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Abstract

We propose here precision measurements of the neutron spin asymmetry An
1 in the

deep inelastic scattering region 0.3 < x < 0.77 and 3 < Q2 < 10 (GeV/c)2. We plan to
use a polarized 3He target in Hall C, together with the high momentum spectrometer
(HMS) and the planned Super HMS (SHMS). The wide Q2 span of this measurement
will explore possible Q2-dependence of An

1 . The proposed measurement will provide
the first precision data in the valence quark region above x = 0.6 and therefore test
various predictions including those from the relativistic constituent quark model and
perturbative QCD.

The polarized 3He group will install the polarized 3He target in Hall C. In addition,
the University of Virginia group (lead by spokespersons Gordon Cates and Xiaochao
Zheng) and the Temple University group (lead by spokesperson Zein-Eddine Meziani) are
committed to make at least 2 FTE-years contribution to Hall C beamline commissioning
at the 12 GeV Upgrade, including the Compton and the Moller polarimeters, the ARC
energy measurement and the fast raster system.

In this document, we first review physics motivation of the An
1 measurement. We then

present the experimental setup, including the polarized 3He target we plan to install in
Hall C. Next we give rate estimation and projected results, and summarize the beam
time request in the end.
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1 Physics Motivation

1.1 Nucleon Spin Valence (Large x) Structure

Interest in the spin structure of the nucleon became prominent in the 1980’s when ex-
periments at CERN [1, 2] and SLAC [3, 4] on the integral of the proton polarized
structure function gp

1 showed that the total spin carried by quarks was very small,
≈ (12 ± 17)% [1, 2]. This was in contrast to the simple relativistic valence quark model
prediction [5, 6, 7, 8, 9, 10, 11, 12] in which the spin of quarks carries approximately 75%
of the proton spin and the remaining 25% comes from their orbital angular momentum.
Because the quark model is very successful in describing static properties of hadrons,
the fact that the quark spins account for only a small part of the nucleon spin was a
big surprise and generated very productive experimental and theoretical activities to the
present. Current understanding [13, 14, 15] of the nucleon spin is that the total spin
is distributed among valence quarks, qq̄ sea quarks, their orbital angular momenta, and
gluons. This is called the nucleon spin sum rule:

SN
z = Sq

z + Lq
z + Jg

z =
1

2
, (1)

where SN
z is the nucleon spin, Sq

z and Lq
z represent respectively the quark spin and orbital

angular momentum (OAM), and Jg
z is the total angular momentum of the gluons. Only

about (20 − 30)% of the nucleon spin is carried by the spin of the quarks. To further
study the nucleon spin, one thus needs to know more precisely how it decomposes into
the three components in the full x and Q2 region, and to understand data from the
standard model of strong interactions – Quantum Chromodynamics (QCD). However,
due to the highly non-perturbative feature of strong interactions, it is extremely difficult
to make absolute predictions from QCD on the nucleon spin.

The high x region, however, may provide an exception to this difficulty: Because the
qq̄ sea and gluons are scarce in the large x region, the nucleon is viewed as made primarily
of three valence quarks and its spin is carried only by the valence quarks (the large x
region is also called the “valence quark region” because of this reason), and one might
estimate ratios of structure functions (which can be related to the quark spin) based on
our knowledge of interactions between quarks. Secondly, the constituent quark model
which works very well in predicting the static properties of the nucleon, should work for
valence quarks. Hence the valence quark region provides a unique place to test whether
constituent quark model also works in describing the dynamic properties of the nucleon
probed in deep inelastic scatterings (DIS). In this section we will review a majority of
theoretical predictions and models as well as existing measurements.

Our focus here is the virtual photon asymmetry A1, defined as

A1(x, Q2) ≡ σ1/2 − σ3/2

σ1/2 + σ3/2
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where σ1/2(3/2) is the nucleon’s photo-absorption cross section with total helicity of the
γ∗ − N system being 1/2(3/2). A1 can be related to the unpolarized and the polarized
structure functions F1 and g1 as

A1(x, Q2) =
g1(x, Q2) − γ2g2(x, Q2)

F1(x, Q2)
(2)

where γ2 ≡ Q2

ν2 = (2Mx)2

Q2 and at large Q2 one has A1 ≈ g1/F1. The structure functions
F1 and g1 have explicit implication in the quark-parton model:

F1(x, Q2) =
1

2

∑

i

e2
i qi(x, Q2) and g1(x, Q2) =

1

2

∑

i

e2
i ∆qi(x, Q2) , (3)

where qi(x, Q2) = q↑i (x, Q2) + q↓i (x, Q2) and ∆qi(x, Q2) = q↑i (x, Q2) − q↓i (x, Q2) are the
unpolarized and the polarized parton distribution functions, respectively.

