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We report the first measurement of target single spin asymmetries in the semi-inclusive
3He(e,e'wi)X reaction on a transversely polarized target. The experiment, conducted at Jeffer-
son Lab using a 5.9 GeV electron beam, covers a range of 0.16 < z < 0.35 with 1.4 < Q% < 2.7
GeV?. The Collins and Sivers moments were extracted from the azimuthal angular dependence of
the measured asymmetries. The 7% Collins moments for *He are consistent with zero, except for the

at

moment at z = 0.35, which deviates from zero by 2.3c. While the 7~ Sivers moments are con-

sistent with zero, the 71 Sivers moments favor negative values. The neutron results were extracted
using the nucleon effective polarization and measured cross section ratios of proton to >He, and are
largely consistent with the predictions of phenomenological fits and quark model calculations.

PACS numbers: Valid PACS appear here

High-energy lepton-nucleon scattering is a powerful
tool to study the partonic structure of the nucleon. While
detailed studies of inclusive deep inelastic scattering
(DIS) have revealed a great deal of information about the
unpolarized (f{) and polarized (¢f) parton distribution
functions (PDFs) describing the longitudinal momentum
and helicity of quarks in the nucleon, understanding of
the nucleon’s spin structure is far from being complete [1].
In particular, the experimental study of quark transverse
spin phenomena has just begun [2-5]. Recent reviews can
be found in Ref. [6, 7]. These progresses also point to an
important role for quark/gluon orbital angular motion in
the nucleon’s spin structure. Semi-inclusive DIS (SIDIS),
in which a hadron from the fragmentation of the struck
quark is detected in coincidence with the scattered lep-
ton, provides access to transverse-momentum-dependent
parton distributions (TMDs) [8-10], which describe the
quark structure of the nucleon in all three dimensions of
momentum space. The ability of SIDIS reactions to ac-
cess partonic transverse spin and momentum [2, 4, 5, 11—
14] relevant to the kinematics of this work provides a
unique opportunity for the study of orbital angular mo-
mentum (OAM).

All eight leading-twist TMDs are accessible in
SIDIS [10]. The angular dependence of the target spin-
dependent asymmetry A in the scattering of an unpolar-
ized lepton beam by a transversely polarized target is:

A(dn, ds) = l Yo.65 = Yo, 054
, PYy, 05+ Youps4n

~ Ac sin(én + ¢s) + Ag sin(on — ¢s), (1)

where P is the target polarization, ¢;, and ¢g are the
azimuthal angles of the hadron momentum and the target
spin relative to the lepton scattering plane as defined in
the Trento convention [15], Y is the normalized yield, and
Ac (Ag) is the Collins (Sivers) moment.

The Collins moment probes the convolution of the
chiral-odd quark transversity distribution h{ [16] and the
chiral-odd Collins fragmentation function (FF) [17]. h{
describes the transverse polarization of quarks in a trans-
versely polarized nucleon. Because the gluon transver-
sity vanishes, quark transversity is valence-like [18]. The
lowest moment of transversity, the tensor charge, pro-
vides a test of lattice QCD predictions [19]. Transver-
sity is further constrained by Soffer’s inequality [20],

il < 3 (ff +g1), which holds under next-to-leading-
order QCD evolution [21-23]. However, a possible viola-
tion of Soffer’s bound has been suggested [24].

The Sivers moment probes the convolution of the naive
T-odd quark Sivers function fi% [25] and the unpolarized
FF. ff-T represents a correlation between the nucleon spin
and the quark transverse momentum, and it corresponds
to the imaginary part of the interference between light-
cone wave function components differing by one unit of
OAM [26, 27]. The Sivers function was originally thought
to vanish since it is odd under naive time-reversal trans-
formations [17]. A nonzero fi5 was later shown to be al-
lowed due to QCD final state interactions (FSI) between
the outgoing quark and the target remnant [26]. It was
further demonstrated through gauge invariance that the
same Sivers function, which originates from a gauge link,
would appear in both SIDIS and Drell-Yan single spin
asymmetries (SSAs) but with an opposite sign [28, 29].

The HERMES collaboration carried out the first SSA
measurement in SIDIS on a transversely polarized pro-
ton target using et beams [2] at Q% = 1.3 — 6.2 GeV?Z.
The COMPASS collaboration performed SIDIS mea-
surements with a muon beam on transversely polarized
deuteron [4] and proton [5] targets at Q% = 1.3 — 20.2
GeV?. Large Collins moments were observed for both 7+
and 7~ from the proton, but with opposite sign, indicat-
ing that the “unfavored” Collins FF could be as large as
the “favored” one [17]. This finding is consistent with the
measured asymmetry of inclusive hadron pair production
in eTe™ annihilation from BELLE [30], which directly ac-
cessed the product of Collins FFs. The deuteron Collins
asymmetries for 7+ and 7~ are consistent with zero, but
with relatively large uncertainties for z > 0.1, which sug-
gests a cancellation between proton and neutron.

