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Precision Measurement of the Neutron Spin AsymmetryA} and Spin-Flavor Decomposition
in the Valence Quark Region
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We have measured the neutron spin asymmetry A} with high precision at three kinematics in the deep
inelastic region at x = 0.33, 0.47, and 0.60, and 0% =27, 3.5, and 4.8 (GeV/c)?, respectively. Our
results unambiguously show, for the first time, that A} crosses zero around x = 0.47 and becomes
significantly positive at x = 0.60. Combined with the world proton data, polarized quark distributions
were extracted. Our results, in general, agree with relativistic constituent quark models and with
perturbative quantum chromodynamics (PQCD) analyses based on the earlier data. However they
deviate from PQCD predictions based on hadron helicity conservation.
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After over 25 years of experiments measuring nucleon Here we present precise data in a new kinematic region
spin structure, it is now widely accepted that the intrinsic =~ where the Bjorken scaling variable x is large. For these
quark spin contributes only a small fraction (20%—-30%)  kinematics, the valence quarks dominate and ratios of
of the total nucleon spin. The spin sum rule [1] indicates structure functions can be estimated based on our knowl-
that the remaining part is carried by the quarks and  edge of the interactions between quarks. Specifically, in
gluons orbital angular momentum (OAM) and gluon spin.  the limit of large Q2 (the four momentum transfer
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squared), the asymmetry A,(the ratio of the polarized
and the unpolarized structure functions g,/F;) is ex-
pected to approach 1 as x — 1. This is a dramatic pre-
diction, since all previous data on the neutron A} are
either negative or consistent with zero. Furthermore, in
the region x > 0.3, both sea-quark and gluon contribu-
tions are small and the physics of the valence quarks can
be exposed. Relativistic constituent quark models
(RCQM, which include OAM) and leading-order pertur-
bative QCD (PQCD) predictions assuming hadron-
helicity-conservation (no OAM) make dramatically dif-
ferent predictions for the proton down-quark polarized
distribution in the valence quark region. A more complete
QCD calculation, describing OAM at the current-quark
and gluon level, might agree with the RCQM description.
The connection between these descriptions is of para-
mount importance to a complete description of the nu-
cleon spin using QCD. Thus, precision data in the valence
quark region are crucial to improve our understanding of
the nucleon spin.

A; is known as the nucleon virtual-photon asymmetry
and is extracted from the polarized deep inelastic scatter-
ing (DIS) cross sections as A} = (0, — 035)/(012 +
03/2), where 5 3/2) is the total virtual photoabsorption
cross section for the nucleon with a projection of 1/2
(3/2) for the total spin along the direction of photon
momentum [2]. At finite Q2, A, is related to the polarized
and unpolarized structure functions g;, g,, and F;
through

Al ()C, QZ) = [gl(x, Qz) - 7282(X, QZ)]/FI (x, QZ)) (1)

where y> = 4M?x?/Q?, M is the nucleon mass, Q> =
4EE'sin*(6/2), x = Q?/(2Mv), E is the beam energy, E’
is the energy of the scattered electron, v = E — E' is the
energy transfer to the target, and 6 is the scattering angle
in the lab frame. At high Q?, one has y> < 1 and A; =
g1/F,. Since g, and F, follow roughly the same Q2
evolution in leading-order QCD, A, is expected to vary
quite slowly with Q2.

To first approximation, the constituent quarks in the
neutron can be described by an SU(6) symmetric wave
function [3]

1 1
[n 1) = Wi ld"(du)g,0,0) + \/—1_8 ld"(du)y 1,00

ld (du)y 11y — %|MT(dd)1,1,o>

—

3
2

+ EY lut(dd), ;1) 2)

where u (d) is the wave function of up (down) quark
inside the neutron and the subscripts refer to I, S, and
S, the total isospin, total spin, and the spin projection of
the spectator diquark state. In this limit both S = 1 and
S = 0 diquark states contribute equally to the observables
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of interest, leading to the predictions of A} =5/9 and
Al =0.

