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We have performed precision measurements of the double-spin virtual photon-neutron asymmetry
AT in the deep inelastic scattering regime, over a wide kinematic range 0.277 < z < 0.548 and at
an average Q? value of 3.078 (GeV/ c)z, demonstrating competitive uncertainties and good control
over background in an open-geometry, large-acceptance spectrometer. Our measurement doubles
the available high-precision neutron data in this « range. We have combined our results with world
data on proton targets to extract the ratio of polarized-to-unpolarized parton distribution functions
for up quarks and for down quarks in the same kinematic range. Our data corroborate the previous

observation of an AT zero crossing near x = 0.5. We also confirm that (Ad+ Ad)/(d+d) < 0 in the
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measured x range, in contrast to predictions of leading-order perturbative quantum chromodynamics

without orbital angular momentum.

PACS numbers: 14.20.Dh, 24.85.4p, 25.30.-c

Ever since the European Muon Collaboration deter-in
mined that the quark-spin contribution was insufficienti
to account for the spin of the proton [1], the origin ofus
the nucleon spin has been an open puzzle; see [2] for ais
recent review. While recent preliminary results suggestis
a non-zero contribution from the gluon spin [3], the roleus
of parton orbital angular momentum (OAM) is also un-ur
der investigation. In the valence quark region, combiningus
spin-structure data on protons and neutrons allows theiwo
separation of contributions from up and down quarks andi»
permits a sensitive test of several theoretical models.  1n

In deep inelastic scattering (DIS), nucleon structure isiz
conventionally parameterized by the unpolarized struc-izs
ture functions Fy(z,Q?) and Fy(x,Q?), and by the po-i
larized structure functions g; (z, Q?) and ga(x, Q?), whereus
Q? is the negative square of the four-momentum trans-is
ferred in the scattering interaction and x is the Bjorkeni»
scaling variable, which in the infinite-momentum frame:zs
equals the fraction of the nucleon momentum carried byaizo
the struck quark. The virtual photon-nucleon asym-is
metry A; probes the nucleon spin structure. Wheres
01/2(3/2) 18 the cross section of virtual photoabsorptionis
on the nucleon for a total spin projection of 1/2 (3/2)s
along the virtual-photon momentum direction, A; =i
(012 — 03/2) /(012 + 03/2). At finite Q?, this asymme-iss
try may be expressed in terms of the nucleon structures
functions as [4] 137

A(,Q%) = [0, @) ~ o, @) [Fa(w, @), (1)

where 72 = 4M?2%¢? /Q? and M is the nucleon mass. Fore
large Q%, v < 1 and A;(z) =~ g1(z)/Fi(z); since g; and
F; have the same Q2 evolution to leading order, A; may
be approximated as a function of x alone. Through Eq. 1,14
measurements of A; on proton and neutron targets alsoss
allow extraction of the unpolarized and polarized partoniss
distribution functions (PDFs) ¢(z) = ¢'(x) + ¢*(x) andus
Aq(x) = qT(z) — ¢*(x), where ¢"¥)(2) is the probability:s
of finding the quark ¢ with a given value of x and withus
spin (anti)parallel to that of the nucleon. This Letterus
reports a high-precision measurement of the neutron Ay,

T, in a kinematic range where theoretical predictionsis:
begin to diverge. 152

A variety of theoretical models predict that A7 — 1 asuss
x — 1. Calculations in the relativistic constituent quarkiss
model (RCQM), for example, generally assume thatiss
SU(6) symmetry is broken via a color hyperfine inter-is
action between quarks, lowering the energy of spectator-is:
quark pairs in a spin singlet state relative to those in aiss
spin triplet state and increasing the probability that, atise
high «, the struck quark carries the nucleon spin [5]. Iniso
perturbative quantum chromodynamics (pQCD), valid atia

) 138

large = and large Q% where the coupling of gluons to the
struck quark is small, the leading-order assumption that
the valence quarks have no OAM leads to the same con-
clusion about the spin of the struck quark [6, 7]. Param-
eterizations of the world data, in the context of pQCD
models, have been made both with and without this as-
sumption of hadron helicity conservation. The LSS(BBS)
parameterization [8] is a classic example of the former;
more recently, a parameterization by Avakian et al. [9]
explicitly includes Fock states with nonzero quark OAM.
While these two pQCD-based approaches identically pre-
dict AP(z = 0) < 0 and A?(z — 1) — 1, the OAM-
inclusive parameterization predicts a zero crossing at sig-
nificantly higher x.

The statistical model treats the nucleon as a gas of
massless partons at thermal equilibrium, using both chi-
rality and DIS data to constrain the thermodynamical
potential of each parton species. At a moderate Q2
value of 4 (GeV/c)?, At (z — 1) — 0.6Au(z)/u(z) [10].
Statistical-model predictions are thus in conflict with
RCQM and pQCD for finite values of 2, unless a pos-
itivity violation is permitted. A modified Nambu-Jona-
Lasinio (NJL) model, including both scalar and axial-
vector diquark channels, yields a similar prediction for
At as x — 1 [11].

