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We have measured the electron-3He longitudinal and transverse spin dependent
inclusive cross sections 3He(€,¢'), in the resonance region over a range of four-
momentum transfer from 0.1 to 0.9 GeV2. From this measurement, the spin de-
pendent structure functions g1(z), g2(x) of >He have been extracted and various
moments of the neutron were evaluated. The integral of gi(z) shows a smooth
continuation from the existing high Q? data toward Q2 ~ 0. And that of ga(z)
provided the first significant experimental evidence of the Burkhardt-Cottingham
Sum Rule on the neutron in our measured Q2 region. Spin polarizabilities of the
neutron (yo and dr7) were evaluated and compared with the existing chiral per-
turbation calculations and MAID model. Higher twist effect on g2(z) was studied
from d2 moments and finally, color polarizabilities of the neutron were extracted
from the combined data of the world and Jefferson Lab. Our new results seem to
show small higher twist effects in the neutron with a possibility of quark-hadron
duality down to Q% ~ 0.5 GeV?2.

1. Introduction

One of the important goals in nuclear physics is the understanding of the
internal structure of the nucleons. Earlier efforts with the inclusive elec-
tron scattering has established Quantum Chromo-Dynamics (QCD) as the
fundamental theory describing the nucleons. Subsequent development of
polarized beam and target has enabled the study of the spins inside the
nucleons. One major achievement has been the experimental confirmation
of the Bjorken sum rule at high four-momentum transfer(Q?). Also, a sur-
prising result showed that only about 30% of the proton’s spin is carried
by the quarks. While earlier measurements were focused at high Q2 region,
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progress is being made for other regions of 2. Moreover, most of the pre-
vious experiments were done on the proton, which makes the neutron data
either scarce or less precise, especially, at low Q? region below 1 GeVZ2.
This region is particularly interesting since non-perturbative characteris-
tics of QCD starts to play. And at very low Q2 region close to zero, Chiral
perturbation theory (xPT) provides necessary guidance for understanding
experimental results.

We have measured both spin structure functions (g; and g2) of the
neutron for Q2 values from 0.1 GeV? to 0.9 GeV? using polarized *He
target. In residual mass W, we have covered up to 2 GeV and a little beyond
depending on the values of ?>. From the measured structure functions,
various integrals have been formed and compared with QCD sum rules
and the existing theoretical calculations. We were also able to extract
higher twist effect from combined data base of our results and previous
measurements.

2. Experiment

The two spin structure functions were extracted from the spin-dependent
differential cross sections of inclusive electron scattering. An electron beam
delivered by Jefferson Lab has been used with average polarization of 70%
and current up to 15 pA. For the target, a newly made polarized He
target has been used as an effective neutron target. This target contains
high density (about 10 atm) *He and a small amount of Rb vapor. The
Rb atoms are polarized using optical pumping with circularly polarized
laser beam. Then the polarization of the Rb atoms were transfered to *He
nucleus via collision process. With this method, we were able to achieve
average >He polarization of 35%. One important feature of this target is
the ability to have polarization direction either parallel or perpendicular
with respect to the beam direction.

The scattered electrons were detected by the two essentially identical
spectrometers sitting at 15.5° on both sides of the beam. Data were col-
lected at six incident beam energies: 5.508, 4.239, 3.382, 2.581, 1.718 and
0.862 GeV.

The experiment covers a range of Q2 from 0.03 to 1.1 GeV?, and from the
elastic to the edge of the deep inelastic regime, including the quasi-elastic
and the resonance regions. Data were taken for both longitudinal and
transverse target polarization orientations so that the two spin structure
functions g;(z,Q?) and g»(z, Q%) can be extracted independently. More
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details on the experiment can be found elsewhere!>2.

3. Data Amnalysis

The measurement gives the following two cross section differences from
which the extraction of the spin structure functions g; (z, Q%) and g»(z, Q?)
is straightforward.

& 402 E' , 2
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dE’;Q (= -1=)= %fﬁ [vg1(z, Q%) + 2Eg2(2,Q%)] ,

where the first arrow ({ or 1) shows the polarization direction for the elec-
tron beam while the second one ({} or =) is for the target polarization.

Once g;(z,Q?%) and ga(x,Q?) are obtained, various integrals can be
considered. The most straightforward comparison can be made with the
Gerasimov-Drell-Hearn (GDH) sum rule®*, which is valid for the real pho-
ton (Q? = 0). For non-zero Q? values as in our measurement, we can define
GDH integral as an extension. In terms of structure functions, the GDH
integral can be written as

1672 e AM?22
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And at Q2 = 0, GDH sum rule states
272 Qlom
Iepn(Q® =0) = — M; K2,

where & is the anomalous magnetic moment of the target.