1.2 Theoretical Predictions for A1 at Large xBj

1.2.1 SU(6) Non-Relativistic Constituent Quark Model

In the simplest non-relativistic constituent quark model (CQM) [16, 17], the nucleon is
made of three constituent quarks and the nucleon spin is fully carried by the quark spin.
Assuming SU(6) symmetry, the wavefunction of a neutron polarized in the +z direction
then has the form [5]:

|n ↑〉 =
1√
2

∣

∣

∣d↑(du)000

〉

+
1√
18

∣

∣

∣d↑(du)110

〉

(4)

−1

3

∣

∣

∣d↓(du)111

〉

− 1

3

∣

∣

∣u↑(dd)110

〉

+

√
2

3

∣

∣

∣u↓(dd)111

〉

,

where the two spectator quarks form a “diquark” state and the three subscripts are the
diquark’s total isospin, total spin (S) and the spin projection along the +z direction
(Sz). For the case of a proton one needs to exchange the u and d quarks in Eq. (4).
In the limit where SU(6) symmetry is exact, both diquark spin states with S = 1 and
S = 0 contribute equally to the observables of interest, leading to the predictions

Ap
1 = 5/9 , An

1 = 0 , ∆u/u = 2/3, and ∆d/d = −1/3. (5)

In the case of DIS, exact SU(6) symmetry implies the same shape for the valence
quark distributions, i.e. u(x) = 2d(x). Assuming that R(x, Q2) ≡ σL/σT is the same for
the neutron and the proton, one can write the ratio of neutron and proton F2 structure
functions as

Rnp ≡ F n
2

F p
2

=
u(x) + 4d(x)

4u(x) + d(x)
. (6)
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Applying u(x) = 2d(x) gives Rnp = 2/3 However, data on the Rnp ratio from SLAC [18,
19, 20], CERN [21, 22, 23, 24, 25] and Fermilab [26] disagree with this SU(6) prediction.
The data show that Rnp(x) is a straight line starting with Rnp|x→0 ≈ 1 and dropping to
below 1/2 as x → 1. In addition, Ap

1(x) is small at low x [1, 2, 27, 28]. The fact that
Rnp|x→0 ≈ 1 may be explained by the presence of a dominant amount of sea quarks in
the low x region and the fact that Ap

1|x→0 ≈ 0 could be because these sea quarks are not
highly polarized. At large x, however, there are few sea quarks and the deviation from
SU(6) prediction indicates a problem with the wavefunction described by Eq. (4). In fact,
SU(6) symmetry is known to be broken [29, 30] and the details of possible SU(6)-breaking
mechanisms is an important open issue in hadronic physics.

1.2.2 SU(6) Breaking and Hyperfine Perturbed Relativistic CQM

A possible explanation for the SU(6) symmetry breaking is the one-gluon exchange inter-
action which dominates the quark-quark interaction at short-distances. This interaction
was used to explain the behavior of Rnp near x → 1 and the ≈ 300-MeV mass shift
between the nucleon and the ∆(1232) [29, 30]. Later this was described by an interac-

tion term proportional to ~Si · ~Sj δ3(~rij), with ~Si the spin of the ith quark, hence is also
called the hyperfine interaction, or chromomagnetic interaction among the quarks [31].
The effect of this perturbation on the wavefunction is to lower the energy of the S = 0
diquark state, causing the first term of Eq. (4), |d ↑ (ud)000〉 (for the neutron), to become
more stable and to dominate the high energy tail of the quark momentum distribution
that is probed as x → 1. Since the struck quark in this term has its spin parallel to
that of the nucleon, the dominance of this term as x → 1 implies (∆d/d)n → 1 and
(∆u/u)n → −1/3 for the neutron, while for the proton one has

∆u/u → 1 and ∆d/d → −1/3 as x → 1 . (7)

One also obtains Rnp → 1/4 as x → 1, which could explain the deviation of Rnp(x) data
from the SU(6) prediction. Based on the same mechanism, one can make the following
predictions:

Ap
1 → 1 and An

1 → 1 as x → 1 . (8)

The hyperfine interaction is often used to break SU(6) symmetry in the relativistic
CQM (RCQM). In this model, the constituent quarks have non-zero OAM which carries
≈ 25% of the nucleon spin [5, 6, 7, 8, 9, 10, 11, 12]. The use of RCQM to predict
the large x behavior of the nucleon structure functions can be justified by the valence
quark dominance, i.e., in the large x region almost all quantum numbers, momentum
and the spin of the nucleon are carried by the three valence quarks, which can therefore
be identified as constituent quarks. Predictions of An

1 in the large x region using the
hyperfine-perturbed RCQM have been achieved [32].
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1.2.3 Perturbative QCD and Hadron Helicity Conservation

In the early 1970’s, in one of the first applications of perturbative QCD (pQCD), it was
noted that as x → 1, the scattering is from a high-energy quark and thus the process
can be treated perturbatively [33]. Furthermore, when the quark OAM is assumed to be
zero, the conservation of angular momentum requires that a quark carrying nearly all
the momentum of the nucleon (i.e. x → 1) must have the same helicity as the nucleon.
This mechanism is called hadron helicity conservation (HHC), and is sometimes referred
to as the leading-order pQCD. In this picture, quark-gluon interactions cause only the
S = 1, Sz = 1 diquark spin projection component rather than the full S = 1 diquark
system to be suppressed as x → 1, which gives

∆u/u → 1 and ∆d/d → 1 as x → 1 ; (9)

Rnp → 3

7
, Ap

1 → 1 and An
1 → 1 as x → 1 . (10)

This is one of the few places where pQCD can make an absolute prediction for the x-
dependence of the structure functions or their ratios. However, how low in x and Q2 this
picture works is uncertain. HHC has been used as a constraint in a model to fit data on
the first moment of the proton gp

1, giving the BBS parameterization [34]. The Q2 evolu-
tion was not included in this calculation. Later in the LSS(BBS) parameterization [35],
both proton and neutron A1 data were fitted directly and the Q2 evolution was carefully
treated. Predictions for An

1 using both BBS and LSS(BBS) parameterizations have been
made.

