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Measurement of the Transverse Spin Structure of the Proton at Medium to Low
Momentum Transfer(]
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The spin structure of the proton has been investigated in the high Bjorken x and low to medium
momentum transfer Q? region. Using Jefferson Lab’s polarized electron beam on a polarized target,
the scattered electrons have been detected by HMS spectrometer of Hall-C. By rotating the spin
direction of the polarized target, both the parallel and perpendicular spin asymmetries A and Ay
have been measured. These asymmetries produced the physics asymmetries A; and A2 and spin
structure functions g1 and g». We found Q? dependence of the asymmetries at resonance region
1.1 GeV < W < 1.6 GeV and a possible negative longitudinal virtual photon amplitude at the
Roper resonance. Also we observed an indication for a negative dz value, which characterizes the
higher twist effect in the nucleon.

PACS numbers: 13.60.-r, 13.40.Gp, 13.88.4¢, 14.20.Dh

Inelastic lepton-nucleon scattering has long been as iments have studied the nucleon spin structure. One of
powerful tool to investigate the structure of nucleon.ss these first experiments, the EMC experiment has found
Ever since experiments with polarized lepton beam and s» out that the valence quarks of the proton do not fully
nuclear target were technically accessible, various exper- s explain the proton’s spin [I]. It has been the starting
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point of a series of intensive studies of spin structure ofios
the nucleon. For example, several experiments at SLACioo
[2], CERN [3], DESY [], and JLab [5] have followeduwo
until recently. Most of these studies have usually con-iu
centrated on deep inelastic scattering (DIS) region withiw
relatively large momentum transfer(Q?), which can beus
understood using perturbative QCD. But lower momen-i1
tum transfer regions have received attention recently dueus
to its non-perturbative features. In such regions, nucleonus
resonances can be dominant, and intermediate phenom-
ena between short and long distance structures can beus
studied. 119

The full description of the spin structure of the nucleoniz
requires two spin structure functions g; and go. Thewx
g1 structure function is easier to understand in terms ofi
the difference of quark distribution functions for differentizs
spin directions with respect to the target nucleon. Inizs
naive quark model at DIS limit, g; structure functionis
can be written as 126

g1($) = Zef[qj(x) - L]j’(l')], (1)128

where qju)(:ﬂ) is the quark distributions for two differ-*

ent spin directions with respect to the spin of the nu-™'
cleon. The gy structure function is more complex and'
especially go(x) = 0 in naive quark model. The g struc-**
ture function contains contributions from higher twist!*
effects. Under the formalism of the operator product ex-'*
pansion (OPE) method for QCDI6, [7], it can be shown!*
that the twist-2 contribution to go can be derived from?!*
g1 by Wandzura-Wilczek relation [§], 138

139
1 / 2
912", Q
A @@ = @)+ [ LD,

142
where g3V" is the leading-twist contribution to go. Then,
4

the remaining part, go = g2 — g5V can be used to in-,
vestigate higher twist effects. The higher twist compo- ,
nent of g can be interpreted as an increased quark-gluon
correlation. Since each order of higher twist effect adds
1/ \/@ term, the study on g can be done more favorably, .
at low Q2 region. Especially twist-3 contribution could
be measured by the third moments of go [7],

3
4

5

150
1 1 151

dy = 3/ $2§2d$ = / $2(291 + 3g2)d$. (3)152

0 0 153

Due to technical difficulties, experiments with longitu-is
dinally polarized nuclear targets have been dominant soss
far in the kinematic region of large Bjorken x and lown:se
to medium momentum transfer Q2. As a result, most ofisr
the experiments have been focused on the spin structuress
function g;. The g9 structure function can be directlyuso
studied only with transverse target polarization with re-is
spect to that of the beam. In this respect, Jefferson Labia
offers quite a unique opportunity to study go structure
function of the nucleon. 163

After the previous JLab experiment E01-006 (RSS)
produced successful results on this higher twist contri-
bution [9] [10], the upgraded successor E07-003 investi-
gated wider kinematic region [I1]. As a measurement
of the spin asymmetries of the proton, it has been car-
ried out in Hall C at Thomas Jefferson National Labo-
ratory (JLab) by Spin Asymmetries of the Nucleon Ex-
periment (SANE) Collaboration. Using a polarized elec-
tron beam and a polarized ammonia target, it produced
asymmetry data for both parallel and near-perpendicular
spin configurations of the beam and the target. The
world data of proton spin asymmetries, especially per-
pendicular asymmetry A, , are still scarce for quite large
kinematic region, except a few data points from SLAC
experiments[2], [ [0] [T2], [T3]. SANE will provide precision
data for these unexplored region.

