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Abstract
We propose a precision measurement of neutron spin structure function g2 (x, Q2 ), running in
parallel with E12-10-006 and E12-11-007, which has been approved by PAC35 and PAC37
separately. In the proposed experiment, high statistics data will be collected within a large
kinematic coverage of Bjorken scaling x > 0.1 and four momentum transfer 1.5 < Q2 <
10 GeV2 from inclusive scatterings of longitudinally polarized electrons off transversely and
longitudinally polarized 3 He targets, at incident beam energies of 11 GeV and 8.8 GeV. In
addition to mapping out the x and Q2 evolution of g2 , we will also extract the moment d2 (Q2 )
with 1.5 < Q2 < 6.5 GeV2 , which is connected to the quark-gluon correlations within the
nucleon. This quantity is one of the cleanest observables that can be used to test the theoretical
calculations from Lattice QCD and various nucleon structure models.
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Chapter 1
Physics Motivation
Since the late 1970s, polarized lepton beams scattering off polarized nucleons and light nuclear
target (i.e., D2 and 3 He) has been actively studied theoretically and experimentally, providing
us important tools in understanding the spin structure of nucleons. In particular, deep inelastic
scattering (DIS) has served as one of the major experimental tools to study the quark and gluon
structure of the nucleon.

1.1

The Spin Structure Functions g2

For inclusive polarized electron scattering off a polarized nucleon target, with the one photon exchange approximation, the cross section depends on four structure functions F1 (x, Q2 ),
F2 (x, Q2 ), g1 (x, Q2 ), and g2 (x, Q2 ), which can be written as bellows,
1
2
θ
d2 σ
= σM ott [ F2 (x, Q2 ) + F1 (x, Q2 ) tan2 + γg1 (x, Q2 ) + δg2 (x, Q2 ],
0
dE dΩ
ν
M
2

(1.1)

where F1 (x, Q2 ) and F2 (x, Q2 ) are the spin averaged structure functions and g1 (x, Q2 ) and
g2 (x, Q2 ) are the spin dependent structure functions. In the naive quark parton model, F1 (x, Q2 )
or F2 (x, Q2 ) gives the quark momentum distribution and the longitudinal polarized structure
function g1 (x, Q2 ) probes the quark spin distribution [17].
The transverse polarized structure function g2 (x, Q2 ) is zero in the naive parton models.
However, if one allows the constituent quarks to have an intrinsic transverse momentum in the
nucleon, the value of g2 (x, Q2 ) can be non-zero and it carries the information of the quark–gluon
interaction inside the nucleon. By neglecting quark masses, g2 (x, Q2 ) can be decoded by a
leading twist–2 term and a higher twist term as follows:
g2 (x, Q2 ) = g2W W (x, Q2 ) + g¯2 (x, Q2 ),

(1.2)

where twist–2 term g2W W was derived by Wandzura and Wilczek [18] and it only depends on
well–measured g1 [19, 20], as is shown in Eq. (1.3).
Z 1
g1 (y, Q2 )
2
2
WW
dy,
(1.3)
g2 (x, Q ) = −g1 (x, Q ) +
y
x
The higher–twist contribution to g2 (x, Q2 ) is given by g¯2 (x, Q2 ), which can be further expressed
in terms of the transverse polarization density hT (x, Q2 ) function [8] and the quark-gluon
correlation function ξ(y, Q2 ), as is shown in Eq. (1.4)
Z 1
∂ m
dy
2
g¯2 (x, Q ) = −
( hT (y, Q2 ) + ξ(y, Q2 )) .
(1.4)
y
x ∂y M
1

0

The quantity y = (E − E )/E is the fractional energy transferred to the target. The hT (x, Q2 )
m
[8] and thus it
contribution to g¯2 is suppressed by the ratio of the quark to nucleon masses M
is small for up and down quarks and will be negligible in DIS region. As the result, the twist–3
part (ξ) arises from quark–gluon correlation can be accessed from the data of this proposal
cleanly.
In summary, the g2 (x, Q2 ) structure function is of particular interest because it probes transversely and also longitudinally polarized parton distributions inside the nucleon. Furthermore,
g2 (x, Q2 ) structure function uniquely measures the twist–3 contributions. The main purpose
of this proposal is to extract the transverse spin structure function g2n (x, Q2 ) from 3 He data.
More details are presented in Chapter 3.