While both the HERMES and COMPASS proton data
show significantly positive 7 Sivers moments, a possible
inconsistency exists between the data sets [31]. On the
other hand, the proton 7~ Sivers moments from both
HERMES [14] and COMPASS [5] are consistent with
zero, along with the COMPASS deuteron 7 and 7~
Sivers moments. These results could reflect pronounced
flavor dependence of the Sivers functions, as indicated by
a phenomenological fit [31] of these data.

To shed new light on the flavor structures of the
transversity and Sivers functions, it is important to ex-



tend the SSA SIDIS measurement to a neutron target,
which is more sensitive to the nucleon’s d quark con-
tribution. Since there is no stable free neutron target,
polarized *He is commonly used as an effective polar-
ized neutron target [32]. The *He nucleus, in which the
nuclear spin resides predominantly with the neutron, is
uniquely advantageous in the extraction of neutron spin
information compared to the deuteron (p+mn).

In this letter, we present the results of SSA measure-
ments in SIDIS on a transversely polarized 3He target,
performed in Jefferson Lab (JLab) Hall A from 2008/11
to 2009/02. The electron beam energy was 5.9 GeV with
an average current of 12 pA. Scattered electrons with
momenta from 0.6-2.5 GeV were detected in the Big-
Bite spectrometer at a central angle of 30° on the beam
right. Coincident charged hadrons were detected in the
High Resolution Spectrometer (HRS) [33] at a central
angle of 16° on beam left and a central momentum of
2.35 GeV. Unpolarized beam was achieved by summing
the two beam helicity states. The residual beam charge
asymmetry was smaller than 100 ppm per 1-hour run.

The 40 cm long polarized *He [33] cell was filled at
room temperature with ~8 atms of *He and ~0.13 atms
of Ny to reduce depolarization effects. The >He nuclei
were polarized by Spin Exchange Optical Pumping of a
Rb-K mixture. The polarization was monitored by Nu-
clear Magnetic Resonance (NMR) measurements every
20 minutes as the target spin was automatically flipped
through Adiabatic Fast Passage. The NMR measure-
ments were calibrated using the known water NMR signal
and cross-checked using the Electron Paramagnetic Reso-
nance method. The average polarization was 55.44-2.8%.
Three pairs of mutually orthogonal Helmholtz coils were
used to orient the target polarization vertically and hori-
zontally (determined to better than 0.5° using a compass)
in the plane transverse to the beam direction in order to
maximize the ¢g coverage. The holding magnetic field
(~25 G) remained fixed during spin flips.

The BigBite spectrometer consists of a large-opening
dipole magnet in front of a detector stack including
three sets of multi-wire drift chambers for charged-
particle tracking, a lead-glass calorimeter divided into
preshower /shower sections for electron identification and
a scintillator plane between the preshower and shower
for timing. In this experiment, BigBite was positioned
to subtend a solid angle of ~64 msr for a 40 cm tar-
get. The large out-of-plane angle acceptance of BigBite
(£240 mrad) was essential in maximizing the ¢;, coverage
of the experiment, given the small (~6 msr) solid angle
acceptance of the hadron arm. The transport matrix of
the BigBite magnet was calibrated using a multi-foil car-
bon target, a sieve slit collimator and *H(e, e’)p elastic
scattering at incident energies of 1.2 and 2.4 GeV. The
achieved angular and momentum resolutions were better
than 10 mrad and 1%, respectively. Clean e~ identifi-
cation was achieved using cuts on the preshower energy

E,s and the ratio E/p of the total shower energy to the
momentum from optics reconstruction. The 7~ contami-
nation was determined from analysis of the F,, spectrum
to be less than 2%, consistent with GEANT3 simulations.

The HRS detector package was configured for hadron
detection [33]. A 10%:1 e~ rejection factor was achieved
using a light gas Cerenkov and a lead glass calorime-
ter, resulting in a negligible e* contamination. Coinci-
dence timing provided more than 150 pion-proton sep-
aration. A 10:1 K* rejection was achieved using the
aerogel Cerenkov detector, leaving less than 1% contam-
ination. The +5% HRS momentum acceptance limited
the hadron energy fraction z to about 0.5 (see Table I).

