angle data analysis is complete. The total measured sum in the
range of 200-800 MeV is IpGDH = 216� 6(stat:) � 13(syst:)(�b). The region
below 200 MeV and above 800 MeV will be measured in other laboratories
and the contributions have been estimated with models. It is worth mention
that the contribution from the pion threshold to 200 MeV is important and
with opposite sign (from the resonance contribution).

The double polarization data can be also used to extract the spin polar-
izability 0, which is de�ned to be

0 = �
1

4�

Z 1

m�

(�3=2 � �1=2)

�3
d�: (26)

The measured integral in the region of 200-800 MeV is I0 = 170 � 9 �
10(10�6fm4). The contribution from the unmeasured region can be esti-
mated with models[34] Adding the estimation to the measured contribution,
one gets the spin polarizability 0 = �83 � 9 � 15(10�6fm4), which is to
be compared with Chiral perturbation calculations[35]. The latest Chiral
perturbation calculation to order of p4 by Gellas-Hemmert-Meissner gives a
result of 0 = �110(10�6fm4).

3.3 Planned Experiments on Real Photon GDH

The �rst measurement at Mainz is part of the joint program to experimentally
test the GDH sum rule on the nucleon at MAMI and ELSA (Bonn)[36].
The photon energy range covered at ELSA is from 600 MeV to 3 GeV.
The same polarized butanol target will be used for the proton measurement,
which is scheduled to start data taking this year. The ELSA experiment will
be only an inclusive measurement. Extension of the measurements to the
neutron using both polarized deuteron and polarized 3He targets is approved
for MAMI[37] and is under discussion for ELSA.

There are two planned Je�erson Lab experiments (E91-015[38] and E94-
117[39]) will use polarized real photon on a polarized ice HD target and
CLAS (CEBAF large acceptance spectrometer) to study the proton and the
neutron (with deuteron) GDH sum rule and also all the exclusive channel
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contributions for photon energies from 300 MeV to 2.2 GeV and can be
extended to 6 GeV. The polarized ice HD target is a novel new target which
provides a relatively `clean' Hydrogen and Deuterium target. The target is
being built at Brookhaven �rst for the LEGS-Spin program. It will later be
used for the Je�erson Lab GDH program.

Similar studies at di�erent photon energies are also planned at LEGS[40],
Grenoble[41], Spring8[42] and TUNL[43].

4 Spin Structure with Virtual Photons: Gen-

eralized GDH Sum Rule

The nucleon spin structure has been explored for more than two decades at
high energies. However, the exploration with real photons has just started
and the transition from the deep inelastic regime to the con�nement regime
has not been explored at all. The connection between the GDH and the
Bjorken sum rules may provide insight into how this transition takes place.

Trying to better understand the \spin crisis" and to learn about the
possible higher twist e�ects from the Q2 dependence of the spin structure
functions, phenomenological models have been proposed to extend the GDH
sum rule for the nucleon to �nite Q2 and connect it to the Bjorken sum rule
in deep inelastic regime [44, 45, 46]. A natural extension will be

I(Q2) =
Z 1

threshold

�1=2(�;Q2)� �3=2(�;Q2)

�
d�: (27)

However, what does this integral equal to is not de�ned. Therefore it is only
an extended GDH integral, not a sum rule. Recently Ji and Osborne[48] has
made a rigorous extension of the GDH sum rule to the entire region of Q2.
With the same assumptions as the GDH sum rule, Ji and Osborne derived
the generalized GDH sum rule:

4
Z 1

el

G1(�;Q
2)

�
d� = S1(Q

2) (28)

where S1(Q
2) is the forward virtual Compton Scattering amplitude. Sim-

ilar sum rule also holds for G2 and S2. The GDH sum rule and Bjorken
sum rule are the two limiting cases (Q2 = 0 and Q2 = 1) of the gener-
alized GDH sum rule. Other than the two limiting cases, S1(Q