1.2

The Matrix Element d2

The quantity d2 (Q2 ), x2 moment of g¯2 (x, Q2 ), measures deviations of g2 (x, Q2 ) from the twist–2
term g2W W . At large Q2, where the operator product expansion (OPE) [21] becomes valid, one
can access the twist–3 effects of quark–gluon correlations via the third moment of a linear
combination of g1 (x, Q2 ) and g2 (x, Q2 ) presented as
Z 1
Z 1
2
2
WW
2
2
x [g2 (x, Q ) − g2 (x, Q )]dx =
x2 [2g1 (x, Q2 ) + 3g2 (x, Q2 )]dx.
(1.5)
d2 (Q ) = 3
0

0

Due to the x2 –weighting, the x2 moments, d2 (Q2 ), is particularly sensitive to the large–x
behavior of g¯2 and provides us a clean way to access twist–3 contribution.
Theoretically, there are two major interpretations of d2 (Q2 ) in the literature. The first one
connects it with color electromagnetic fields induced in a transversely polarized nucleon probed
by a virtual photon [22]. The second one shows that the matrix element connected to d2 ,
which represents an average color Lorentz force acting on the struck quark due to the remnant
di-quark system at the instant, and it is struck by the virtual photon [23]. Beside this, the
quantity d2 is calculable from Lattice QCD [24], and it is one of the few quantities that both
Lattice QCD and experiments can have high precision.
Experimentally, the x2 weighting makes the high x contribution more important, while the
low x extrapolation less important. It thus makes JLab the most suitable facility for this
measurement.
Furthermore, the quantity d2 also appears in the first moment of g1 . It is expressed in terms
of a twist expansion with a power series in Q12 [25]:
2

Z

Γ1 (Q ) = 3
0

1

1
M2
M4
g1 (x, Q )dx = a0 +
(a2 + 4d2 + 4f2 ) + O( 4 ),
2
9Q2
Q
2

(1.6)

where a0,2 , d2 , f2 are the reduced matrix elements of the twist-2, twist-3, and twist-4 components, respectively, and M is the nucleon mass. The quantity f2 is also sensitive to quark-gluon
correlations [26], but it cannot be measured directly. It can be extracted from g1 data by
utilizing a twist expansion of Γ1 by first subtracting a0 from Γ1 and then fitting the result as
a function of Q12 .

1.3

Burkhardt–Cottingham Sum rule

The spin structure function g2 (x, Q2 ) is expected to obey the Burkhardt–Cottingham sum
rule [27, 28] (BC sum rule), which reveals the integral of g2 on the whole x region. From the
BC sum rule, the first moment of g2 is expected to be zero at all Q2 (Eq. (1.7)). Therefore, the
2

BC sum rule indicates that the elastic and the inelastic contributions to the first moment of g2
should cancel for any value of Q2 .
Z 1
2
Γ2 (Q ) =
g2 (x, Q2 )dx = 0
(1.7)
0

In real world experiments, it is impractical to fully cover the whole integral region (0 < x < 1).
In order to test the BC sum rule, one feasible way is to use the elastics form factors for the
elastic contribution and assume g2 = g2W W in the x → 0 region. Therefore, the BC sum rule’s
validity depends on the convergence properties of the integral and assumes that g2 is analytic
in the x → 0 limit. This proposal will extract g2n (x, Q2 ) within x > 0.1. Such experimental
data provide an opportunity to further explore the large x contributions to this sum rule for
the neutron.

