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1. Introduction

For about 30 years, the spin structure of the nucleon has been invedtigang lepton and
photon beams. Spin structure function measurements at@tr¢geep inelastic scattering region)
have provided information for the understanding of nucleon structurernmstef the elementary
constituents of quantum chromodynamics (QCD), quarks and gl{ipf§ [Bl, However, much
less is known in the lov@? region Q° < 1— 2 (GeVk)?), where the perturbative techniques used
at high energy fail and nucleon resonances start to play a dominantinalleis non-perturbative
region, chiral perturbation theoryPT) is used for the calculation of moments of spin structure
functions and other observables at very low momentum trangpérs 0.05— 0.1 (GeVk)>?).

Spin-dependent sum rules such as the Gerasimov-Drell-Hearn (GDijue [4,[5] are im-
portant tools to study nucleon spin structure. The GDH sum rule relatesetioityhdependent
total absorption cross sections of circularly polarized photons on linpatlyized nucleons to the
anomalous magnetic moment of the nucleon

°° dv K2
/thr (0'1/2— 0'3/2) 7 = —27120@, (1.1)

whereoy , and gz, are the photo-absorption cross sections with the photon helicity aligned anti-
parallel or parallel to the nucleon spill is the nucleon masg is the photon energyhr is the
value ofv at the pion production threshold, ands the electromagnetic coupling constant.

Although originally derived at the real photon point, the GDH integral carektended to
virtual photon absorption. Using the relationship between the forwarddgpendent Compton
scattering amplitud&; (v, Q?) and the nucleon spin structure functigiix, Q?), the extended GDH
sum rule can be expressed fs [6]

16ma
QZ

lopH (Q? > 0) = /0 " g% Q?)dx = 163;“ M= 22aSi(0,Q?), (1.2)

wherex = %, andr1(Q?) is the first moment of;, which in deep inelastic scattering is related to
the fraction of the nucleon spin carried by the quarks. Note th@?at 0, the original GDH sum
rule is recovered algpn (Q? = 0) = — k2, and axQ? — w, the Bjorken sum rule[J 7] becomes the
constraint.

By extending the sum rule to finit®?, there is the advantage of a well-defined value of the
integral at any momentum transfer, making this sum rule a good way to investigeleon spin
structure. At low values of?, S;(0,Q?) can be calculated in chiral perturbation theory, giving
predictions for the behavior of the GDH integral. A l&@# measurement of the GDH integral
would be very useful to test the calculations done in the region whereaeses have a significant
contribution. TheQ? dependence of;(0,Q%) can be also calculated using lattice QCD at inter-
mediateQ? values, and with perturbative QCD at hi@R, providing a way to study how nucleon
structure evolves from the non-perturbative to the perturbative regime.

Measurements of the GDH sum have been done at different laboratsimesphoton beams
(for the GDH sum rule) or electron beams (for the extended GDH sum fuale)ectron scattering,
the polarized inclusive electron-nucleon cross section can be writtermis tefrthe spin structure
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functionsg; (x, Q%) andgy(x, Q%) as

do—< do—= 402 E /
<dE/dQ> - <dE’dQ> - Q2 MEV [(E‘FE COS@) gl—ZMng] , (13)

whereE andE’ are the incoming and outgoing electron energy. The measurement of thss cro
section gives direct access to the spin structure functions, particglarly

Measurements of the generalized GDH sum for the proton and deuteroimdn) were done
by the EG4 experimental run group [8] in Hall B at Thomas Jefferson Naticcelerator Facility.
A similar measurement has been done using CLAS in Hall B by the EG1 expérifjeat Q> =
0.05 to 5 (GeVt)?, which added greatly to the world data available ggrfor the proton and
deuteron, covering both resonance and deep inelastic regions. Theek@ts forg‘l) show that
at low Q?, the A(1232) resonance drives the asymmetry (and thisto negative values; a@?
increasesg; changes to the positive DIS limit for nearly allexcept for in the region of the
A(1232) resonance]]3]. The EG1 run group has also reported on the mdmémtthe proton and
the deuteron[[]O]. Other lo®? measurements have been done for the neutron at Jefferson Lab,
using a polarizedHe target in Hall A by the E94-010 experiment, for the generalized GDH sum
rule [[L1] and the first momenft [112], as well as by the E97-110 experiffight

Moments of the spin structure functions that involve higher powersase also interesting,
and their additiona-weighting emphasizes the kinematic region that is measured at Jeffelson La
The forward spin polarizabilities of the nucleon can be extended to @iteeading to the concept
of generalized polarizabilitieg [[L4]. The generalized forward spin gezlbilities yop andé t can be
expressed in terms of the spin structure functignandg, [[5]:

2 2

0(Q?) = 1652/' /0 X°x2 {gl(vaz)_égﬂzXZgz(Xsz) dx, (1.4)
2

&1(Q) = lﬁgﬁ" / 2 [g1(% Q) + Ga(%, Q)] dx. (1.5)

These quantities should be an ideal way to test calculations of chiral patitr theory at lowQ?,
especially asp is sensitive to resonances, bt is insensitive to the dominatingy resonance.
However, significant discrepancies exist betwgd calculations and the EG1 proton data for
the generalized polarizabili%’ [Ld], and althougtyPT calculations are not inconsistent with the
E94-010 neutron data ang, there is a significant discrepancy with the longitudinal-transverse
polarizability &_1 [[L]. Clearly, more measurements are needed to help solve this puzzle.

2. The CLASEG4 Experiment at Jefferson Lab

The primary goal of the EG4 experiment is to extend our knowledge of titepand neutron
spin structure through measurements of the generalized GDH sum foratios @nd the neutron
(deuteron) at very lovi? (0.015 — 0.5 (GeW)?). The experiment will extraag; from the mea-
surement of the helicity-dependent inclusive cross sections. Thisre$this measurement will
be used to test chiral perturbation theory predictions in the resonagioare

The EG4 experimen{][8] took data in experimental Hall B at Jeffersonfiaab February to
May 2006. Polarized electrons were scattered off a polarized target o6 scattering angles
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Figure 1: Kinematic coverage plots showir@? (in (GeV/lc)?) versusw (in GeV) for the polarized Nl
target (left plot) and the polarized NRarget (right plot) in the EG4 experiment. From bottom to, thye
beam energies used for the Ntdrget are: 1.05, 1.34, 1.52, 1.99, 2.26, and 2.99 GeV; tamtanergies for
the ND; target are 1.34 and 1.99 GeV.

and were detected in the CEBAF Large Acceptance Spectrometer (CLAB)The longitudinally
polarized electron beam delivered by the CEBAF accelerator was geddiy photoemission from

a strained GaAs source and had a typical polarization of about 80%aitlsy beam energies
between 1 — 3 GeV. The experiment made use of two solid targets polariredtiis dynamical
nuclear polarization techiniqué®NHs for polarized protons, with a longitudinal polarization of
about 70% — 90%, antPND3 for polarized deuterons, with a longitudinal polarization of about
30% — 45%. The experiment also uset@ target and an empty cell target to perform background
measurements.

The experiment used CLAS, the large solid angle spectrometer of Hall Bhwbnsists of
drift chambersf?erenkov detectors, time-of-flight counters, and electromagnetic caltersnas
well as a newCerenkov counter built specifically for the measurement. The azimuthapacc
tance of CLAS is divided into six sectors, each covenn@ for the scattered particles. The new
Cerenkov detector was built and commissioned by the INFN-Genova geadpvas necessary to
achieve the uniform detection efficiency at forward angles required tmdabsolute cross section
measurement at loW®?. The detector was designed for a high electron efficiency (of the order
of 99.9%) and a high pion rejection ratio (of the order of 90 and was installed in sector 6 of
CLAS. The signals from the ne@erenkov detector were built into the main electron trigger; only
this sixth of the azimuthal acceptance of CLAS was used to detect scattectores.

Plots of the kinematic coverage for both of the polarized targets are shokigure[1. The
data were taken at beam energies of 1.05, 1.34, 1.52, 1.99, 2.26, 8r@e2/Qwith the NH target,
covering a kinematic range of 0.015@ < 0.5 (GeV£)?, and 1.34 and 1.99 GeV for the ND
target, which covers a kinematic range of 0.018%< 0.2 (GeVt)?.

The analysis on the inclusive, €) channel is still underway, with preliminary results expected
in the late fall. Figur¢]2 shows the anticipated results for the protdieft plot) and for the neutron
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Figure 2: The projected results fd'r’l’ (left plot) andrl'} (right plot) from the EG4 experiment, shown with
previous results from CLAS EG1 [1D,]18], Hall A E94-010|[[LZ, [16], and Hall A E97-11([]3], as well
as thexPT calculations by Bernaret al. [[Ld] and Jiet al. [Rq].

"1 (right plot). These projected results are shown in comparison with therpresults from the
CLAS EG1b experimenf[]0], the neutron results from Hall A E94-QTD[[R [If], the preliminary
neutron results from CLAS EG1l) 18] and Hall A E97-110][13], and T calculations by
Bernardet al. [[[J] and Jiet al. [RQ].