HHC is based on the assumption that the quark OAM is zero. However, recent
experimental data on the tensor polarization in elastic e−2H scattering [36], neutral pion
photo-production [37], the proton electro-magnetic form factors [38, 39], as well as the
An

1 data from JLab 6 GeV [40, 41], disagree with the HHC predictions [42]. It has been
suggested that effects beyond leading-order pQCD, such as quark OAM [43, 44, 45, 46],
might play an important role in processes involving quark spin flips.

1.2.4 Predictions from Next-to-Leading Order QCD Fits

In a next-to-leading order (NLO) QCD analysis of the world data [47], parameterizations
of the polarized and unpolarized PDFs were performed without the HHC constraint.
Predictions of gp

1/F
p
1 and gn

1 /F n
1 were made using these parameterizations.

In a statistical approach, the nucleon is viewed as a gas of massless partons (quarks,
antiquarks and gluons) in equilibrium at a given temperature in a finite volume, and the
parton distributions are parameterized using either Fermi-Dirac or Bose-Einstein distri-
butions [48]. Based on this statistical picture of the nucleon, a global NLO QCD analysis
of unpolarized and polarized DIS data was performed. In this calculation ∆u/u ≈ 0.75,
∆d/d ≈ −0.5 and Ap,n

1 < 1 at x → 1.
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1.2.5 Predictions from Chiral Soliton and Instanton Models

While pQCD works well in high-energy hadronic physics, theories suitable for hadronic
phenomena in the non-perturbative regime are much more difficult to construct. Possible
approaches in this regime are quark models, chiral effective theories and the lattice QCD
method. Predictions for An,p

1 have been made using chiral soliton models [49, 50, 51]
and [52, 53] and the latter give An

1 < 0.

1.2.6 Other Predictions

Other predictions include those from bag model [54, 55] and quark-hadron duality [56,
57]. In the duality model, one obtains the structure functions and their ratios in the
large x region by summing over matrix elements for nucleon resonance transitions. To
incorporate SU(6) breaking, different mechanisms consistent with duality were assumed
and data on the structure function ratio Rnp were used to fit the SU(6) mixing param-
eters. In this picture, An,p

1 → 1 as x → 1 is a direct result. Duality predictions for An,p
1

using different SU(6) breaking mechanisms were performed in Ref. [58].

1.3 Existing Data

The DIS cross section is determined by the parton distribution functions (PDF) of the
nucleon and the Mott component. Because the nucleon PDFs are low in the large
x region, and because large x implies high Q2, which further reduce the Mott cross
section, the probability for scattering to occur is extremely low at high x. Due to
this experimental limitation, the large x region had not been well explored until the
continuous electron beam at JLab became operational. In 2001, taking the advantage
of the polarized beam and a polarized 3He target in Hall A, we had for the first time
measured the neutron spin structure above x > 0.4. Results from this experiment [40,
41] have shown a clear trend that An

1 turns to positive above x = 0.5. However, the
datum at the highest x (0.6) is still far from the RCQM and the pQCD (with HHC)
predictions, although they agree pretty well with calculations from most NLO QCD
parameterizations. In particular, results on polarized PDF ∆d/d extracted from these
An

1 results do not agree with the HHC prediction. It is therefore crucial to extend the
An

1 measurement to a higher x and wider Q2 region to determine whether pQCD (with
HHC) or RCQM holds.

1.4 About the Q2-Dependence of A1

From Eq.(2) one can deduce that A1 ≈ g1/F1 at large Q2. One can then naively expect
that the Q2-evolution of g1 and F1 follow the same rule in the framework of perturbative
QCD and cancel exactly in their ratio, hence A1 becomes independent of Q2. Unfor-
tunately this is not true even if one ignored the obvious γ2g2 term (which cannot be
neglected in the kinematic region achievable at JLab): Only the leading-order and the
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next-to-leading-order Q2-evolution of g1 and F1 follow the same rule, while their higher
orders (≥ N 2LO) and higher twist contributions are different. Therefore, although there
is some evidence from data that A1(x, Q2) is almost independent of Q2 and it has al-
most become a tradition in experimental practice to ignore it, there is no justification
for believing A1 to be exactly constant [59]. Measurement of the Q2-dependence of
A1(x, Q2), therefore, has become important as our study of this asymmetry goes beyond
the stage of mere exploration. In particular, modern examination of our understanding
of the nucleon spin often involve comparison of lattice QCD calculations with precision
measurements of moments of structure functions, where for the latter data have to be
accurately evolved to the same Q2 for integrations.

Typically, one can write for g1(x, Q2) [60]:

g1(x, Q2) = g1(x, Q2)LT + g1(x, Q2)HT (11)

where “LT” denotes the leading twist (τ = 2) contribution to g1, while “HT” denotes
contributions to g1 arising from QCD operators of higher twist, namely τ ≥ 3. The LT
contribution can be further written as

g1(x, Q2)LT = g1(x, Q2)pQCD + hTMC(x, Q2)/Q2 + O(M4/Q4) (12)

where g1(x, Q2)pQCD is the well known (logarithmic in Q2) pQCD contribution and
hTMC(x, Q2) are the calculable kinematic target mass corrections, which effectively could
belong to the LT term. The HT contribution can be written as

g1(x, Q2)HT = h(x, Q2)/Q2 + O(Λ4/Q4) (13)

where h(x, Q2) are the dynamical higher twist (τ = 3 and τ = 4) corrections to g1.
The dynamical HT are related to multi-parton correlations in the nucleon, are non-
perturbative and cannot be calculated without using models. Similar descriptions as
Eq.(11-13) also work for F1(x, Q2). Among all contributions, only the LO and NLO
terms of g1(x, Q2)pQCD and F1(x, Q2)pQCD have the same Q2-dependences.