However, from measurements of the x dependence of
the ratio Fg /F% in unpolarized DIS [4] it is known that
the SU(6) symmetry is broken. A phenomenological
SU(6) symmetry breaking mechanism is the hyperfine
interaction among the quarks. Its effect on the nucleon
wave function is to lower the energy of the S = 0 diquark
state, allowing the first term of Eq. (2) to be more stable
and hence to dominate the high momentum tail of the
quark distributions, which is probed as x — 1. In this
picture one obtains Au/u— 1, Ad/d— —1/3, and
ATP — 1 as x — 1, with Au(Ad) and u(d) the polarized
and unpolarized quark distributions for the u(d) quark in
the proton. The hyperfine interaction is often used to
break SU(6) symmetry in RCQM to calculate A (x) and
A% (x) in the region 0.4 < x <1 [5-7].

In the PQCD approach [8,9] it was noted that the
quark-gluon interactions cause only the S=1, §, =1
diquark states to be suppressed as x — 1, rather than the
full § =1 states as in the case for the hyperfine inter-
action. By assuming zero quark OAM and helicity con-
servation, it has been shown further that a quark with
x — 1 must have the same helicity as the nucleon. This
mechanism has been referred to as hadron helicity con-
servation (HHC) and was used to build parton distribution
functions [10] and to fit DIS data [11]. In this approach one
hasA7? — 1, Au/u — 1,and Ad/d — 1 asx — 1. Thisis
one of the few places where QCD can make a prediction
for the structure function ratios.

The HHC is based on leading-order PQCD where the
quark OAM is assumed to be zero. Recent data on the
tensor polarization in elastic e — H scattering [12], neu-
tral pion photoproduction [13], and the proton form fac-
tors [14,15] are in disagreement with HHC predictions. It
has been suggested that effects beyond leading-order
PQCD, such as the quark OAM [16-18], might play an
important role in processes involving spin flips.
Calculations including quark OAM were performed to
interpret the proton form factor data [18]. These kinds
of calculations may be possible in the future for A} and
other observables in the large x region [19].

Other available predictions for A} include those from
the bag model [20], the LSS next-to-leading order (NLO)
polarized parton densities [21], the chiral soliton model
[22], a global NLO QCD analysis of DIS data based on a
statistical picture of the nucleon [23], and quark-hadron
duality based on three different SU(6) symmetry break-
ing scenarios [24].

We measured inclusive deep inelastic scattering of
longitudinally polarized electrons from a polarized *He
target in Hall A of the Thomas Jefferson National
Accelerator Facility. Data were collected at three kine-
matics, x = 0.33, 0.47, and 0.60, with Q% = 2.7, 3.5, and
4.8 (GeV/c)?, respectively. The invariant mass squared
W? = M? + 2Mv — Q? was above the resonance region.
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The parallel (A)) and perpendicular (A ) asymmetries
were measured. They are defined as

o — ot
oM £ ol

o= — o=

Ap = and A = 3)

o= + o=’

where o'l (o) is the cross section for a longitudinally
(with respect to the beam line) polarized target with the
electron spin aligned antiparallel (parallel) to the target
spin; o= (o) is the cross section for a transversely
polarized target with the electron spin aligned antipar-
allel (parallel) to the beam direction, and with the scat-
tered electrons detected on the same side of the beam line
as that to which the target spin is pointing. One can
extract A; as

Ay nAL
"D+ 0 dll+nd) @
where D = (1 — €E'/E)/(1 + €R), d = D\/2¢/(1 + ¢€),
77_6\/_/(15 E'e), &=+ €)/(2e), €=

1/[1 +2(1 + 1/9*)tan*(6/2)], and R is the ratio of the
longitudinal and transverse virtual-photon absorption
cross sections o /o [2]. Similarly, the ratio of structure
functions is given by g,/F; = [A + A} tan(6/2)]/D’,
with D' =[(1 — €)2 — y)]/[y(1 + €R)] and y = v/E.

The polarized electron beam was produced by illumi-
nating a strained GaAs photocathode with circularly
polarized light. We used a beam energy of 5.7 GeV. The
beam polarization of P, = (79.7 = 2.4)% was measured
regularly by Mgller polarimetry and was monitored by
Compton polarimetry. The beam helicity was flipped at a
frequency of 30 Hz. To reduce possible systematic errors,
data were taken for four different beam helicity and
target polarization configurations for the parallel setting
and two for the perpendicular setting.