One of the related integral is the first moment of g; (z,Q?) structure
function,

ry(Q?) = / g1(z, Q) dr.

The difference of I'; (Q?) between the proton and the neutron at large Q?
gives the Bjorken sum rule®%, which has been verified within 10% level at
large Q2 values.

From g, (z,Q?) structure function, there is Burkhardt-Cottingham sum
rule”, which states

[ (Q%) = /gg(a:,Qz) dr =0 for all Q2.
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Unlike the GDH sum rule or Bjorken sum rule which are valid at two
extremes of Q2 values (0 and o00), this sum rule is valid for all Q2 values.

At Q? values close to zero, two quantities are of particular interest:
generalized spin polarizabilities, v9 and d7 defined as

2 To 2.2
(@) = 22 [ 0,07 - B o0 |

2 o
= w/ 2 {g1(z,Q%) + g2(z,Q*)} du.
Q 0

Due to the additional z? weight, the contribution to the integral from the
small z region is very small, which is well suited to the experiment.

One interesting feature of the g»(x,Q?) structure function is that it
contains twist-3 contributions at leading order. As a result, at large Q?,
the following integral, called dy matrix element,

Spr(Q?)

@@%z/fpm%wwﬂwa@ﬂm

gives a measure of higher twist effect on go(x, Q). This d» matrix element
is related to color polarizabilities xg and x 5.

At low 2, the interpretation in terms of matrix element is no longer
appropriate, but d»(Q?) integral is now related to generalized spin polar-
izabilities. So the measurement of d»(Q?) integral in the intermediate Q>
region will describe a transition from quark picture (color polarizabilities)
to hadron picture (generalized spin polarizabilities).

4. Results

In Figure 1, our result for the GDH integral' shows large change from high
Q? region to Q% = 0 where the GDH sum rule dictates the value (-232.5
ub for the neutron). One of the phenomenological prediction from MAID
model® agrees well for the general trend but underestimates in magnitude.
Near Q% = 0, two calculations from YPT are available.?'® One of them has
included the contribution from the A resonance. Due to the uncertainties
on the parameters of A resonance, the result is shown as a band. It is
quite encouraging that our lowest Q2 result falls within the band showing
compatibility between theory and experiment. As shown in the figure, our
lowest 2 result is more negative than the GDH sum rule value and suggests
a turn over before reaching Q% = 0 point. The result of a new experiment!!
will provide more details for the region below @? = 0.1 GeV2.
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In Figure 2, the integral of g;(z,Q?)'? has been compared with pre-
vious measurements!?:14:15:16:17:18 "ot of them at high Q? region, and
theoretical models®19:2°, Six open circles at Q? between 0.1 and 0.9 GeV?
are integrals of g; (z,Q?) up to W = 2 GeV? covering mostly resonances.
The statistical error is of the size of the symbols and the gray band near
the y-axis represents systematic errors. To account for the contribution
from the high W region, we have used the parametrization of Bianchi and

21,22

Thomas and the result is shown by the corresponding filled circles.

8:19.20 are available in the measured Q? region

Three model calculations
and the calculation by Burkert and Ioffe agrees well with our data.

The Burkhardt-Cottingham sum rule has been tested in Figure 3 by
integrating g»(z,@?)'2. Filled circles are integrals up to W = 2 GeV? in-
cluding mostly resonances. The MAID model prediction agrees reasonably
well with our measurement. The upper gray band shows our experimen-
tal systematic errors. To test the BC sum rule, we need to include two
more contributions: elastic and high W. Elastic contributions are calcu-
lated with the neutron form factors parametrized by Mergell et al.?? and is
shown by the lower curve. The open circles represent the result including
elastic contributions. For high W contributions, our estimate is shown by
the lower gray band. Within combined uncertainties, it seems that the BC
sum rule holds in our measured Q? region. At Q2 = 5 GeV?2, the result
from SLAC?* is also compatible with zero within its error.

Our results for generalized spin polarizabilities?® show a little surprise.
Originally, it has been believed that the theoretical calculations®%?7 from
xPT are more reliable for ;7 than 9. And it has also been argued that
the calculations of dr7 might be valid up to @2 = 0.3 GeV? due to the
cancellation of resonance effects. However, as Figures 4 and 5 show, our
results for §pp are completely at odds with the existing calculations while
7o for the lowest Q2 agrees with one of the calculations. For both quantities,
MAID model agrees reasonably well with the experimental results.