2) can also
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be calculated at small Q2, where hadrons are the relevant degree of free-
dom, with Chiral Perturbation Theory and at large Q2, where quarks and
gluons(partons) are the relevant degree of freedom, with higher order QCD
expansion (twist expansion). At small Q2, it was �rst calculated to the lead-
ing order[47][48] using the Chiral Perturbation theory with the Heavy Baryon
approximation. However, the calculated slope has an opposite sign from the
constituent quark model calculations. Recently the calculation was extended
to next to leading order (order P 4)[49]. The slope now has the same sign as
the constituent quark model calculations. A new improved calculation with-
out Heavy Baryon approximation is under way [50]. At large Q2, twist-2 and
twist-4 terms have been calculated[51]. A crucial question in this connection
is how low in Q2 the Bjorken sum rule can be evolved using the high twist
expansion? Recent estimates [51] suggest as low as Q2 = 0:5 GeV 2, since the
expansion scale is the quark transverse momentum (pT � 0:3GeV ). Also at
the other end, chiral perturbation theory may allow evolution of the GDH
sum rule to Q2 = 0:2 GeV 2 or higher. Theoretical e�orts (such as lattice
calculations) are needed to bridge the remaining gap.

The importance of such e�orts cannot be overemphasized as it would mark

the �rst time that hadronic structure is described by a fundamental theory in

the entire kinematics regime, from short to large distances.

Experiments have been carried out at JLAB on polarizedNH3[52], ND3[53],
and 3He[54] targets to extract the Q2 evolution of the GDH integral for pro-
tons and neutrons in a range of Q2 = 0:1 � 2:0 GeV 2 and from the elastic
to the deep inelastic regime. Results on the Sum Rule are expected shortly.
Figure 4 shows some preliminary asymmetry results from the experiment on
polarized 3He. Both parallel (target polarized along beam direction) and
perpendicular (target polarized perpendicular to the beam direction) asym-
metries are measured. The virtual photon asymmetries A1 and A2 were
extracted and are shown in �gure 4. The A1 asymmetries are positive in the
quasielastic peak, negative in the � region, and become small in the higher
mass resonances. Contrast to high energy case, the A2 asymmetries are not
negligible at low energies. Combining these asymmetries with cross sections,
one can extract the spin structure functions g1, g2 and the generalized GDH
sum integrals.

A new experiment[55] will extend the range down to very low Q2 (below
0:02GeV 2) and to higher virtual photon energies in order to extrapolate to
the real GDH sum rule (see �gure 5).
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Figure 5: JLab E97-110 and E94-010 expected extended GDH sum results
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The GDH sum rule and its Q2 dependence for 3He itself is of great inter-
est. However, at the same time we can extract information on the neutron.
To extract the sum rule for the neutron from the measured data for the 3He,
we need to take into account the fact that the polarized 3He is only approxi-
mately a polarized neutron target[56]. We need to subtract the contribution
from the small proton polarization and take into account that the neutron is
not polarized to the same level as the 3He itself.

The �rst order correction can be made by using the calculation of Friar et
al.[56] that the proton is about 3% polarized in the opposite direction from
the 3He polarization, while the neutron is about 87% polarized along the 3He
polarization direction.

Recently degli Atti and Scopetta[57] suggested to use the following equa-
tion to extract neutron sum rules:

~In(Q2) =
1

pn
[I

3He(Q2)� 2ppI
p(Q2)] (29)

where pn(p) is the e�ective nucleon polarization, produced by the S 0 and D
waves in the ground state of 3He. It was shown that, even though the quantity
~gn1 (x;Q

2) di�ers signi�cantly from gn1 (x;Q
2) at the resonance region at low

Q2, the di�erence for the integrated quantity ~In(Q2) does not di�er much
from the free neutron sum rule In(Q2) (at most 10%).

More realistic 3He models can be used to further study the 3He GDH
sum rule and the extraction of the neutron sum rule. Several theorists are
investigating this problem[58].