1.4

Current Status of g2(x, Q2) and d2(Q2) Measurements

The dedicated measurements of g2 were carried at several laboratories including SLAC [13, 1],
DESY [29] and Jefferson Lab (JLab) [30, 31, 2, 32, 14, 3, 12, 33]. The corresponding detailed
target information, measured observables, and kinematic coverage are listed in Tab. 1.1. At
JLab, g2 and its moments have been extensively measured for the neutron with a polarized 3 He
target for Q2 up to 4.8 GeV2 . Even though the SLAC data (E155 [13] and E155x [1]) cover a
wider kinematic range 0.02 ≤ x ≤ 0.8 and 0.7 ≤ Q2 ≤ 20, but with their data structure the
twist–3 matrix element dn2 can be extracted at average hQ2 i = 5 GeV2 only. The ongoing Hall
C g2n -dn2 experiment E12–06–121 will measure g2n over the kinematic region 0.2 < x < 0.95 and
2.5 < Q2 < 7 GeV2 and evaluate the twist–3 matrix element dn2 . Partial kinematic coverage
of this proposed measurement will overlap with Hall C E12–06–121 experiment, but the cross
sections of those two experiments are measured by completely independent apparatuses, which
will be used to extract g2 and evaluate the dn2 . Together, these two measurements would provide
a better understanding of the twist–3 matrix element dn2 (Q2 ), and the associated quark–gluon
correlations within the nucleon.
Table 1.1: Summary of Previous Measurements of g2 , d2 and Γ2
Target Observable
g2p ,g2d ,
dp2 ,dd2
NH3 , 6 LiD g2p ,g2d ,
H2
g2p
3
He
g2n ,dn2 ,Γn2
3
He
g2n
3
He
g2n ,dn2
3
He
g2n
3
n
He
g2 , dn2
3
He
g2n , dn2
NH3 , ND3 g2p ,dp2 ,dn2
NH3
g2p ,dp2
NH3
g2p
NH3 , 6 LiD

Q2 value
GeV2
1 ≤ Q2 ≤ 30

x/W value
0.02 ≤ x ≤ 0.8
0.02 ≤ x ≤ 0.8
0.04 ≤ x ≤ 0.9
0.5 ≤ W ≤ 2.5 GeV
x = 0.2
x = 0.33, 0.47, 0.6
x < 0.1
0.25 ≤ x ≤ 0.9
0.55 ≤ x ≤ 0.9
1.085 ≤ W ≤ 1.91 GeV
0.3 ≤ x ≤ 0.8
1.07 < W < 2.09 GeV

Lab/experiment
SLAC E155 [13]

0.7 ≤ Q2 ≤ 20
SLAC E155X [1]
2
0.18 ≤ Q ≤ 20
DESY HERMES [29]
2
0.1 ≤ Q ≤ 0.9
JLAB E94–010 [30]
0.57 ≤ Q2 ≤ 1.34
JLAB E97–103 [31]
2.7, 3.5, 4.8
JLAB E99–117 [2]
2
0.035 ≤ Q ≤ 0.24
JLAB E97–110 [32]
3.21,4.32
JLAB E06–014 [14]
0.7 ≤ Q2 ≤ 4.0
JLAB E01–012 [34]
∼ 1.3
JLab E01–006 [3]
2
2.5 ≤ Q ≤ 6.5
JLab E03–109 [12]
0.02 ≤ Q2 ≤ 0.4
JLab E08–027 [33]

The experimental and theoretical results for twist–3 matrix element d2 of neutron and
proton are shown in Fig. 1.1 and 1.2. At Q2 = 5 GeV2 , the lattice prediction on the neutron
3

matrix element dn2 [9] gives a negative value but close to zero, which is consistent with the
predictions of bag and chiral Soliton model at the same Q2 , while the prior experimental data
differ with those calculations by roughly two standard deviations. However for proton dp2 , the
measurements have a better agreement with the Lattice and model calculations at the same
large Q2 region (Q2 = 5 GeV2 ), which is illustrated by the data in Fig. 1.2. Interestingly, at
2.7 GeV2 < Q2 < 5 GeV2 , where a theoretical interpretation in terms of twist–3 is cleaner, the
E06–014 neutron data (Hall A) shows a sizable negative value of d2 at Q2 ∼ 3 GeV2 , which
is equal to that of the recent SANE proton data (Hall C), as is shown in Fig 1.2. The world
proton and neutron data in Fig. 1.2 and Fig. 1.1 both indicate a non-trival scale dependence
of d2 .