In Ref. [60] a formalism was presented to extract the higher-twist contribution to g1

from data:

[ g1(x, Q2)

F1(x, Q2)

]

exp
=

g1(x, Q2)LT + h(x)/Q2

F1(x, Q2)exp
. (14)

where F1(x, Q2) is replaced by its expression in terms of the usually extracted from
unpolarized DIS experiments F2 and R. Eq. (14) provides a model-independent way to
extract the HT term from data. Results for hg1(x) for the proton and the neutron were
presented in. However hn,g1 is found to be consistent with zero above x = 0.2.
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2 The Measurement

We propose to measure inclusive deep inelastic scattering of longitudinally polarized
electrons from a polarized 3He target in Hall C. To precisely extract A1 the target spin
needs to be aligned both parallel and perpendicular to the beamline. To check the
product of beam and target polarizations PbPt and other systematics, we will measure
the longitudinal asymmetry of ~e − ~3He elastic scattering and the transverse asymmetry
of ∆(1232) production at low Q2. We will also take some DIS data with spectrometers
in a reversed polarity mode to check the pair production background and its asymmetry.

2.1 The Electron Beam

We plan to use 11 GeV electron beam for the proposed DIS measurement and 2.2 GeV
for elastic and ∆(1232) asymmetry measurements. The beam charge asymmetry needs
to be controlled below 200 ppm throughout the measurement.

Both the current Moller and the planned Compton polarimeters in Hall C will be used
to measure the beam polarization. Both polarimetry are expected to provide a precision
of ∆Pb/Pb < 1% with some effort. The regular beam charge and beam position monotors
will be used to ensure the beam quality and provide measurement of the beam charge
asymmetry for data analysis. To limit the heat and radiation impact on the target glass
cells, the beam rastering system will be used such that the beam spot on target has a
circular shape and is 5 mm in diameter.

2.2 Spectrometers

To reach high x it is necessary to use the highest beam energy available and detect the
scattered electrons at a relatively large angle. We will use both the HMS and the SHMS
at similar kinematic settings to collect data. Figure 1 shows a schematic top view of the
hall with these two spectrometers in position. The basic angle and momentum ranges
and acceptances of HMS and SHMS are listed in table 1. To reject the typical high pion
background in DIS region a atmospheric gas Čerenkov and a multiple-layer lead-glass
shower counter need to be used. These detectors already exist for the HMS, and for the
SHMS they are being designed as part of the basic detector package [61]. The expected
pion rejection efficiency is greater than 1 × 104.

2.3 The Polarized 3He Target

The polarized 3He target at JLab is based on optical pumping of a vapor of alkali atoms
and subsequent spin exchange between the polarized atoms and the 3He nuclei.

Figure 2 shows the basic layout of the polarized 3He target which currently exists for
research in Hall A [62]. The target holding field is provided by two sets of Helmholtz
coils oriented normal to each other, hence the target spin direction can be aligned either

10



Figure 1: Schematic view of Hall C with the HMS and the SHMS

SHMS

HMS

Table 1: Angle and momentum ranges and acceptances of HMS and SHMS.

Spectrometer p range θ range ∆p/p solid angle ytarg

(GeV/c) (msr) (cm)
HMS 0.5-7.5 12.5◦ − 90◦ (-9.0%, +9.0%) 8.0 10
SHMS 2.0-10.4 5.5◦ − 30◦ (-15.0%,25.0%) 3.8 30

parallel or perpendicular to the electron beam. Fig. 3 shows a picture of a standard
40 cm long cell. The cells for these experiments consist of a two chamber design. The
upper spherical chamber contains the alkali vapor while the lower chamber is used for
electron scattering from the polarized 3He.

Approximately 100 Watts (total) of light from a set of 3-4 diode lasers is combined
using an optical fiber coupler and directed through a series of optics to produce circularly
polarized light at a wavelength of ∼ 795 nm. This light is used to polarized the alkali
vapor through optical pumping. The polarized alkali transfers its spin to the 3He nuclei
through collisions.

This target has been used by seven experiments in Hall A from 1998 to 2006 and is
currently being re-designed for a series of five experiments planned for 2007 as shown in
Figure 4. In addition to adding a third set of Helmholtz coils to allow for polarization
in the vertical direction, the new system will incorporate new design features allowing it
to capitalize on the recent success of a similar target used for experiment E02-013 [63].
So-called ‘hybrid’ target cells [64] containing a mixture of potassium and rubidium were
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Figure 2: Typical layout of a polarized 3He target. Note that for simplicity, only one of
the three sets of orthogonal Helmholtz coils shown.
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used to achieve about 55% polarization with 8 µA of beam current. During E02-013 a
single cell was used with a beam current of 8 µA for 6 weeks without rupturing. Beam
currents up to 15 µA could be used with a degradation in polarization and cell lifetime.