5 Spin Structure in the High x Region

Deep Inelastic Scattering (DIS) has been one of the most successful probes of
nucleon structure. Since the late 1960s, unpolarized DIS has established the
quark-parton picture of the nucleon structure. The parton (valence quarks,
sea quarks and gluon) distribution functions have been extracted with global
QCD analysis[59]. Extensive data of F2(x;Q

2), measured over several orders
of magnitude in Q2 and x ranges, are in excellent agreement with the QCD
evolution, providing one of the most convincing evidence in support of QCD.
As reviewed in section 1, after the `spin crisis', substantial e�ort has been
devoted over the last decade on polarized DIS experiments and has provided
us with rich information on the nucleon spin structure. Extraction of the
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polarized parton distribution functions have been attempted. The uncer-
tainties are much larger compared with the unpolarized parton distribution
functions due to the fact that the polarized data coverage is not as exten-
sive as the unpolarized data. Most of the polarized DIS experiments were
focussed on measurements of the �rst moment of the spin structure function
and on testing spin sum rules, which require an accurate determination of the
distributions at small values of x, x < 0:2, where sea quarks and antiquarks
are dominant. On the other hand, we do not yet have a good determina-
tion of the spin-dependent valence quark distributions in the region where a
quark carries a large fraction of the nucleon's momentum (high x). Unlike
sea quarks, which are largely generated in perturbative QCD through gluon
bremsstrahlung and subsequent splitting into quark{antiquark pairs, valence
quarks are entirely non-perturbative, and therefore more directly reect the
structure of the QCD ground state [60].

The lack of data in the valence region is particularly glaring in the case
of the neutron, where there is no information at all on the spin structure
function beyond x � 0:5 (see �gure 6). Knowledge of the neutron structure
function is essential for understanding how the various quark avors are
polarized. The proton structure function at large x provides one particular
linear combination of the valence �u and �d distributions, however, to solve
for �u and �d separately requires a second independent combination, such
as that a�orded by the neutron.

5.1 Physics in the high x region

To �rst approximation, the constituent quarks in the nucleon are described
by the SU(6) wavefunctions. Isospin and SU(6) symmetries lead to the three
predictions:

Rnp =
F n
2

F p
2

=
2

3
; Ap

1 = 5=9; and An
1 = 0: (30)

Data for Ap
1 and An

1 are shown in �gure 6. A qualitative success of SU(6) is
displayed in the region x > 0:4, for Ap

1(x), where the data is consistent with
5/9. Also An

1 (x) is consistent with being small (but negative) everywhere.
On the other hand, data for Rnp shown in �gure 7 agree poorly with the
SU(6) prediction. Rnp(x) is a straight line but with a big slope starting with
Rnp(0) = 1 but dropping to approximately Rnp(1) = 1=4. The behavior of
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Rnp � 1 and Ap
1 � 0 at small values of x may be explained by the presence

of sea quarks, which are not expected to have SU(6) symmetry. At high x,
where the sea quark contributions are small, the behavior of Rnp is a clear
sign of SU(6) symmetry broken for valence quarks.

A natural explanation based on phenomenological arguments [61, 62] is
an SU(6)-breaking suppression of the \diquark" con�gurations S = 1 relative
to the S = 0 con�guration. The dynamical origin of the SU(6) breaking could
come from a large hyper�ne interaction among the quarks:

~Si � ~Sj�
3(~rij): (31)

It is this interaction that explains, for example, the N �� splitting. The
e�ect of the perturbation on the wavefunction is to have the S = 0 \diquarks"
term to dominate at high x. The dominance of this term as x! 1 implies:

Rnp !
1

4
; Ap

1 ! 1; and An
1 ! 1: (32)

If indeed this speci�c SU(6) symmetry breaking is the explanation for
the behavior of Rnp(x), then there are also predictions for Ap

1(x) and An
1 (x)
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Figure 7: F n
2 =F

p
2 as a function of x ratio extracted from the SLAC measure-

ments of proton and deuteron in unpolarized deep inelastic scattering.

as shown in �gure 8. As recently pointed out by Isgur [63], there is little
freedom in the predictions if quarks with broken SU(6) symmetry are a useful
description of the nucleon. Unfortunately, the data on An;p

1 at high x lacks the
precision even to distinguish this prediction from the simple SU(6) prediction.