Figure 1.1: dn2 versus Q2 , present world data are shown from SLAC E155x [1], JLab E99–117 [2],
JLab RSS [3] and JLab E01–012 [4]. Also shown are various theoretical calculations, including
a QCD sum rule approach [5, 6], a chiral soliton model [7] and a bag model [8]. Additionally,
a lattice QCD [9] calculation is shown. The elastic contribution to dn2 is drawn by the dashed
curve, evaluated using the CN moments. Figure reference [10].
The existing proton data on d2 (Q2 ) also exhibit an interesting trend over Q2 . At Q2 ∼
1 GeV2 , the RSS experiment reported a sizeable positive value, while in the higher Q2 region
(Q2 = 2.8, 4.3 GeV2 ), negative values were observed from the SANE data, thought they are
still consistent with zero considering the systematic uncertainties. Finally at Q2 ∼ 5 GeV2 ,
proton d2 turns back to positive, as reported by SLAC 155X. However, the data precision at
large Q2 is insufficient to discriminate between the QCD based predictions, as shown in Fig. 1.2.
Therefore, precision measurements at 12 GeV Jefferson Lab with transversely polarized
neutron targets (SoLID E12-10-006 [35]) and proton (SoLID E12-11-108 [36]) experiments are
crucial to investigate the d2 (Q2 ) behavior. Furthermore, the modern lattice QCD calculations
of d2 , performed at the physical pion mass without chiral extrapolation, including disconnected
diagrams without the quenched approximation [24] are sorely needed for a complete understanding of the world data.
In summary, we need to accumulate sufficient and precise data on g2 (x, Q2 ) and d2 (Q2 )
4

Figure 1.2: The status for the observable d2 of recent neutron [11] and proton [12] measurements with their systematic uncertainties (displayed in the lower bands). Previous world
data for d2 (x, Q2 ) of proton(neutron) measurements are shown with filled(open) symbols from
SLAC [13], E99-117 and E155x [14], and RSS [3] experiments. The dashed (dotted) lines show
the elastic contribution for the proton (neutron). The panel on the right shows proton model
calculations from QCD sum rules [5, 6], the bag model [15], the Center-of-Mass (CM) bag
model [8], the chiral soliton model [7], and light-cone wave functions (LCWF) [16]. The models
are calculated at Q2 = 5 GeV2 , except the sum rules and LCWF, which were evaluated at
Q2 = 1 GeV2 . Figure reference [12].
to map out the transition between a partonic description to a hadronic description of the
nucleon, and poise to push the QCD–based calculation forward. Thus, we propose to analyze
the E12–10–006 and E12-11-007 data to extract the spin structure function g2n (x, Q2 ) with high
statistics and large kinematic coverage for Bjorken scaling x > 0.1 and four momentum transfer
1.5 < Q2 < 10 GeV2 . The data will allow us to evaluate dn2 (Q2 ) within 1.5 < Q2 < 6.5 GeV2 .

5

Chapter 2
The Proposed Experiment
We propose to extract the spin-dependent structure function g2 (x, Q2 ) at momentum transfer
1.5 < Q2 < 10 GeV2 and Bjorken scaling x > 0.1 from the inclusive measurement of longitudinally polarized electrons scattering off a transversely polarized 3 He target. The proposed
measurement will run in parallel with E12-10-006, which has been approved by PAC35. The
interested kinematic region will be covered with the Solenoidal Large Intensity Device (SoLID)
in SIDIS-configuration and the two beam energies at 8.8 GeV and 11 GeV.

2.1

Polarized 3He Target

The experiment will utilize the same target system proposed for E12-10-006 [35]. It is a highpressure (∼10 atm) polarized 3 He target, serving as the effective neutron target. The 3 He gas
stored in a 40-cm-long cell is polarized by the spin-exchange with optical pumped Rb-K alkali
atoms. Three sets of Helmholtz coils encompassing the target cell will hold the polarization
direction. With this target system operated at an average of 60% in-beam polarization, we
expect a full polarized luminosity of 1036 cm−2 · s−1 for a beam current at 15 µA. Such a target
polarization level has already been achieved in the previous experiment E06-010 [37].