The target polarization can be measured using two methods: NMR and EPR (Electron-
Paramagnetic Resonance). Each type of polarimetry can provide a relative 4% precision
and the result from the two combined will have a 3% precision. In this document we
use a polarization of 50%(1± 3%) to estimate the expected uncertainties and beam time
request. With a maximum beam current of 15 µA and a typical target density of 12 amg
under operating conditions, this provides a e − ~n luminosity of 1 × 1036 s−1 cm−2 [62].

This target continues to be a flagship facility for the Hall A program and will be
relatively easy to adapt for use at 11 GeV in Halls A and C. Polarized target groups
at the College of William and Mary and the University of Virginia continue to produce
target cells with consistently-improving polarization. Through the combined effort of
these groups and the polarized target groups and personnel at the University of Ken-
tucky, Temple University, Duke University and Jefferson Lab this collaboration has the
necessary experience and manpower for this polarized target system.
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Figure 3: A standard polarized 3He target cell. The cell consists of a spherical “pumping
chamber,” a cylindrical “target chamber,” and a “transfer tube” connecting the two
chambers. The electron beam passes through the 40 cm long target chamber as shown.

Under typical running conditions, heat from the pumping lasers and radiation from
the beam will deteriorate the target cell quickly, causing the cell glass wall to be less
transparent. To avoid glass rupture due to excessive heat absorption in the glass, the cell
needs to be replaced at least every month. For a 2-month long experiment as proposed
here, at least four cells will be needed (three for production and at least one for spare).

2.4 Kinematics

The kinematics used and estimated beam time are given in table 2. The HMS has 4
settings (1,2,3,4) and the SHMS has 3 settings (A,B,C). The SHMS setting A(C) has the
same x and Q2 coverages as HMS settings 1 and 2 (4 and 5), and covers the large (small)
x regions. The SHMS setting B is used to cover the low x but high Q2 region in order
to explore the Q2-dependence of An

1 within 0.35 < x < 0.55. The Q2 and x coverages
of the measurement are shown in Fig. 8. The wide Q2-span at medium x bins helps to
explore possible Q2-dependence of An

1 .

2.5 Pion Background

The dominant background of DIS inclusive measurement is usually the pion production
process. During past experiments the asymmetry of pion productions of doubly-polarized

13



Figure 4: Current design (side view) of the Hall A polarized target system for the series
of experiments planned for 2007-08. It is expected that this target system can be used
with little modification for the 11 GeV programs in Halls A and C. Though the target
itself is well-suited for use in Hall A or C, a new mounting system at the pivot, and
accommodations for the lasers, will be needed for use in Hall C.

scattering was observed to be large, typically 10 times higher than DIS electron asym-
metry. We require that the relative uncertainty on our measurement asymmetry due to
pion background to be less than 4%, then the pion rejection factor, ηπ,rej, needs to be at
least απ/e × 10/(4%), with απ/e the π/e ratio. This requires the combined pion rejection
factor of a gas Čerenkov and a lead-glass shower counter to be at least 103. From our past
experience this can be achieved without much difficulty from careful off-line calibrations
and particle identification (PID) analysis.

In addition, the asymmetry of pion background can be measured simultaneously with

14



Table 2: Kinematics for large x measurements of the An
1 asymmetries at JLab 12 GeV

Upgrade in Hall C. Both HMS and SHMS will be used at similar settings. The π and
e+ background rates are conservative estimations using the Wiser’s fit [65].

Kine Eb Ep θ DIS (e, e′) π−/e e+/e− x (Q2, in GeV2)
GeV GeV (◦) rate (Hz) coverages for DIS

1 HMS 11.0 5.70 12.5 498.17 < 0.5 < 0.1% 0.25-0.35 ( 2.78- 3.17)
2 HMS 11.0 6.80 12.5 370.41 < 0.1 < 0.1% 0.35-0.55 ( 3.26- 3.78)
3 HMS 11.0 2.82 30.0 1.22 < 7.1 < 0.7% 0.50-0.60 ( 7.84- 8.87)
4 HMS 11.0 3.50 30.0 0.22 < 1.7 < 0.1% 0.65-0.77 ( 9.59-10.54)
A SHMS 11.0 5.80 12.5 465.54 < 0.6 < 0.1% 0.25-0.55 ( 2.71- 3.77)
B SHMS 11.0 3.00 30.0 1.54 < 9.5 < 0.8% 0.45-0.77 ( 7.52-10.54)
C SHMS 11.0 2.25 30.0 4.69 < 41.9 < 9.2% 0.35-0.55 ( 5.94- 8.21)

the electron asymmetry. The uncertainty in the pion asymmetry is

∆Aπ− =
1√
Nπ−

=
1

√

απ/eNe−

=
1

√
απ/e

∆Ae−,DIS,stat. (15)

thus the relative uncertainty in Ae−,DIS after correcting for the pion background is

∆Ae−,DIS,π− =
απ/e

ηπ−,re

∆Aπ− =

√
απ/e

ηπ−,rej

∆Ae−,DIS,stat. (16)

which even in the worst case (kinematics #3) is well below 1% of statistical uncertainty
and can be safely neglected.