The polarized *He target is based on the principles of
optical pumping and spin exchange. The target cell is a
25 cm long glass vessel. The in-beam target density was
about 3.5 X 10%° 3He/cm?3. The target polarization was
measured by both the NMR technique of adiabatic fast
passage [25], and a technique based on electron paramag-
netic resonance [26]. The average in-beam target polar-
ization was P, = (40 = 1.5)% at a typical beam current of
12 wA. The product of the beam and target polarizations
was verified at the level of A(P,P,)/(P,P,) < 4. 5%
by measuring the longitudinal asymmetry of é — e
elastic scattering.

The scattered electrons were detected by the Hall A
high resolution spectrometer (HRS) pair [27] at two
scattering angles of 35° and 45°. A CO, gas Cerenkov
detector and a double-layered lead-glass shower counter
were used to separate electrons from the pion background.
The combined pion rejection factor provided by the two
detectors was found to be better than 10* for both HRSs,
with a 99% identification efficiency for electrons.
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The asymmetries are extracted from the dataas A | =
A/ (FPLP,) + AA 1> Where Ay, is the raw asymmetry

and f = 0.92 ~ 0.94 is the target dilution factor due to a
small amount of unpolarized N, mixed with the polar-
ized *He gas. Radiative corrections AA” were per-
formed for both the internal and the external radiation
effects. Internal radiative corrections were applied using
POLRAD2.0 [28], the most up-to-date structure functions,
and our data for the neutron polarized structure functions.
External radiative corrections were performed based on
the procedure first described by Mo and Tsai [29]. The
uncertainty in the correction was studied by using vari-
ous fits [30] to the world data for F,, g1, g,, and R. False
asymmetries were checked to be negligible by measuring
the asymmetries of polarized e~ beam scattering off an
unpolarized '>C target.

From Aj | one can calculate A1 using Eq. (4). A *He
model which includes S, §’, D states and preexisting
A(1232) component in the 3He wave function [31] was
used for extracting A7 from A3He. It gives

F3He[A3He — 22 F’iHe AI]’(I 0. 014)]

Al = (5)
: P, F3(1 + 99)

where P, = 0.867003¢ and P, = —0.028*0007 are the
effective nucleon polarizations of the neutron and the
proton inside *He [31-33]. We used the latest world proton
and deuteron fits [34,35] for F, and R, with nuclear
effects corrected [36]. The Af contribution was obtained
by fitting the world proton data [30]. Compared to the
convolution approach [32] used by previous polarized *He
experiments, Eq. (5) increases the value of A} by
0.01-0.02 in the region 0.2 <x < 0.7, which is small
compared to our statistical error bars. Equation (5) was
also used for extracting g7/F} from g3 /F3He by sub-
stituting g,/F, for A;.

Results for A} and g} /F} are given in Table I. The A}
results are shown in Fig. 1. The smaller and full error bars
show the statistical and total errors, respectively. The
largest systematic error comes from the uncertainties in
P, and P,.

The new datum at x = 0.33 is in good agreement with
world data. For x > 0.4, the precision of A} data has been
improved by about an order of magnitude. This is the first
experimental evidence that A} becomes positive at large
x. Among all model-based calculations [3,6,10,11,20,22],
the trend of our data is consistent with the RCQM pre-
dictions [6] which suggest that A becomes increasingly
positive at even higher x. However, they do not agree with
the BBS [10] and LSS(BBS) [11] parametrizations in
which HHC is imposed. Our data are in good agreement
with the LSS 2001 PQCD fit to previous data [21] and a
global NLO QCD analysis of DIS data using a statistical
picture of the nucleon [23].
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TABLE L. Results for A7 and g}/F7, Q? values are given in
(GeV/c)?, errors are given as * statistical + systematic.

g\ /Fy
—0.043 = 0.022+2909
+0.040 = 0.03559911
+0.124 = 0.0455991¢

x 0? Al
0.33 271  —0.048 + 0.0247991
047 352 —0.006 = 0.027+99!9
0.60 4.83  +0.175 + 0.04879.%3¢

Assuming the strange quark distributions s(x), §(x),
As(x), and A5(x) to be negligible in the region x > 0.3,
and ignoring any Q? dependence, one can extract polar-
ized quark distribution functions based on the quark-
parton model as