SIDIS events were selected using cuts on the four-
momentum transfer squared Q? > 1 GeV?2, the hadronic
final-state invariant mass W > 2.3 GeV, and the mass
of undetected final-state particles W > 1.6 GeV, assum-
ing scattering on a nucleon. The total number of ac-
cepted SIDIS events are 254k and 194k for 7+ and 7,
respectively. The data were divided into four bins in the
Bjorken scaling variable x. The central kinematics of
the four bins after radiative corrections are presented in
Table 1. SIDIS yields were obtained by normalizing the
number of identified SIDIS events by the accumulated
beam charge and the data acquisition live time. The
data were divided into ~2850 pairs of measurements in
opposite target spin states to extract the raw asymme-
tries. The false asymmetry due to luminosity fluctuations
was confirmed to be less than 4x10~* by measurements
of the SSA in inclusive (e, e’) scattering with transverse
target polarization oriented horizontally, which vanishes
due to parity conservation. The raw Collins/Sivers mo-
ments were obtained by fitting the asymmetries in 2-D
(¢n, ps) bins according to Eq.(1). This procedure was
confirmed by an unbinned maximum-likelihood method.
The *He moments were obtained after correcting the di-
rectly measured Ny dilution (~10% contribution).

The dominant background in the SIDIS electron sam-
ple comes from e™ /e~ pair production. This background
(listed in Table I) was directly measured by reversing the
polarity of the BigBite magnet to detect e* in identi-
cal conditions as e”. The contamination was treated as
a dilution effect in the analysis, as the measured asym-
metries were consistent with zero for e*-m coincidence
events, which mirror the pair-produced e™ -7 events. Ad-
ditional experimental uncertainties in the extracted >He
Collins/Sivers moments include: 1) K* contamination
in the 7* sample, 2) bin-centering, resolution and ra-
diative effects estimated using simulations, 3) the effect
of the target collimator, estimated by varying the scat-
tering vertex cut, 4) target density fluctuations, and 5)
the false asymmetry due to yield drift caused by radia-
tion damage to the BigBite preshower calorimeter. The
quadrature sum of all above contributions is below 25%
of the statistical uncertainty in each x bin.

In addition, there are fitting systematic uncertainties



e | @y | 2 | P [ W[W][ £ Frair - f 1— /7
GeV? GeV |GeV | GeV
0.156 | 1.38 | 0.81 | 0.50 | 0.435 | 2.91| 2.07 [22.0+4.4%|24.0+4.8%| 0.212 4+ 0.032 (0.027) 0.348 4+ 0.032 (0.022)
0.206 | 1.76 | 0.78 | 0.52 | 0.38 | 2.77| 1.97 | 8.04+2.0% [14.0+£2.0%| 0.144 + 0.031 (0.029) 0.205 + 0.037 (0.027)
0.265 | 2.16 | 0.75 | 0.54 | 0.32 | 2.63| 1.84 | 2.540.9% | 5.0+1.8% | 0.171 £ 0.029 (0.028) | 0.287 £ 0.036 (0.024)
0.349 | 2.68 | 0.70 | 0.58 | 0.24 | 2.43| 1.68 | 1.0£0.5% | 2.0+1.0% | 0.107 £ 0.026 (0.030) | 0.220 = 0.032 (0.026)

TABLE I. Central kinematics for the four x bins. The fractional e~ energy loss y, the hadron energy fraction z with respect
of electron energy transfer and the transverse momentum P, are all defined following the notation of Ref. [10]. The pair

+ +
production background fp,;,. and the proton dilution 1— f7 are shown with their total experimental systematic uncertainties.
The numbers in parentheses represent the model uncertainties corresponding to unpolarized FSI effects.
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FIG. 1. (Color online) The extracted Collins/Sivers moments
on ®*He are shown together with uncertainty bands (see text)
for both 77 and 7~ electro-production.

resulting from the neglect of other ¢- and ¢g-dependent
terms, such as 2(sin(3¢y, — ¢g)), higher-twist terms in-
cluding 2(sin ¢g) and 2(sin (2¢5, — ¢5)), azimuthal mod-
ulations of the unpolarized cross section including the
Cahn (2(cos¢y)) and Boer-Mulders (2(cos(2¢y))) ef-
fects [10], and leakage from the longitudinal SSA (Ayyr)
due to the small longitudinal component of the target po-
larization. The effects of these terms were estimated by
varying each term within an allowed range derived from
the HERMES data [34, 35], assuming the magnitude of
each term for the neutron is similar to that of the pro-
ton. The 2(sin ¢g) term gives the largest effect, followed
by the 2(sin(3¢y, — ¢s)) and 2(sin (2¢, — ¢g)) terms.