2.6 Pair Production Background

Another background process is the e − e+ pair production. To correct for the dilution
and possible asymmetry due to this process, we plan to reverse the spectrometer polarity
and measure the asymmetry of scattered positrons. Assuming that the e+e− pairs are
symmetric and the asymmetry of the e− is the same as the positron asymmetry, we can
correct for this background by subtracting the e+ asymmetry.

We denote the ratio of e+ (pair production) to e− (DIS) rate to be α, then the
measured asymmetry is

Araw =
Ae−,DIS

1 + α
+ Ae+

α

1 + α
(17)

We correct for Ae+ such that Ae−,DIS = (1 + α)Araw − αAe+. Assuming the beam time
with zero pair production background is T0 and the statistical uncertainty we need to
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reach is ∆Agoal
e−,DIS, now we need βT0 (β > 1) to compensate for the dilution factor

(1 + α) and γT0 with reversed polarity to measure Ae+, then the final asymmetry is

Ae−,DIS =
√

1+α
β

+ α2

γ
∆Agoal

e−,DIS. Fixing the total beam time (β + γ)T0 we find β/γ =
√

1 + α/α and Ae−,DIS =

√

1+α+α
√

1+α
β

∆Agoal
e−,DIS. Therefore we need to increase the beam

time by a factor of (α +
√

1 + α)2, of which α(α +
√

1 + α)T0 will be used for reversed
polarity. Or reversely, if the total time is fixed to be T , then α

(α+
√

1+α)
T will be used for

reversed polarity running, and the statistical uncertainty on the measured asymmetry
is (α +

√
1 + α) times the “ideal” case uncertainty where there is no pair production

background and all T is spent on negative polarity running. From Table 2, only 30◦

settings have non-negligible (≥ 0.1%) pair production background. For kinematics #4
#5 (and #3 for the HMS), the beam time for reversed polarity running will be about
5% of the total beam time at these settings. For the SHMS at kinematics #3, about
20% of beam time will be spent on positive polarity running.

Figure 5: Kinematic coverage of An
1 measurement using HMS and SHMS with a 11 GeV

beam. The higher (lower) Q2 settings correspond to a scattering angle of 30◦ (12.5◦).
And for each angle setting, the solid (open) markers are for the lower (higher) momentum
settings. Kinematic points with overlapping x and Q2 bins are shifted horizontally for
clarity. The error bars are proportional to the expected statistical uncertainties on An

1 .
Here we try to match ∆An

1 (stat.) at the two different Q2 values. At highest x settings
(30◦ angle), the smaller angle acceptance of the SHMS is compensated by its large ytarg

acceptance, hence error bars from the SHMS is about the same as those from the HMS.
Statistical uncertainties combining the two spectrometers and different kinematics are
given in section 4.
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2.7 Elastic and ∆(1232) Asymmetries

In order to check the product of beam and target polarization PbPt, we plan to measure
the longitudinal asymmetry of ~e− ~3He elastic scattering to 1% (stat.) at a low Q2 using 2.2
GeV beam. To check the sign of transverse asymmetry, we will measure the asymmetry
of ∆(1232) production with the target spin aligned perpendicular to the beam direction.
The kinematic settings for these two measurements are given in Table 3.

Table 3: Kinematics for elastic longitudinal and ∆(1232) transverse asymmetries. The
HMS and SHMS will have the same momentum and angle settings.

Kine Eb Ep θ elastic x-sec elastic Asymmetry Time
GeV GeV (◦) (nb/sr) rate (Hz) (hours)

Elastic 2.200 2.160 12.5 106.986 710.1 A‖ = 0.0589 7.4
∆(1232) 2.200 1.815 12.5 - - A⊥ ∼ a few % 6

3 Data Analysis and Systematic Uncertainties

3.1 Data Analysis Procedure for A
3He

The raw asymmetries can be extracted from helicity-dependent yield as

Araw =
N+/(Q+η+

LT ) − N−/(Q−η−
LT )

N+/(Q+η+
LT ) + N−/(Q−η−

LT )
(18)

where Nh are counts, Qh are integrated beam charge and ηh
LT are live-time of the DAQ.

The uncertainties on ηh
LT and Qh are at levels of 0.3% and 0.5%, respectively, and there-

fore are negligible compared to statistical and other systematic uncertainties.

From measured asymmetries one can extract physics asymmetries as

A‖,⊥ =
Araw

PbPtfn
(19)

where Pb = 0.85, Pt = 0.5 are beam and target polarizations and can be measured to
1% and 4%, respectively; fn is the dilution factor due to unpolarized N2 in the target.
For a typical target cell one has fn = 0.90 − 0.95 with an uncertainty of 0.3%.

From measured A‖ and A⊥ one can extract A3He
1 as

A1 =
A‖

D(1 + ηξ)
− A⊥η

d(1 + ηξ)
(20)
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where

D =
1 − (1 − y)ε

1 + εR
, with y =

ν

E
, ε =

1

1 + 2(1 + 1/γ2) tan2(θ/2)
(21)

η =
ε
√

Q2

E − E ′ε
, ξ =

η(1 + ε)

2ε
, and d = D

√

2ε

1 + ε
(22)

3.2 Nuclear Corrections

Then the neutron asymmetry An
1 is extracted from A3He

1 as [66]

An
1 =

F
3He
2 [A

3He
1 − 2

F p

2

F
3He
2

PpA
p
1(1 − 0.014

2Pp

)]

PnF n
2 (1 + 0.056

Pn

)
, (23)

where Pn = 0.86+0.036
−0.02 and Pp = −0.028+0.009

−0.004 are effective nucleon polarizations of the
neutron and the proton inside 3He and their current known value and full uncertainties
evaluated from three N-N potential calculations [67, 66, 68]. The uncertainty on Pp

dominated the systematic uncertainty for the previous An
1 measurement. The approved

Hall A experiment E05-102 [69] is aiming in studying the 3He wavefunction and the
uncertainties on Pn and Pp will be improved by a factor of 4 after the completion of this
experiment. We therefore take ∆Pp = 0.003 in our uncertainty analysis. We used a fit
to world gp

1/F
p
1 data [41] to estimate the uncertainty on Ap

1 needed in Eq. (23).