Another approach focuses directly on relativistic quarks instead of the
nonrelativistic quarks of the above discussion. Farrar and Jackson[64] in the
early 70's, as one of the �rst applications of pQCD, noted that at x ! 1,
the scattering is from a high energy quark, and the process can be treated
perturbatively. Farrar and Jackson proceeded to show that a quark carrying
nearly all the momentum of the nucleon (i.e. x ! 1) must have the same
helicity as the nucleon and that quark-gluon interactions cause only the S =
1, Sz = 1 diquark spin projection component, rather than the full S = 1
diquark system to be suppressed as x ! 1. While starting with an SU(6)
wave function they break the SU(6) symmetry in the dynamics describing
the transfer sharing through gluon exchange in the diquark system. The
authors found similar limiting values when x approaches unity as previously
for both the proton and the neutron, namely An;p

1 ! 1 for x! 1. Note that
in this theory Rnp ! 3=7 versus 1/4 for the constituent quarks. A similar
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result is obtained in the treatment of Brodsky and collaborators [65] based
on quark-counting-rules. This is one of few places where QCD can provide
for an absolute prediction about structure functions (here a ratio of structure
functions). How low in x this picture works is uncertain.

Recently, Boglione and Leader [66] used �ts to the world unpolarized and
polarized data with two constraints one being the So�er bound and the other
the pQCD results when x approach unity to make speci�c predictions for the
behavior of An

1 and Ap
1 over the full range of x. Depending on the polarized

distribution they use, the result is dramatically di�erent in the large x region
for the neutron.

Finally, we note also that Kochelev [67] has proposed an approach to in-
terpreting the nucleon within QCD that includes instantons as an important
degree of freedom. With this radically di�erent picture, the prediction is that
An

1 (x) remains close to zero.

5.2 Planned measurement of An

1
at high x

An experiment JLab E99-117[68] is planned at JLab for next year to measure
An

1 in the x region from 0.33 to 0.63 with high precision. The experiment
will use a highly polarized (80%) 6 GeV electron beam on a high pressure
(> 10 atm.) highly polarized (40%) 3He target. Scattered electrons will
be detected with two high precision spectrometers with their associated de-
tectors. A

3He
1 will be measured with high precision. The extraction of the

neutron information from the measurement with a polarized 3He target has
been studied by several groups[69]. The e�ect is negligible in the region of x
less than 0.8. Figure 8 shows the projected results for An

1 measurements with
11 GeV beam. The �rst experiment with 6 GeV beam will cover the part
below x = 0:63. These results will determine if An

1 will cross zero to become
positive or not, therefore will determine if the predictions by the constituent
quark models and pQCD are valid.

A new proposal[70] will extend the measurements into resonance region
to test if the quark-hadron duality works for the spin structure functions
(g1 and A1). The duality has been established for the spin independent
structure functions (F1 and F2). But has never been tested for the spin
structure functions. If it does work for the spin structure functions, it can be
used to greatly extend our x region to very high x to help study the physics
at x! 1 limit.

To further understand strong interaction and the quark-gluon structure
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of the baryon and meson, an energy upgrade to 11-12 GeV has been proposed
for the CEBAF machine at JLab. With high luminosity 11 GeV, JLab will
be the best place to study physics in the high x region. The �gure of merit
will be at least two orders of maginitude better than other existing high en-
ergy laboratories. A proposal [71] to perform high precision measurement of
An

1 at large x region is one of the `key' experiments for the JLab upgrade.
Figure 8 shows the projected results along with the world data and theoret-
ical predictions. This experiment will undoubtedly give us insight into the
dynamics of partons in the nucleon.

6 Higher twist e�ects: g2 structure function

The spin structure function g1 has a simple interpretation in the quark-parton
model and provides direct information about the spin distribution in terms
of its constituent quarks. On the other hand, g2 does not have a simple
interpretation in the quark-parton model due to its unique sensitivity to the
so called \higher twist e�ects". These higher twist e�ects describe physics
beyond the simple parton distributions, such as quark-gluon correlations,
which are not present in the naive quark-parton model descriptions of the
nucleon structure.

6.1 Introduction to high twist e�ects

Most of the known higher-energy processes can be understood in terms of
the quark-parton model which describes the scattering in terms of incoherent
parton scattering. On the other hand, the higher-twist processes cannot
be understood in terms of the simple parton model. Rather, one has to
consider parton correlations initially present in the participating hadrons,
which means that the associated process is coherent in the sense that more
than one parton from a particular hadron takes part in scattering. As such,
higher-twist observables are exceedingly interesting because they provide the
unique opportunity to study the quark and gluon correlations in the nucleon
which cannot otherwise be accessed.