Recently, Roberts, Holt and Schmidt [12] have ex-
plored an approach based on Dyson-Schwinger equations
(DSE), in which a baryon is described according to the
relevant Poincaré-covariant Faddeev equation with the
useful simplification that the sum of soft, dynamical, non-
pointlike diquark correlations approximates the quark-
quark scattering matrix. A7 (z = 1) is predicted at 0.34
in a contact-interaction framework, in which the dressed
light-quark mass is taken as a constant 0.4 GeV/c?,
and at 0.17 in a more realistic framework in which the
dressed-quark mass is permitted to depend on momen-
tum; the latter prediction is significantly smaller than
either the statistical or NJL prediction at * = 1. How-
ever, existing DIS data do not extend to high enough =z
to definitively favor one model over another.

The virtual photon-nucleon asymmetry A; can be
extracted from measured electron-nucleon asymmetries.
With the beam and target both polarized longitudinally
with respect to the beamline, A| = (o*T — ™) /(o +
o™ is the scattering asymmetry between configurations
with the electron spin anti-aligned () and aligned (1)
with the beam direction. Meanwhile, A, = (o+7 —
a')/(e%¥= + o1) is measured with the target spin
lying in the nominal scattering plane, perpendicular to
the incident beam direction and on the side of the scat-
tered electron. A; may be related to these asymmetries
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1 n
Al = Ay — Ay, 2)%
! D(1+7]§) I d(1+7]€) + ( )217

218
where the kinematic variables are given in the labo-,,

ratory frame by D = (E — €E')/(E(1 + €R)), n =,,
e\/Q2/(E—€E'), d = D\/2¢/(1 + ¢), and € = n(1+¢€)/2€.,
Here, F is the initial electron energy; E’ is the scattered,,,
electron energy; € = 1/[1 + 2(1 + 1/92)tan?(0/2)]; 0 is,y,
the electron scattering angle; and R = o, /or, parame-,,,
terized via R1998 [13], is the ratio of the longitudinal to,,
the transverse virtual photoabsorption cross sections.
Experiment E06-014 ran in Hall A of Jefferson Lab in,,,
February and March 2009 with the primary purpose of,,
measuring a twist-3 matrix element of the neutron [14].,,
Longitudinally polarized electrons were generated via il-,;
lumination of a strained superlattice GaAs photocathode,;
by circularly polarized laser light [15] and delivered to the,s,
experimental hall with energies of 4.7 and 5.9 GeV. The,;,
rastered 12 — 15-uA beam was incident on a target of;,
3He gas, polarized in the longitudinal and transverse di-,s;
rections via spin-exchange optical pumping of an Rb-K,
mixture [16] and contained in a 40-cm-long glass cell. The,,,
left high-resolution spectrometer [17] and BigBite spec-,;
trometer [18] detected scattered electrons in singles mode,,
at angles of 45° on beam left and right, respectively.
The longitudinal beam polarization was monitored,,;
continuously by Compton polarimetry [19, 20] and in-,,
termittently by Mgller polarimetry [21]. In three run pe-,s;
riods with polarized beam, the longitudinal beam polar-,,
ization P, averaged 0.74+0.01 (F = 5.9 GeV), 0.79£0.01 s
(E = 5.9 GeV), and 0.63 £ 0.01 (E = 4.7 GeV). Ay,
feedback loop limited the charge asymmetry to within,,
100 ppm. The target polarization P, averaging about
50%, was measured periodically using nuclear magnetic
resonance [22] and calibrated with electron paramagnetic
resonance; in the longitudinal orientation, the calibration
was cross-checked with nuclear magnetic resonance data,,,

from a well-understood water target. 2o

The raw asymmetry ﬂ?ﬁ) is  corrected for,,
beam and target effects according to Aﬁ(()j_) =
At/ [PoPifn,(cos @), where the dilution factors

fn,, determined from dedicated measurements withass
an No target, corrects for scattering from the smalls,
amount of Ny gas added to the *He target to reducess
depolarization effects [23]. The angle ¢, which appearsas
in A", lies between the scattering plane, defined by thess,
initial and final electron momenta, and the polarizationass
plane, defined by the electron and target spins. 250

Data for the asymmetry measurements were taken withaeo
the BigBite detector stack, which in this configuration in-ze
cluded eighteen wire planes in three orientations, a gasz:
Cerenkov detector [24], a pre-shower + shower calorime-sss
ter, and a scintillator plane between the calorimeter lay-zes
ers. The primary trigger was formed when signals abovezss

threshold were registered in geometrically overlapping re-
gions of the gas Cerenkov and calorimeter. With an angu-
lar acceptance of 65 msr, BigBite continuously measured
electrons over the entire kinematic range of the exper-
iment, and the sample was later divided into x bins of
equal size.