2.2

SoLID-SIDIS Detectors

As shown in Fig. 2.1, the detector package in the SIDIS configuration is composed of six Gas
Electron Multiplier (GEM) planes, two Shashlyk sampling Electromagnetic Calorimeters (EC),
two Scintillator Pad Detectors (SPD), one Light Gas Cerenkov Detector (LGC), one Heavy
Gas Cerenkov Detector (HGC), and one Multi-gap Resistive Plate Chamber
(MRPC). The
R
spectrometer is built upon a three-meters-long solenoid magnet with Bdl = 5 T · m, named
as CLEO-II. For the single electron detection, it provides a full 2π coverage for the azimuthal
angle, and 8◦ -24◦ for the polar angle. The momentum acceptance for the electrons is > 0.8
GeV/c, with a resolution of ∼2%.
Among these sub-detectors in the SIDIS configuration, the GEM planes provide nondestructive detection of charged particles with an excellent position resolution of about 70 µm.
The positional information from multiple planes together facilitates high-resolution tracking
reconstruction for the charged particles. Two ECs, each composed of hexagonal Shashlyk-type
modules,
√ destructively measure the energy deposition of particles with a resolution better than
10%/ E. The preshower and shower segments of the EC also determine energy deposit profiles
that can identify electrons from hadrons. The SPD will be installed in front of each EC detector,
mainly serving as veto detectors for photons to suppress the calorimeter-based trigger rates.
The large-angle SPD also measures the time-of-flight (TOF) for identification between charged
6

SoLID (SIDIS and J/ψ)
EM Calorimeter
(forward angle)

Scint
EM Calorimeter
(large angle)
GEM

MRPC

Scint

Target

Beamline
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Light Gas
Cherenkov

1m

Heavy Gas
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Figure 2.1: The SoLID-SIDIS layout with CLEO magnet. The large-angle electron measurement is performed by the GEM trackers 1-4, large-angle SPD, and large-angle EC. The forwardangle detection system, for electrons and hadrons, is composed of all GEM trackers, LGC, HGC,
MRPC, the forward-angle SPD, and the forward-angle EC.
particles, while the MRPC, located in front of the forward-angle calorimeter, provides precise
TOF information for the forward angle detection. In addition, the LGC and HGC detectors
can separate the charged particles for electrons/pions and pions/kaons in the forward-angle
region, respectively.

2.3

Trigger Design and Rates Estimation

Estimated single electron trigger rates from 12-10-006 run group [35, 38, 39] are listed in
Tab. 2.1. The total rates with hadron backgrounds for the SIDIS-3 He experiment is about
128.3 kHz. Considering the estimated total coincident trigger is ∼85 kHz for the experiments
in E12-10-006 run group, and the designed trigger limit of the data acquisition system is better
than 100 kHz, a capacity of about 15 kHz trigger rate is left for the single electron triggers.
Therefore, the proposed experiment will require exclusive single electron triggers with a prescale
factor of “10”.
The single electron trigger at the forward angle (FA) detectors will be formed by a coincidence of the gas Cherenkov detector, the EM calorimeter, and the scintillator paddle detector
(SPD). At large angle, this trigger is provided by the EM calorimeter at a threshold of about 3
GeV coincident with SPD. The DIS e− events are generated based on the CTEQ parton distribution functions (PDF) to estimate the trigger rates. For background rates estimation, hadron
events are generated with the “bggen” event generator from 12-10-006 run group. Single π −
cross section calculated from the “bggen” generator agree with the MARATHON data [40] at
7

Table 2.1: Estimate of trigger rates
Single e− trigger
FA e−
FA hadron
background
LA e−
LA hadron
background
Total single e−
trigger rate