In general, however, higher-twist processes cannot be cleanly separated
from the leading twist because of the so-called infrared renormalon problem.
However, the g2 structure function is an exception because it contributes
at the leading order to the twist-3 e�ect after subtracting a piece from g1
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contribution. Therefore, g2 is among the cleanest higher-twist observables.

6.2 Operator Product Expansion and Moments of g2

The concept of twist comes from using the Operator Product Expansion
(OPE) to describe the matrix element for the virtual Compton scattering
process [72],

< PSj [J(�)J(0)] jPS >;

where P and S are the hadron four-momentum and spin, and J(�)J(0) is
a product of the unknown hadron currents. This product of currents is
expanded in a Taylor's series of operators and unknown coe�cients that
describe the various quark and gluon interactions within the nucleon, and
the relative strength of these interactions respectively. In this expansion,
terms are grouped together according to their degree of singularity in the
scaling limit, which corresponds to physics at the light-cone (�2 ! 0). The
degree of singularity of a given term is labelled by a quantity known as the
twist � , with the most singular (and therefore most dominant) contributions
having twist � = 2. Higher-twist terms, which contain information about
quark-gluon correlations, are suppressed by additional factors of 1=Q relative
to the leading twist contribution. If we assume that terms with � � 4 can
be neglected for reasonably large values of Q2, the OPE allows one to relate
the moments of the spin structure functions g1(x;Q

2) and g2(x;Q
2) to the

matrix elements of the � = 2 and � = 3 operators,

Z 1

0
xjg1(x;Q

2)dx =
aj(Q

2)

2
; j = 0; 2; 4; :::

Z 1

0
xjg2(x;Q

2)dx =
1

2

j

j + 1

h
dj(Q

2)� aj(Q
2)
i
; j = 2; 4; :::

where the aj(Q
2) are twist-2 matrix elements, and the dj(Q

2) are twist-
3 matrix elements. Combining the above expressions, one can write the
following expression for dj

dj(Q
2) = 2

Z 1

0
xj

"
g1(x;Q

2) +
j + 1

j
g2(x;Q

2)

#
dx; j = 2; 4; :::

From this expression it is clear that by measuring g1 and g2 over all x, one
can obtain direct information about the size of the twist-3 contributions to
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nucleon structure. One can also obtain an expression for the leading-twist
(� = 2) contribution to g2 by setting dj = 0, and eliminating aj using the
equations above. The result, �rst derived by Wandzura and Wilczek [73],
gives the following expression for the twist-2 part of g2,

gww2 (x;Q2) = �g1(x;Q
2) +

Z 1

x

g1(y;Q
2)

y
dy:

6.3 Experimental status on g2 and planned measure-

ments

Published data for g2 were obtained during experiments E142-E155 at SLAC [4],
and the SMC experiment at CERN [5]. The world's best data will soon be
published from the recent E155x experiment at SLAC, which measured g2 for
proton and deuteron. Using preliminary results from this experiment [74],
values for g2 for the neutron were extracted and are shown in �gure 3, along
with the earlier SLAC data, the twist-2 gww2 curve and theoretical model
predictions.

It is clear that the data are consistent with the gww2 model, but the large
errors do not rule out the possibility of signi�cant higher twist e�ects. Us-
ing these data, a value for dn2 has been calculated and is shown in �gure 9
along with theoretical models: Bag Models [75], QCD Sum Rules [76], Lat-
tice QCD [77], and Chiral Soliton Model [78]. The measured value for dn2
is non-zero, and is in disagreement with all of the theoretical calculations.
However, in most cases, the disagreement is less than 1�, and the size of the
experimental error does not allow one to make a conclusive statement about
relative importance of higher-twist e�ects in the nucleon.

An experiment[79] was planned at JLab next year to make a precision
measurement of gn2 at selected x and Q2 values to have a �rst clear look
at the twist-3 contribution. Figure 10 shows the projected results, which
will improve our knownledge of gn2 by more than one order of magnitude in
precision.