Pair-produced electrons, originating from 7% decay,
contaminate the sample of DIS electrons, especially in
the lowest = bins. We measured the yield of this pro-
cess by reversing the BigBite polarity to observe e™ with
the same acceptance. A fit to these data, combined
with data from the left high-resolution spectrometer and
with CLAS EG1b [25] data taken at a similar scatter-
ing angle, was used to fill gaps in the kinematic cover-
age of these special measurements. The resulting ratio
fet = Net+ /N,.- quantifies the contamination of the elec-
tron sample with pair-produced electrons. The underly-
ing double-spin asymmetry A" of the 7° production pro-
cess was measured to be 1 — 2% using the positron sam-
ple obtained during normal BigBite running, and cross-
checked against the reversed-polarity positron asymme-
try for the available kinematics.

The contamination of the scattered-electron sample
with 7= was below 3% in all x bins, limited primarily
by the efficiency of the gas Cerenkov in eliminating pions
from the online trigger. Due to the low contamination
level, the asymmetry in pion production had a negligible
(S 1%) effect on Ay and A, and the pion correction
to the asymmetry was therefore treated as a pure dilu-
tion f,-. Contamination of the positron sample with 7+
resulted in the dilution factor f,+.

The final physics asymmetries A1) include internal
and external radiative corrections AAﬁ(j_) as well as back-
ground corrections:

cor €+
ity = fer A
Ajy =

— AATS .
17f7777f6++fﬂ‘+f€+ * 1)

3)

To compute AAﬁ(i), the asymmetries were reformu-
lated as polarized cross-section differences using the
F1F209 [26] parameterization for the radiated unpolar-
ized cross section. The polarized elastic tail was com-
puted [27] and found to be negligible in both the parallel
and perpendicular cases, and was not subtracted. Radia-
tive corrections were then applied iteratively, according
to the formalisms first described by Mo and Tsai [28]
for the unpolarized case, and by Akushevich et al. [29]
for the polarized case. The DSSV model [30] was used
as an input for the DIS region; the integration phase
space was completed in the resonance region with the
MAID model [31], and in the quasi-elastic region with the
Bosted nucleon form factors [32] smeared with a scaling
function [33]. The final results were then converted back
to asymmetries. The contribution of these corrections to
the uncertainty on A1) was S 2%; particle identifica-
tion was the dominant overall source of systematic error.
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Polarized 3He targets are commonly used as effective
polarized neutron targets because, in the dominant S
state, the spin of the 3He nucleus is carried by the neu-
tron. To extract the neutron asymmetry A} from the
measured asymmetry AiHe on the nuclear target, we used
a model for the *He wavefunction incorporating S, S’,
and D states as well as a pre-existing A(1232) compo-
nent [34]:

(1

P Fg (1+052)

Fy p
PyAY

3He
F2

3 3
FyHe [AlHe _9 _ 02.(1))11)4”

Ay = (4)

The effective proton and neutron polarizations were
taken as P, = —0.0287050% and P, = 0.86070050 [35].
Fy was parameterized with F1F209 [26] for *He and with
CJ12 [36] for the neutron and proton, while A} was mod-
eled with a Q?-independent, three-parameter fit to world
data [1, 25, 37-41] on proton targets. Corrections were
applied separately to the two beam energies, at the aver-
age measured Q? values of 2.59 (GeV/c)? (E = 4.7 GeV)
and 3.67 (GeV/c)? (E = 5.9 GeV). The resulting neu-
tron asymmetry, the statistics-weighted average of the
asymmetries measured at the two beam energies, is given
as a function of x in Table I and Fig. 1 and corre-
sponds to an average @? value of 3.078 (GeV/c)?. Ta-
ble I also gives our results for the structure-function ratio
g2/ PP = [y(1+ €R)]/[(1 - )2 — )] - [A) + tan(6/2)A L],
where y = (E — E')/E in the laboratory frame, which
was extracted from our *He data in the same way as A7.
Combining the neutron ¢;/F; data with measurements

TABLE 1. AT and g7'/FT results.