For the unpolarized structure functions F2 in Eq. (23), we use the latest unpolarized
PDF parameterizations [70, 71] to construct F1 and a parameterization for R [72]. The
uncertainties in F2 are evaluated using the uncertainties of PDF’s, R’s, as well as the
difference between the two PDF parameterizations.

3.3 Systematic Uncertainties

The systematic uncertainty on An
1 is dominated by the following terms:

1. Effective proton polarization in the 3He: Pp = −0.028 ± 0.003

2. Unpolarized structure functions F1: constructed from PDF parameterizations. We
used the weighted average of MRST and CTEQ for the uncertainty on F p

1 and
F n

1
3.

3. Proton spin asymmetry AP
1 : from a fit to world gp

1/F
p
1 data, with uncertainties [41];

4. Beam and target polarizations Pb = 0.85(1 ± 1%) and Pt = 0.50(1 ± 3%).

Figure 7 in the next section illustrate the above contributions to the systematic uncer-
tainties of An

1 at all x.

3However, there is uncertainty in F n

1
due to nuclear effects in the deuteron, which is not included

in either MRST or CTEQ analysis. This uncertainty will shift the An

1
value for all x and hence is an

correlated uncertainty.
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4 Expected Results and Complementarity to the Hall

A BigBite Proposal

4.1 Expected Results for An
1 and Uncertainties

Projected results for An
1 and their uncertainties are shown in Fig. 6. For rate estimation

we compare the cross section calculated from the NMC F2, and the CTEQ and the
MRST parameterizations. We found that both CTEQ and MRST give slightly higher
cross sections than NMC in the region x < 0.4, but much lower ones for large x, varying
from 30% lower at x = 0.6 to 60% lower at x = 0.77. To be on the safe side, we take the
smallest cross section among three parameterizations at all x. We use 80% and 50% for
beam and target polarizations, respectively. The target length is 40 cm and the maximum
beam current is 15 µA. The error bars show the expected statistical error and the error
bands around the horizontal axis illustrate the expected systematic uncertainties. It
is dominated by beam and target polarimetry and the error in 3He nuclear corrections,
which is further determined by the knowledge of the proton spin asymmetry Ap

1. Here we
estimate the uncertainty in Ap

1 assuming a similar amount of beam time as proposed here
will be used to measure Ap

1 using a NH3 target. In Fig. 6, the horizontal axis shows the

Table 4: Projected statistical and systematic uncertainties at different x and Q2.

x ∆An
1 (stat.) ∆An

1 (stat.) ∆An
1 (stat.) ∆An

1 (syst.) ∆An
1 (total)

low Q2 high Q2 two Q2 combined
0.25 0.0037 − 0.0037 0.0050 0.0062
0.30 0.0043 − 0.0043 0.0060 0.0074
0.35 0.0052 0.0180 0.0050 0.0072 0.0088
0.40 0.0061 0.0212 0.0059 0.0087 0.0104
0.45 0.0082 0.0259 0.0078 0.0103 0.0129
0.50 0.0111 0.0124 0.0083 0.0123 0.0148
0.55 − 0.0170 0.0136 0.0147 0.0200
0.60 − 0.0239 0.0239 0.0176 0.0297
0.65 − 0.0254 0.0254 0.0211 0.0330
0.71 − 0.0343 0.0343 0.0260 0.0430
0.77 − 0.0706 0.0706 0.0317 0.0774

SU(6) prediction that An
1 = 0. The curves illustrate (from top to bottom in the region

x > 0.6): 1) the LSS(BBS) parameterization at Q2 = 4 (GeV/c)2 (short-dashed, light
blue) [35]; 2) the BBS parameterization at Q2 = 4 (GeV/c)2 (long-dashed, blue) [34]; 3)
the chiral soliton prediction by Weigel et al. [49, 50, 51] (long-dashed, magenta); 4) the
RCQM [32] (yellow shaded band); 5) the LSS2001 parameterization (solid, black) [47, 73];
and 6) another chiral soliton prediction by Wakamatsu (short-dashed, magenta) [52, 53].
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Data shown are from SLAC E142 [74] and E154 [75, 76], HERMES [77], and JLab 6
GeV E99-117 [40].

Figure 6: Projected data (red solid circles) for measurements of asymmetries An
1 in the

large-x DIS region using a 11 GeV beam and HMS and SHMS in Hall C. See text for
explanation of expected uncertainties, theoretical predictions and existing data.
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Figure 7: Statistical and systematic uncertainties for the proposed An
1 measurement.
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Figure 8: Statistical uncertainty of An
1 from HMS+SHMS at 30◦ (blue solid circles) and

12.5◦ (red solid triangles) plotted on a x-Q2 plane. The scale of the error bars are given
on the vertical axis on the right. Statistical uncertainties of previous world data (open
markers) are also shown for comparison.
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4.2 Expected Results for Neutron hg1(x)

From Eq. (14) one can extract the higher=twist contribution to gn
1 (x, Q2). Results from

a global analysis with the new data included are shown in Fig. 9.