With the future Jlab 12 GeV upgrade, an experiment has been proposed
which will make a factor of 10 improvement in the error on dn2 . It is important
to note that d2 is dominated by the large-x behavior of g1 and g2 due to the
factor of x2 in the integrand. By taking advantage of the high luminosity
11 GeV beam and a new large acceptance spectrometer, precision data for
g2 will be obtained in the range 0:15 � x � 0:7, W > 2 GeV, with special
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focus on the high x region which dominates d2. In addition, the data will
be obtained at �xed Q2 = 5 GeV2 which will eliminate any uncertainty in
dn2 due to Q2 dependence. Expected result from this experiment is shown in
�gure 9.

In addition to d2, there is also an important sum rule which can be tested
by measuring the g2 structure function. The OPE formalism does not provide
information on the j = 0 moment of g2. However, a sum rule derived by
Burkhardt and Cottingham (BC sum rule) [80] predicts that this moment
goes to zero in the scaling limit,

Z 1

0
g2(x)dx = 0

This sum rule was derived using dispersion relations for the virtual Compton
amplitudes, and Regge theory to predict the convergence of the dispersion
relations. While it is not clear that Regge can be applied here, it is neverthe-
less important to test this sum rule. Using the SLAC data, the BC sum rule
has been measured (E155x preliminary result combined with world data) [74]
in the range 0:02 < x < 0:9 to have a value of

Z 0:9

0:02
gn2 (x)dx = �0:012� 0:046

at an average Q2 = 3 GeV2.
The gn2 data will be extracted from the recently completed JLab E94-

010 and the BC sum rule will be constructed at low Q2 with an expected
improvement of more than one order in precision.

With the 12 GeV upgrade, JLab will study further the BC sum rule at
intermediate to high Q2 with much improved precision, and will be able to
study at constant Q2.

7 Outlook: JLab 12 GeV Upgrade

An upgrade to 12 GeV for Je�erson Lab has already been mentioned in the
earlier sections. The CEBAF LINAC has extra space available to add 10 more
cryomodules and with some improvement in the cryomodule performance, it
will be relatively inexpensive upgrade to reach 11 GeV for the three exsiting
Halls, and with a new hall planned to have additional one half pass, energy
will reach 12 GeV. The new hall will be focussed on hadron spectroscopy
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study with photoproduction in search of the gluonic degree of freedom and
other exotic mesons and baryons. Existing spectrometers and detectors in
the other three Halls will be upgraded to match the upgraded accelerator.
The energy upgrade will provides a much greater kinematic regime for the
deep inelastic scattering and resonance region. There will be an extensive
program in nucleon spin structure study.

As have been discussed in the previous sections, we will perform precision
measurement of An

1 in the high x region and precision measurement of gn2 and
the moment dn2 . A comprehensive study of W and Q2 dependence study of
the spin structure functions g1; g2 and A1; A2 will be performed on both the
proton and the neutron, with emphasize on the valence quark in the high x
region.

A new window opens up with semi-inclusive reactions. Spin-avor de-
composition at high x will be done with tagging on the out going pions or
keons. An example of expected result on the valence quark spin distribution
is shown in �gure 11[81]. Sea quark asymmetry[82] and transversity study
can also be performed with the upgraded JLab.

Another new physics oppotunity will emerge with deep exclusive scatter-
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ing, which will access the newly established theoretical framework of gen-
eralized parton distribution. Deep Virtual Compton Scattering and Deep
Virtual Meson Production are two examples of experiments being discussed
and planned for the 12 GeV upgraded JLab. They may help solve the spin
puzzle by providing information on the quark angular momentum contribu-
tion to the nucleon spin.

Several workshops were held or are planned to discuss the physics with
the JLab energy upgrade. A white paper is being prepared for the long range
plan of the US nuclear physics. The JLab 12 GeV upgrade is expected to be
in the next 5-year plan. International collaboration is strongly encouraged.

In summary, the ongoing experimental e�ort will provide us with a wealth
of data in the next decade to address many open problems in nucleon spin
structure at intermediate distances. To accommodate new physics require-
ments, an energy upgrade to 12 GeV has been proposed for the CEBAF
machine at JLab. This energy upgrade along with the high luminosity and
100% duty factor will provides a much greater kinematic regime for the deep
inelastic scattering and resonance region and for semi-inclusive and exclu-
sive processes. We will be in an ever better position to study the nucleon
spin structure and strong interaction, especially in the high x region and
intermediate distance regime.

This work is supported in part by the U. S. Department of Energy.
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