302

303

304

305

306

307

308

(z) AT &+ stat & syst g /Fi" £ stat £syst
0.277 0.043 £ 0.060 £+ 0.021 0.044 +£0.058 £ 0.012 , |
0.325 —0.004 £ 0.035 £+ 0.009 —0.002 £ 0.033 £ 0.009 ,,,
0.374 0.078 £0.029 4+ 0.012 0.053 £ 0.028 £ 0.010
0.424 —0.056 £ 0.032 4+ 0.013 —0.060 £ 0.030 + 0.012
0.474 —0.045 £ 0.040 + 0.016 —0.053 £0.037 £ 0.015
0.548 0.116 £ 0.072 £ 0.021 0.110 £+ 0.067 £ 0.019
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FIG. 1. (Color online) Our AT results in the DIS regime

(filled circles), compared with world AT data extracted us-
ing *He targets (SLAC E142 [42], SLAC E154 [43], JLab
E99117 [35], and HERMES [39]). Selected model predictions
are also shown: RCQM (Isgur [5]), statistical (Bourrely et
al. [10, 44]), NJL (Cloét et al. [11]), and (at z = 1) two DSE-
based approaches [12]. Quark OAM is assumed to be absent in
the LSS(BBS) parameterization [8], but is explicitly allowed
in the Avakian et al. parameterization [9].

where R = (d+d)/(u+ u) and is taken from the CJ12
parameterization [36]; g¥/F' was modeled with world
data in the same way as AY. Neglecting the strangeness
contribution results in an uncertainty of < 0.009 for
(Au + Au)/(u + a) and < 0.02 for (Ad + Ad)/(d + d).
Our results are given in Table II, and plotted in Fig. 2
along with previous world data and selected model pre-
dictions and parameterizations. The (Au+ Aa)/(u + @)
results reported here are dominated by proton measure-

ments. Our results for A} and (Ad+Ad)/(d+d) support

TABLE II. Au/u and Ad/d results. Systematic uncertainties
include those due to neglecting the strangeness contribution.

on the proton allows a flavor decomposition to separate
the polarized-to-unpolarized-PDF ratios for up and down
quarks, which have a still greater ability than A} to dif-
ferentiate between various theoretical models. When the
strangeness content of the nucleon is neglected, these ra-
tios can be extracted at leading order as

Au+Au 4 g7 d 1 gp d
u+u 15F1p( TR ) 15F1”( AR ) (5)
Ad+Ad 4 g} 1 1 gy 4
_— :—74 — = —5 ]_ 6
d+d 15F1”( Rd“) 15Ff( +Rd“) (6)

312

313
315

316

317

(z) Au/u £ stat £ syst Ad/d £ stat £ syst
0.277 0.447 £0.011 4+ 0.035 —0.166 £ 0.094 £+ 0.029
0.325 0.505 £ 0.006 £ 0.040 —0.292 £ 0.055 £ 0.033
0.374 0.541 £ 0.005 £ 0.046 —0.252 £ 0.048 £ 0.040
0.424 0.600 £ 0.005 4 0.052 —0.514 £ 0.054 + 0.051
0.474 0.631 £+ 0.006 £ 0.058 —0.579 £ 0.070 £ 0.067
0.548 0.642 £ 0.009 £+ 0.070 —0.384 £ 0.138 £ 0.092

previous measurements in the range 0.277 < x < 0.548.
The AT data are consistent with a zero crossing between
xz = 0.4 and z = 0.55, as reported by the JLab E99117
measurement [35]; a pQCD parameterization that explic-
itly permits quark OAM [9] is a significantly better match
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FIG. 2. (Color online) Our results (filled circles) for (Au +*®

A%)/(u + 1) (top, dominated by proton measurements) and*®
(Ad+Ad)/(d+d) (bottom). The gray bands represent our es-*’
timated error from neglecting the strange-quark contribution.*®
Also plotted are existing world data and models as described®®
in Fig. 1. 370

371
372

373

to our data at large x than one that explicitly disallows 7:
it [8]. Our results for (Ad + Ad)/(d + d) show no evi-,
dence of a transition to a positive slope, as required by377
pQCD-based predictions, in the z range probed. Whiless
this result suggests that other models of nucleon struc-s
ture — such as statistical, NJL, or DSE — may be fruitful3®
in the high x regime, it is not yet possible to definitively™
distinguish between these models in the data. Our re—zz
sults were obtained with a new measurement technique,_,
relying on an open-geometry spectrometer deployed at as;
large scattering angle. With a gas Cerenkov detector andsss
a pre-shower + shower calorimeter for particle identifica-3s
tion, and with the ability to detect significant numbers3®
of positrons even at the normal polarity setting, back-**°
grounds due to 7~ and to pair-produced electrons Werezgo
sufficiently reduced that the measurement is a significant_,
contribution to the world data set. 303
Two dedicated DIS A} experiments [45, 46] have beenso
approved to run at JLab in the coming years, pushing toss
higher x and studying the Q2 evolution of the asymmetry.%®
In advance of these experiments, and in combination vvith397
previous measurements, our data suggest that addltlonal oo
neutron DIS measurements in the region 0.5 < z < 0.8,
will be of particular interest in establishing the hlgh—x401
behavior of the nucleon spin structure; in addition, anso

extension of the DSE-based approach [12] to x < 1 would
be valuable. It is our hope that our data will inspire
further theoretical work in the high-z DIS region.
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