Figure 9: Expected uncertainties for the higher-twist contribution to gn
1 (x, Q2) extracted

from a global analysis. Current knowledge on this function is shown by solid circle and
the projected results are shown as the open circles.
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4.3 Complementarity to the Hall A proposal

A measurement of An
1 using an 8.8 GeV beam and the BigBite spectrometer in Hall A [78]

is being proposed at the same time as the measurement described in this document. The
major difference between these two proposals, at the first sight, is in the experimental
setup. The large solid angle and momentum acceptances of the BigBite spectrometer
help to obtain similar statistics within a short amount of beam time. However the open
geometry of BigBite makes it more difficult and challenging for carrying out inclusive
measurement than HMS and SHMS.

The more important difference is in their kinematic coverage, see Fig. 10. The mea-
surements proposed here will cover Q2 values both higher and lower than the BigBite
proposal to a high precision. On the other hand, projected results from the BigBite pro-
posal, if combined with the proposed measurement in Hall C, will cover a more complete
Q2 range and will provide better understanding of the Q2-evolution of An

1 , of which the
physics importance was discussed in Section 1.4.

22



Figure 10: Complimentary of this proposal and the BigBite proposal in Hall A. Statistical
uncertainty of An

1 expected from this proposal (blue solid circles and red solid triangles)
and from the BigBite proposal (green solid squares and cyan open triangles) are plotted
on a x-Q2 plane. The scale of the error bars are given on the vertical axis on the right.
Previous world data (open markers) are also shown for comparison.
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5 Beam Time Request and Contributions to Hall C

12 GeV Equipment

5.1 Beam Time Request

The beam time allocation for production runs at each kinematics is shown in Table 5.

Table 5: Beam time (total 1162 hours) for DIS measurements.

Kine Eb θ Ep e− production e+ prod. Tot. Time
(GeV) (◦) (GeV) (hours) (hours) (hours)

1 11.0 HMS 12.5 5.70 24 0 24
2 11.0 HMS 12.5 6.80 48 0 48
3 11.0 HMS 30.0 2.82 109 1 110
4 11.0 HMS 30.0 3.50 979 1 980
A 11.0 SHMS 12.5 5.80 72 0 72
B 11.0 SHMS 30.0 3.00 903 7 910
C 11.0 SHMS 30.0 2.25 165 15 180
1 11.0 HMS 12.5 5.70 24 0 24
2 11.0 HMS 12.5 6.80 48 0 48
3 11.0 HMS 30.0 2.82 110 0 110
4 11.0 HMS 30.0 3.50 980 0 980
A 11.0 SHMS 12.5 5.80 72 0 72
B 11.0 SHMS 30.0 3.00 910 0 910
C 11.0 SHMS 30.0 2.25 180 0 180

Additional beam time include:

• To check the dilution factor due to unpolarized material in the target, we need to
measure the nitrogen cross section using reference cells: 2 hours at kinematics 1
(A), 2 (A), and 4 hours at kinematics B, 3 (C) and 4 (C). This requires a total of
16 hours for DIS production settings;

• To check the product of beam and target polarizations PbPt and to check the sign of
transverse asymmetries, we need 16 hours to measure the longitudinal asymmetry
of ~e− ~3He elastic scattering (including N2 reference cell runs) and 6 hours to measure
the transverse asymmetry of ∆(1232) production. The beam energy for these two
measurements will be 2.2 GeV and both SHMS and HMS will be set at 12.5◦;

• beam pass change from 2.2 to 11 GeV, 8 hours;
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• beam polarization measurements: non-invasive for Compton and 8 hours for 2
Moller measurements (one at each beam energy);

• configuration changes: 10 (angle or momentum) × 0.5 hours + 8 (polarity) = 13
hours;

• target polarization measurements, about 3% of production time (that’s 40 minutes
per day), or 32 hours.

The total beam time request is 1261 hours, or 52.6 days.

5.2 Contributions to Hall C 12 GeV Equipment

The polarized 3He collaboration will install the polarized 3He target in Hall C. In addi-
tion, the University of Virginia and the Temple University groups are committed to make
at least 2 FTE-years contribution to Hall C beamline commissioning at the 12 GeV Up-
grade, including the Compton and the Moller polarimetry, the ARC energy measurement
and the raster system.

6 Summary

We request for 1261 hours of beam time to measure neutron spin asymmetry An
1 in the

deep inelastic scattering region 0.3 < x < 0.77 and 3 < Q2 < 10 (GeV/c)2. The proposed
measurement will extend our present knowledge of An

1 from x = 0.60 to x = 0.77 and
its wide Q2 coverage will explore possible Q2-dependence of An

1 . If combined with the
proposed Hall A An

1 measurement using the BigBite spectrometer, the Q2-dependence
of An

1 will be studied to a greater accuracy. Results from this measurement will provide
the first precise data in the unexplored “deep” valence quark region and therefore test
various predictions including those from the relativistic constituent quark model and
perturbative QCD.
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