2.1 Exclusive Channel Analysis

The data include multiparticle final states, making it possible to study exclusamnels as
well. The dominant physics channel of interest is the extraction of the pemtreproduction
asymmetries in the nucleon resonance region. The extracted asymmetri@sacée compared
to chiral perturbation theory predictions at I&@# and can help to constrain phenomenological
models such as MAID[[21] and SAID [P2].

A diagram of the kinematics for such exclusive channels is shown in FjUfer a polarized
beam,P., and a polarized targd®, the pion electroproduction cross section can be written as

do _ |d| [ doo —PF{dUH
dQ; gV | dQy, Qg [

do, doy
e +H t

+ PedQ;; dQ:,

(2.1)
whereqy is the unpolarized cross sectiany; is the cross section for a polarized beam (target), and
O is the cross section for both the beam and target polarjzéfl [24, 25e Bipin asymmetries can
be defined, a single-beam asymme#y, a single-target asymmetr, and a double beam-target

asymmetryAq:
_ Oe _ G _ O«
Ae - 0_07 A{ - 0_07 Aﬁ O_O .
The single-beam asymmetAs can be accessed from measurements with unpolarized targets; the
goal of this exclusive channel analysis for EG4 is the extraction of thgdestiarget asymmetrsy

and the double spin beam-target asymmagyfor the charged and neutral pion channels.

(2.2)
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Preliminary asymmetries fo% andAg have been extracted from the 3 GeV Méthta for the
(e,€1")n channel, which are shown in Figule 4. The figure shows these prelimiasuits forA
andAg as functions ofp*, integrated over a range of34 < W < 1.58 GeV. These asymmetries
have not yet been corrected for variations in the CLAS acceptancéontine contribution from
unpolarized nucleons in the target. However, the data indicate that ab#ubPthe events are
from polarized protons in the Ngtarget, so the predictions from the phenomenological models
MAID2007 and DMT [26,[2]7] have been scaled by 0.20 for a compariedimese preliminary
results.

The exclusive channel analysis is well underway, with the correctionghe non-uniform
acceptance of CLAS nearly completed. These results of this analysis veldheQ? range of
our knowledge of resonant pion electroproduction asymmetries do®A490.015 (GeVt)? and
allow for a comparison tyPT predictions.

3. Future Measurement: E08-027

In addition to the EG4 experiment, E08-027 has been approved to run lmHak A in
2011 [28]. This experiment will perform an inclusive measurement torahée theg’z’ structure
function in the resonance region fo02 < Q? < 0.4 (GeVk)?. These data will be used to evaluate
the Burkhardt-Cottingham sum rulg J29] and the longitudinal-transventipability & v. The
kinematic region of this measurement will complement the EG4 measurem@;hanﬂgg'.

4. Summary

Our understanding of nucleon structure is not complete, if we do notd#verough knowl-
edge of the nucleon’s spin response in the resonance region in the dafiy&i. The JLab CLAS
EG4 experiment will report results for the generalized GDH sum rule atQdvirom its inclu-
sive measurement, and pion electroproduction asymmetries in the resoagimefrom its ex-
clusive analysis. These results will give insight into the behavior of muckructure from the

Figure 3: Diagram of pion electroproduction kinematics. The incidemd scattered electrons define the
scattering plane, and the hadronic reaction plane is givéinay*N center-of-mass system by the pion and
nucleon momenta. The kinematics is defined by the four-mametransfeiQ?, the invariant mass of the
y*N systemW, and the azimuthal and the polar angles of the pion iny/tiNcenter-of-mass framé&* and

¢ [Bd].
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Figure4: Preliminary asymmetries fak (left panel) andA« (right panel) from the 3 GeV, polarized NH

target data are shown in red as a function of the gidrior 1.34 < W < 1.58 GeV along with predictions
from DMT (green), MAID2007 full calculation (black), and MB2007 withPy; (blue),S1 (magenta), and
D13 (cyan) turned off. The asymmetries on the left have beemiated over co8* = (0,0.5) and on the

right over co®* = (0.5,1.0), for each panel respectively. The six rows from top to bottmmrespond to

different integration ranges i9%: (0.054, 0.0919), (0.0919, 0.156), (0.156, 0.266), (0,26852), (0.452,

0.770), and (0.77, 1.31) (Ge®J?. The asymmetries have not been corrected for spectromateptance

variations, and all predictions have been scaled by 0.2(@pwoximately correct for contributions from
unpolarized nucleons in the targpt][23].

non-perturbative to the perturbative region, and give a good tegPdf predictions in the reso-
nance region.
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