As Figure 6 shows, our result for d2(Q?)'? agrees well with the MAID
model while all the available YPT calculations overestimate it. At Q2 =
5 GeV2, SLAC result?* shows a large positive value but a Lattice QCD
calculation predicts a small negative value. The trend toward high @2
from our data suggests small positive value at Q? = 5 GeV? and another
measurement at Q? = 2 GeV? would be very helpful to resolve the issue.

Finally, using the combined data base, color polarizabilities have been
extracted from the fitting. For this analysis, only the data with Q% > 0.5
GeV? have been used. In general, we found higher twist effect quite small.
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From the global fitting, we have obtained yg = 0.033 £ 0.029 and xp =
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Figure 1. GDH integral as a function of Q2. To show low Q2 features more clearly,
linear scale has been adopted from Q2 = 0 to 1 GeV? and log scale from 1 to 10 GeV?2.
Open squares are integrals up to W = 2 GeV, while filled squares include contributions
up to W?2 = 1000 GeV? using the parametrization. Experimental errors are shown as
grey band above the zero y-axis. Solid curve is from MAID model which shows general
feature of our results but underestimates the absolute values. Two curves and grey band
are xPT calculations from two different groups.

5. Conclusions

We have measured spin-dependent cross sections for 3He(e,e') and ex-
tracted spin dependent structure functions g; (z, Q%) and go(z,Q?) at Q?
range from 0.1 to 0.9 GeV2. From the two structure functions, various
QCD integrals have been evaluated for the neutron for the first time at the
intermediate Q2 range (0.1 < Q% < 0.9). The GDH integral shows dramatic
change from high Q2 region toward GDH sum rule at Q2 = 0. Actually,
our lowest Q? point overshoots the GDH sum rule value and the result of
another experiment'! will provide more detail near Q2 = 0 region. The
integral of g;(z,Q?), I'1(Q?) shows smooth variation from high Q? region
and a few phenomenological model predicts right trend and magnitude.
The integral of g»(x,Q?) shows that the Burkhardt-Cottingham sum rule
holds within experimental errors in the measured Q? region. The result for
the generalized spin polarizabilities is quite surprising. dp7 is at odds with
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Figure 2. The integral of g1 (z, Q?) structure function with previous data mostly at large
Q2. Filled circles are our result including estimated contributions from non-measured
small = region. Grey band above y-axis shows experimental uncertainties. Various
phenomenological models agree reasonably well for both trend and magnitude. Near
Q? = 0, several calculations from yPT are shown.
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Figure 3. The integral of g2(w, @?) structure function for the Burkhardt-Cottingham
sum rule. Open circles are integral over the resonance. To compare with the BC sum
rule, the elastic contribution (lower grey curve) has been added to produce open circles.
Positive grey band around the y-axis shows experimental uncertainties while negative
grey band shows an estimate of contributions from non-measured small = region. At
Q? =5 GeV?, SLAC results shows the satisfaction of the BC sum rule within its error.
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Generalized spin polarizability vp. Filled circles are from our measurement.
Curves and band are from two different xPT calculations. The band is due to uncer-
tainties on the A resonance included in the calculation. Grey band on top of the y-axis

Generalized spin polarizability d; . Filled circles are from our measurement.
Curves and band are from two different xPT calculations. The band is due to uncer-
tainties on the A resonance included in the calculation. Grey band on top of the y-axis
shows experimental uncertainties. Except the phenomenological MAID calculation, none
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Figure 6. d2(Q?) integral. Filled circles are from our measurement. MAID model is
in good agreement both in trend and magnitude. At Q2 =5 GeV2, SLAC result shows
positive d2 while Lattice QCD calculation predicts small negative value. The general
trend from our data predicts small positive value at the same Q2.
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Figure 7. Fitting result of the available world data. The two separate grey bands
represent systematic errors for both our measurement and HERMES result. Third band
shows overall systematic error including the contribution from ag. the band near the
data point shows the fitting error.

available theoretical calculations, which are believed to be reliable at low
Q)? values. On the other hand, vy shows an agreement at the lowest (2
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values with one of the calculations.

Combining our results with previous measurements, an attempt has
been made to extract color polarizabilities, g and xp. Global fitting of
all the available data gives quite small values for both color polarizabilities.
Such small values suggests small higher twist effect down to Q2 ~ 0.5 GeV?
and indirectly confirms quark-hadron duality of spin structure functions.

New experiment!! has been performed to explore smaller Q? region
down to 0.02 GeV? and its results will reveal even more interesting features.
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