A Monte Carlo simulation of the experiment was
adapted from the package SIMC used in the analysis of
SIDIS cross section measurements on '‘H and ?H from
JLab Hall C [12] to include models of our target and
spectrometers. SIMC was used to estimate the combined
effects of acceptance, resolution and radiative corrections
on the extraction of the Collins and Sivers moments, and
these effects were included in the experimental systematic
uncertainties. Additionally, the contamination in identi-

fied SIDIS events from decays of diffractively produced
p mesons was estimated to range from 3-5% (5-10%) for
7 (7~) by PYTHIAG6.4 [36]. Consistent with the HER-
MES analysis, no corrections for this background have
been applied to our results. The contamination from ra-
diative tails of exclusive electroproduction, estimated by
normalizing the MC spectrum to the data in the low-W
region, was found to be less than 3%.

The extracted *He Collins Ac = 2(sin(¢y, + ¢s)) and
Sivers Ag = 2(sin(¢p —@g)) moments are shown in Fig. 1.
The error bars represent statistical uncertainties only.
The experimental systematic uncertainties combined in
quadrature are shown as the band labeled “Exp.”. The
combined extraction model uncertainties due to neglect-
ing other allowed terms are shown as the band labeled
“Fit”. The extracted 3He Collins and Sivers moments are
all below 5%. The Collins moments are mostly consis-
tent with zero, except the 7 Collins moment at 2=0.35,
which deviates from zero by 2.30 after combining the sta-
tistical and systematic uncertainties in quadrature. The
7T Sivers moments favor negative values, and the 7~
Sivers moments are consistent with zero.

To extract the neutron Collins/Sivers SSAs (Ag/ )
c/s

s, )» We used,

from the measured *He moments (A

AC/S

3He :Pn'(1_fp)'Ag/s+prp'Ag/sa

(2)
which was shown to be valid in a calculation by Scopetta
[37] including initial-state nuclear effects. Here, P, =

0.8610:936 (P, = —0.028T0509) is the neutron (proton)
20,

effective polarization [38]. The proton dilution f, =
He

of 3He was measured by comparing the yields of unpolar-
ized hydrogen and 3He targets in the SIDIS kinematics.
An additional model uncertainty from spin-independent
FSI was estimated using pion multiplicity data [39] and a
Lund string model-based calculation of the pion absorp-
tion probability [40]. An upper limit of 3.5% on the size of
the FSI effect was used to estimate the uncertainty in f,,
shown in Table I, and included in the “Fit” systematic
uncertainty. The neutron SSAs due to spin-dependent
FSI were estimated to be well below 1% across the entire
x range with a simple Glauber rescattering model.

The resulting neutron Collins/Sivers moments calcu-
lated using Eq. (2), with f, from our data and proton
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FIG. 2. (Color online) The extracted neutron Collins and
Sivers moments with uncertainty bands for both 77 and 7~
electro-production. See text for details.

Collins/Sivers moments from Refs. [41-43], are shown
in Fig. 2. Corrections from the proton Collins/Sivers
moments are less than 0.012. Our Collins moments
are compared with the phenomenological fit [42], a
light-cone quark model calculation [44, 45] and quark-
diquark model [46, 47] calculations. The phenomenolog-
ical fit and the model calculations, which assume Sof-
fer’s bound [20], predict rather small Collins asymme-
tries which are mostly consistent with our data. How-
ever, the 7™ Collins moment at z = 0.34 is suggestive
of a noticeably more negative value at the 20 level. Our
data favor negative 7+ Sivers moments, while the 7~
moments are close to zero. Such behavior independently
supports a negative d quark Sivers function within the
parton model picture, which has been suggested by pre-
dictions of the phenomenological fit [41, 43] to HERMES
and COMPASS data, a light-cone quark model calcula-
tion [48, 49], and an axial diquark model calculation[50].

In summary, we have reported the first measurement
of the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron
Sivers moments in the valence region (z > 0.1), and
the best neutron Collins moments for x > 0.2, which
will further improve the extraction of d quark distribu-
tions in these regions. This experiment has demonstrated
the power of polarized 3He as an effective polarized neu-
tron target, and has laid the foundation for future high-
precision measurements of TMDs with a large acceptance
detector SoLID following the JLab 12 GeV upgrade [51]
and at an electron-ion collider [52]. These future SIDIS
data taken over a broad range of Q2 will also allow an ac-
curate determination of higher twist contribution [53, 54].
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