SANE used two detector complexes, Big Electron Tele-
scope Array (BETA) and High Momentum Spectrometer
(HMS) for this purpose. BETA covered a large solid an-
gle of 200 msr, and served as a main detector. HMS,
a built-in spectrometer of Hall C, collected complemen-
tary data. Although HMS was not the main detector of
the experiment, in the end, we managed to collect a good
amount of data with HMS independently of BETA. HMS
has been located toward the right of the beam direction.

As an inclusive double spin asymmetry measurement,
polarized electron beam of 4.7 and 5.9 GeV has been
used. The nominal beam current was 90 nA. Average
beam polarization was about 73 %. It was measured by a
Mpller polarimeter routinely all along the experiment[14].
The spin direction of the electron beam has been flipped
at a rate of 30 Hz on a pseudo-random basis to minimize
systematic errors.

The HMS detected the scattered electrons at vari-
ous scattering angles, 15.4°, 16.0°, 20.2°. Combination
of the beam energy and the momentum of the scat-
tered electrons measured with HMS defines the kinematic
range of the experiment. The new data covers four-
momentum transfer, Q% of 0.8, 1.3, and 1.9 (GeV/c)?,
for the region from the resonance up to invariant mass
of W = 2.3 GeVc2. They can also extend the kinematic
region in W at roughly the same values of Q? of the pre-
vious JLab E01-006 (RSS) experiment, allowing better
determination of the integrals involving ¢g» and the Q2
dependence of A; and As in the resonance region.The
detector package of the HMS is composed of hodoscope
planes, wire chambers, a Cerenkov detector, and a lead
glass calorimeter. A detailed description of the equip-
ments can be found in Ref. [I5] [16].

Solid '*NHj was used for the polarized proton tar-
get. The target cell of the frozen ammonia was 3 cm
long and cooled down with liquid *He. The necessary
magnetic field has been provided by 5 T superconduct-
ing magnet. The protons inside the ammonia molecule
have been polarized by the process of the Dynamic Nu-
clear Polarization (DNP) with the provided microwave
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radiation. The degree of the polarization has been mon-»o
itored by an NMR system in real time and an average
of 67% has been achieved during the experiment. For,
asymmetry measurement in near-perpendicular configu-
ration, the whole target magnet was rotated by 80° with
the direction of the electron beam. The target system®
as a whole has been developed by University of Virginia™
[17]. 224

Granular type of the frozen ammonia does not fill the®
target cell completely and the actual amount of the tar-
get material is quantified by the packing fraction. Using™’
Monte Carlo (MC) simulation based on empirical fit of
inelastic cross section [I8], simulation results with an as-
sumed value of the packing fraction have been compared
with the actual HMS data. In this way, the packing frac-
tion and the corresponding dilution factor have been de-
duced. The technical details are the same as the method
used in JLab E01-006 (RSS) experiment [19]. The ex-
perimental data and the MC simulation result show a
good agreement and the packing fractions of SANE have
been determined to be 56 - 62 % with an error of 4.5 %
point. The packing fractions and the dilution factors de-
termined from the HMS data will also be used to correct
the data taken with BETA.

Beam polarization was measured by Mgller Polarime-
ter routinely. It used the Mpgller scattering on the
iron foil, which was polarized by 4 T superconducting
solenoid. The measurement was fitted by the following
parameters: the polarization at the source, the degree of
imbalance between north and south linac, and a global
correction from the beam energy [20]. The beam polar-
ization of each run, therefore, was an extrapolation of
this fit. The NMR signal from the pickup coil inside the
target cell gave the Q-curve of resonant circuit. The Q-2
curve area was calibrated by the known polarization at?
the thermal equilibrium [21]. 230

The raw asymmetries have been corrected by the
charge and dead time asymmetries between the two spin
directions of the electron beam. The charge asymmetries
from the beam current monitor was cross-checked with
the false asymmetries from the unpolarized carbon tar-
get. After dividing raw asymmetries by beam and target
polarization and dilution factor, the physical asymme-
tries can be obtained.

Finally, the radiative corrections are applied to deduce
Born asymmetries. Since the experiment involves both
polarized beam and target, the procedure of POLRAD
[22] has been used. The starting parametrization for
the Born asymmetries has been constructed by fitting
the measured asymmetries as a function of Q? and W.
The fitting function includes appropriate resonances with
Breit-Wigner formula and a polynomial term with depen-
dence on Q2. The iterative unfolding procedure has been
repeated until the convergence of the parametrization of
the Born asymmetries.