Au+ Aii

4 g 1 g
= 2814+ g (1 + 4R4);
u+i 15F) ( )~ 15F”( )
A‘H%d=4<4+ ! )_1g1(1+ 4 )
d+d I5F R ) 15FF R

where R = (d + d)/(u + i). We performed a fit to the
world g} P/ F| P data [30] and used R extracted from pro-
ton and deuteron structure function data [40]. Results for
(Au+ Aw)/(u+ @) and (Ad+ Ad)/(d + d) extracted
from our g7 /F" data are listed in Table IL

n 1r
A1 [ ® This experiment (°He)
- O E142 (°He) H
0.8~ A E154 (3He) i
- & HERMES (®He) i
0.6_— J
0.4f
0.2f
of
0.2
_04'...|...|...|...|...
0 0.2 0.4 0.6 0.8 x1
FIG. 1. Our A7 results compared with theoretical predictions

and existing data obtained from a polarized *He target [37—39].
Curves: predictions of A} from SU(6) symmetry (zero) [3],
constituent quark model (shaded band) [6], and statistical
model (long-dashed) [23]; predictions of g7/F} from PQCD
HHC based BBS parametrization (higher solid) [10] and
LSS(BBS) parametrization (dashed) [11], bag model with the
effect of hyperfine interaction but without meson cloud (dash-
dotted) [20], LSS 2001 NLO polarized parton densities (lower
solid) [21], and chiral soliton model (dotted) [22].
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Figure 2 shows our results along with HERMES data
[41]. The dark-shaded error band is the uncertainty due to
neglecting the strangeness contributions. To compare with
the RCQM prediction which is given for valence quarks,
the difference between Agy/qy and (Ag + Ag)/(g + G)
was estimated and is shown as the light-shaded band.
Here qy(Agqy) is the unpolarized (polarized) valence
quark distribution for u# or d quark. Both errors were
estimated using the CTEQ6M [42] and MRST2001 [43]
unpolarized parton distribution functions and the posi-
tivity conditions that |Ag/q|l <1, |Ag/gl <1, and
|Agy/qy| < 1. Results shown in Fig. 2 agree well with
the predictions from RCQM [6] and LSS 2001 NLO
polarized parton densities [21]. The results agree reason-
ably well with the statistical model calculation [23] but
do not agree with the predictions from LSS(BBS) pa-
rametrization [11] based on hadron helicity conservation.

In summary, we have obtained precise data on the
neutron spin asymmetry A} and the structure function
ratio g/F" in the deep inelastic region at large x. Our
data show a clear trend that A} becomes positive at large
x. Combined with the world proton data, the polarized
quark distributions (Au + Aur)/(u + ) and (Ad+
Ad)/(d + d) were extracted. Our results agree with the
LSS 2001 PQCD fit to the previous data and the trend
agrees with the hyperfine-perturbed RCQM predictions.
The new data do not agree with the prediction from
PQCD-based hadron helicity conservation, which sug-
gests that effects beyond leading-order PQCD, such as
the quark orbital angular momentum may play an im-
portant role in this kinematic region. Extension of pre-
cision measurements of A7 to higher x and wider Q? range
is planned with the future JLab 12 GeV energy upgrade.
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TABLE II. Results for the polarized quark distributions. The
three errors are those due to the g} /F7 statistical error, g7 /F}
systematic error and the uncertainties of g/ /F} and R fits.

x (Au+ Ai)/(u + @) (Ad + Ad)/(d + d)
0.33  0.565 = 0.005*000370:03  —0.274 + 0.0327 9130019

0.47  0.664 = 0.007+992+0.060
0.60  0.737 = 0.0075903+0.116

—0.291 =+ 0.057+9918+0.032
—0.324 + 0.083+0031+0.085
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FIG. 2. Results for (Au+ Ad)/(u+ 7) and (Ad + Ad)/
(d + d) in the quark-parton model, compared with HERMES
data [41], the RCQM predictions [6], predictions from LSS
2001 NLO polarized parton densities [21], the statistical model
[23], and PQCD-based predictions incorporating HHC [11].
The error bars of our data include the uncertainties given
in Table II. The dark-shaded error band on the horizontal
axis shows the uncertainty in the data due to neglecting
s and § contributions. The light-shaded band shows the differ-
ence between Agqy/qy and (Ag + Ag)/(q + g) that needs
to be applied to the data when comparing with the RCQM
calculation.
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