Applying all the required corrections, the physics

6

asymmetries can be expressed by the following equation:

1 N, - N_
fCNPyPifre Ny + N_

AL = + Arc, (4)
where N is the charge-normalized yield for positive
(negative) beam helicity, f is the dilution factor, Cy is
the correction for a tiny '*N nuclear polarization, P, and
P, are the beam and target polarizations, and frc and
Agrc are radiative corrections to the unpolarized total
cross sections and asymmetries, respectively.
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FIG. 1. The fully corrected asymmetries, without radiative
correction (curves) and with radiative correction (points)

for both configurations of the polarization direction for the
beam and the target. A, in this plot means the
near-perpendicular asymmetry Agogo.

The fully corrected asymmetries are shown in Fig.
A in this plot means the near-perpendicular asymmetry
Aggo.
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FIG. 2. Virtual photon asymmetry A; from our data and

comparison with those from other experiments [5, @] and
MAID fits [23], smaller error bars indicating systematic un-
certainty.
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The measured asymmetries are a linear combinations
of virtual photon asymmetries A; and Ay, or the spin
structure functions ¢g; and g2 [24]. Fig. [2| shows the vir-
tual photon asymmetry A;. The figure shows a good
agreement with the previous measurements from JLab
CLAS at similar value of Q2. The JLab E01-006 (RSS)
data were taken at somewhat lower values of Q? and the
difference between the RSS and SANE data might indi-
cate Q2 evolution of A; asymmetry. This difference can
be understood as an evolution of a few resonances as a
function of 2, especially for the resonances around W ~
1.4 and 1.5 GeV/c%

05—

267

268
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—@— SANE-HMS A, <G> = 1.31 GeV?

—#— RSSA,<Q’=13GeV 270
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FIG. 3. Virtual photon asymmetry Az from our data, JLab,s
E01-006 (RSS) [9] and MAID fits [23], smaller error bars in-,,

dicating systematic uncertainty. e

78

The main result from SANE-HMS is the first mea—z
surement of A; asymmetries in this kinematic region,,
which is shown in Fig. Previously, only JLab EOI-,
006 (RSS) result at somewhat smaller Q% and a few em-,,
pirical fits have existed. SANE data found a resonance,,
structure at 1.2 GeV/c? < W < 1.4 GeV/c? with zero,,
or negative value of As. The peak position of the res-
onance has been determined at 1.323 4 0.010 GeV/c?
from the fitting of the data. It is interesting to note
that although @Q? difference between RSS and SANE-
HMS is just ~ 0.6 (GeV/c)?, the value of Ay for the res-2s
onance shows a sign change from RSS to SANE-HMS. It
could be an indication of a large and negative transverse->*'
longitudinal interference contribution at this resonance,z::
since Ay = o /or. Compared to the fitting parameters,,
for Ay, it could be an indirect evidence of two poles of,y,
Roper resonance [25]. 202

Our g, shown in Fig. [d]is quite different from JLab E01-2
006 (RSS), and it is due to large Q? dependence of Ay. As®*
with Ay, SANE-HMS g is the first measurement in this®”
kinematic region, (Q?) = 1.86 (GeV/c)? and 0.47 < x <sz
0.87. Non-zero difference between g, and g3VW', obtained,,,
from the measured g1, shows higher twist effect. 200

Using the fitting function evaluated at Q% =sw

79
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FIG. 4. Virtual photon asymmetry A, from our data and
RSS [9] and MAID fits [23], smaller error bars indicating sys-
tematic uncertainty.

1.9 (GeV/e)?, dy integral has been obtained. We
find d = —0.0087 &+ 0.0014 over the measured z re-
gion. It is the first negative result experimentally ob-
tained [4, @, 13]. Though theoretical predictions of da
using Bag Model [26H28], Lattice QCD [29], and Chiral
Soliton models [30, BI] are all positive, QCD sum rule
based predictions[32H34] are negative, and the values are
compatible with our result.

In summary, the spin structure functions of the pro-
ton have been measured in medium to low Q2 region.
Especially, we have measured the virtual photon asym-
metries and the spin structure functions of the proton
at {Q?) = 1.86 (GeV/c)? in the resonance region for the
first time. When compared with the previous result at
somewhat lower Q?, the asymmetries and spin structure
functions show Q? evolution clearly. We also calculated
the corresponding dy integral and its value turns out to
be negative.
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