Target cell
rates (kHz)
59

Target upstream
window rates (kHz)
1.15

Target downstream
window rate (kHz)
1.8

28.6
4.1

3.9
3.6
6.5
6.5

5.6
2.6
3.8
3.8

7.7

128.3

30% level. Furthermore, the cross section of π 0 , the main source of the backgrounds, calculated
from the “bggen” generator is consistent with that extracted from DVCS experiment [41] within
20 − 30%. As the result, we expect about 20 − 30% fluctuation for the total trigger rates listed
in Tab. 2.1.
The coincident trigger ∼ 85 kHz, estimated from the experiments in E12-10-006 run group,
includes about 54 kHz of random coincident trigger rate. These are indeed triggered by single
electrons and random coincidence from hadron background, and thus can be reused for this
proposed experiment. The random trigger rate, added upon the prescaled 15 kHz single electron
trigger rate, allow us to achieve a 69 kHz rates for the inclusive electrons, which is equivalent to
a prescale factor of “2” on the simulated yield. In practice, reusing these trigger events require
a careful study on the possible bias in the random trigger. Since E12-10-006 and E12-11-007
experiments have proposed to set up the event triggers with a prescaled single electron trigger,
it ensures that the proposed measurement will have the single electron trigger events to carry
out the bias study. In addition, if the eventual DAQ limit can be increased to more than 100
kHz, this proposal will stand to benefit from the extra trigger space.
The yield prescale factors of “2” and “10” are used to test their influences on statistics
errors, which are shown in Fig. 4.2, Fig. 4.3.
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Chapter 3
Extraction of structure functions
We plan to directly extract the structure functions g1 and g2 from the measured cross section
differences for the longitudinally polarized electron beam with transversely and longitudinally
polarized 3 He targets:
d2 σ ↓⇑
d2 σ ↑⇑
−
dΩdE 0 dΩdE 0

4α2 E 0 
0
2
2
=
(E
+
E
cos
θ)g
(x,
Q
)
−
2M
xg
(x,
Q
)
.
1
2
M νQ2 E

(3.1)

d2 σ ↓⇒
d2 σ ↑⇒
−
dΩdE 0 dΩdE 0


4α2 E 02
2E
2
2
sin θ cos φrela g1 (x, Q ) +
g2 (x, Q ) ,
=
M νQ2 E
ν

(3.2)

∆σk =

∆σ⊥ =

where the symbols “↑” and “⇑” illustrate the polarization directions of beam and target, respectively. In this equation, E 0 represents the scattered electron energy, θ is the scattering angle,
and φrela is the azimuthal angle between the scattered electron and the target polarization. The
factor cos φrela is maximized when the polarization plane and the scattering plane coincide.
Extraction of neutron structure functions requires further corrections to the nuclear effects
for neutrons bound in the 3 He targets. In addition, the complicity of radiative effects for the
measured cross section differences necessitate corrections to unfold these quantities to their
Born-level (single photon exchange) contribution. These corrections are discussed with more
details in the following sections.

3.1

Cross Section Differences

As shown in Equations 3.1 and 3.2, the direct extraction of g2 requires the cross section differences measured in both the parallel (∆σk ) and perpendicular (∆σ⊥ ) configurations, in which
the target is polarized longitudinally and transversely with respect to the beam direction, respectively. The proposed experiment will measure the perpendicular cross section difference
inclusively with the single electron triggers in parallel with E12-10-006. Such data will then
be combined with the parallel cross section difference data taken from E12-11-007 [42], which
proposed the same beam energies and detector configurations with a longitudinally polarized
3
He target, to extract the neutron structure functions.
In practice, asymmetry measurements are preferred in determination of g1 and g2 because
major systematic uncertainties associated with the detector performance, luminosity will be
cancelled at the first order. The parallel and perpendicular asymmetries can be formed by
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combining experimental data from different polarization configurations as
σ ↓⇑ − σ ↑⇑
,
σ ↓⇑ + σ ↑⇑
σ ↓⇒ − σ ↑⇒
A⊥ = ↓⇒
.
σ + σ ↑⇒
Ak =

(3.3)

So ∆σk,⊥ = 2σ0 Ak,⊥ with σ0 the unpolarized cross sections, which can be extracted from the
sum of charge normalized experimental yields with opposite beam helicity states.
Assuming cos φrela = 1, the extraction of g1 and g2 can be written as:


νE
θ
M Q2
∆σk + tan ∆σ⊥ ,
g1 =
4α2 (E − ν)(2E − ν)
2


(3.4)
2
2
MQ
ν
E + (E − ν) cos θ
g2 =
−∆σk +
∆σ⊥ .
4α2 2(E − ν)(2E − ν)
(E − ν) sin θ
The ratio of kinematic factors in front of the cross section differences are depicted in Fig. 3.1 and
3.2. The spin-dependent structure function g2 heavily relies on the perpendicular cross section
difference ∆σ⊥ due to the large kinematic factor within the proposed kinematic coverage, while
the g1 is mostly dependent on ∆σk . Therefore, the statistical and systematic uncertainties of
g2 are dominated by those of ∆σ⊥ .
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Figure 3.1: The kinematic factor C⊥ /Ck for g2 extraction from cross section differences.

3.2

Radiative Corrections

The structure functions are obtained from the inclusive cross section differences at the Born
level. However, in the real world the observed cross sections are the “dressed” cross sections
convoluted with radiative effects that shift the observed kinematics from these at the interaction
vertex. Generally the Born cross sections are unfolded with internal and external radiative
corrections. The former includes loop effects and emissions of real or virtual photons, while
the latter involves with the ionization energy loss and the Bremsstrahlung process due to
scattered electrons passing through matters before or during the detection. Multiple recipes
exist for correcting the radiative effects. For the proposed experiment, we will follow the recipes
10
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Figure 3.2: The kinematic factor C⊥ /Ck for g1 extraction from cross section differences.
developed by Akushevish and Shumeiko [43] to correct the internal radiative effects for the spin
dependent cross sections of lepton nucleon scattering.
According to the formula from Tsai [44] with the angle peaking approximation for photon
emissions, the internal and external radiative effects are convoluted as
Z
Z Epmax
Z
dl Es
0
σrad (Es , Ep ) =
dEs
dEp0 I(Es , Es0 , l)σ̄(Es0 , Ep0 )I(Ep0 , Ep , L − l),
(3.5)
L Esmin
Ep
where σ̄ denotes the cross sections with internal radiative effects, I represents the probability
function for the energy losses before (with material thickness l) and after (with material thickness L − l) the interaction, and Es , Ep are the incident beam energy and detected energy of the
scattered electron, respectively. Since the cross sections will be measured within a large angle
acceptance, it is nearly impractical to unfold the Born cross sections by numerically integrating
all the possible electron paths. Therefore, we will utilize a data-driven, iterative procedure to
correct the external radiative effects with the Monte-Carlo simulation based on the end-to-end
SoLID software framework [45].
During the iterative correction, the initial Born cross sections will be built from the interpolations between the measured points, and modified global fits will be used to constrain the
cross sections near the boundaries of kinematic coverage. The ionization and Bremsstrahlung
processes, as well as multiple scatterings for electrons passing through the external materials
will be simulated with the GEANT4 simulation toolkit [46]. The radiative corrections from the
simulation will be applied back to the measured data points, and then update the Born cross
sections as the inputs to the simulation. Such a procedure will be repeated until the results
from consecutive iterations converge within a satisfied tolerance.

3.3

Nuclear Effects

Polarized 3 He often serves as an effective polarized neutron target because its spin at the ground
state is mostly carried by the unpaired neutron. The average nucleon polarization in a 3 He
nucleus is written as hσz in = PS − 31 (PD −PS 0 ). with the space-symmetric S state predominantly
contributes to the ground state (PS ≈ 90%) of the polarized 3 He.
In the effective polarization approximation, the nuclear binding is neglected and x2 /Q2 → 0,
the polarized 3 He structure functions can be formed by a weighted sum of the nucleon structure
11

functions as
3

gi He (x, Q2 ) = 2Pip gip (x, Q2 ) + Pin gin (x, Q2 ),

(3.6)

where i = 1, 2, and the superscript denotes the nucleus or the nucleon. The weighting factor
PiN is the effective polarization, which is dominated by the lowest-order contribution hσz iN and
can be calculated from models of 3 He wave functions, such as SS [47] and KPSV [48] spectral
functions. However, this approach is not reliable in the nucleon resonance region or at large x,
where the Weak Binding Approximation (WBA) is found to be more reliable for correcting the
nuclear effects.
In the framework of WBA, the spin dependent structure function of 3 He can be written as
[49]:





Z
x 2
x 2
dy
3 He
p
p
n
n
2
2fij (y, γ)gj
, Q + fij (y, γ)gj
,Q
,
(3.7)
gi (x, Q ) =
y
y
y
where γ 2 = 1 + 4M 2 x2 /Q2 , y represents the momentum fraction carried by the nucleons.
Here f (y, γ) is the nucleon momentum distribution function, which can be calculated with
the nuclear spectral functions. In addition, the non-nucleonic degree of freedom and nucleon
off-shell corrections can also be incorporated into the framework, though these corrections will
introduce additional model-dependent uncertainties. More details can be found in [49].

3.4

Systematic Uncertainties

The systematic uncertainties from cross section measurements based on spectrometers are typically dominated by those associated with the detector acceptance, efficiency, and luminosity.
Since SoLID is a large acceptance detector with tracking reconstruction under high intensity
circumstances, determining its acceptance and efficiency is expected to be more difficult than
that for the existing JLab spectrometers, such as HRS or HMS/SHMS, which could be understood at a level of better than 3%. Thus the estimated uncertainty for SoLID acceptance is
given as 5%, and an error of 3% is assigned for the detection efficiency.
The luminosity is composed of beam charge and target density. These two components have
already been studied excessively in recent JLab experiments with a polarized electron beam
and polarized 3 He targets [32, 37], which gave 2% and 1% uncertainties for the target density
and beam charge, respectively. Such experiments also achieved uncertainties of 1.0-2.0% for the
beam polarization and 3% for the target polarization. In addition, the correction of dilution
effects from the nitrogen gas inside the target cell is expected to contribute a < 1.0% error.
Raw asymmetry measurement is known to be precise as most of the major systematic contributions are cancelled out at the first order, but the contamination from false asymmetries,
such as beam charge asymmetry and pion asymmetry, will introduce absolute asymmetry uncertainties into the results. The beam charge asymmetry at JLab can be controlled at the level
of 50 ppm. For the pion charge asymmetries, the SoLID has a pion rejection power of 1 : 50
for Pe < 2 GeV and 1 : 150 for Pe > 2 GeV. Give the single charged pions rates of 10.3 kHz
from “bggen”, which are about one sixth of the single electron rates, and a maximum of pion
asymmetry at 15% [50], the pion contamination is less than 5 × 10−4 .
Scattering electrons from the target cell or the nitrogen gas inside the cell will introduce
backgrounds to the yields. The major background contribution from the cell can be rejected
at the first order by cutting off the windows with reconstructed vertex z position, while the
higher order effects and the nitrogen gas contribution will be corrected with data taken from
a reference nitrogen cell. The asymmetry dilution effect from these unpolarized materials is
typically less than 10% with the JLab polarized 3 He target, and thus an error of < 1% is
assigned for the corresponding corrections. For cross sections, background subtractions will be
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performed with the reference data, and we assume a 3% error accounted for the residual higher
order effects and imperfect yields normalization between production runs and reference runs.
In addition, measured experimental cross section (difference) for polarized 3 He targets need
to be unfolded to the neutron cross section (difference) at Born level. Since the nuclear corrections are nontrivial within our kinematic coverage, and it is likely to introduce model-dependent
uncertainties as discussed in the above section, we have given a conservative estimate, 5%, for
this item. The uncertainty of radiative correction (3%) is obtained from the study for experiment E97-110 [32], which had applied an iterative radiative correction procedure similar to the
proposed method discussed in Section 3.2.
All the above-mentioned uncertainties are summarized in Tab. 3.1. The total uncertainties
propagated to g2 and d2 are also listed. Please refer to Figure 4.2 and Figure 4.3 for statistical
uncertainties of g2 , which are not shown below in numbers due to significant variations over
the kinematic coverage.
Table 3.1: Estimate of uncertainties for the proposed experiment.
Source

Systematic Uncertainty

Cross Sections
Detector acceptance
5.0%
Detector efficiencies
3.0%
Target density
2.0%
Beam charge
1.0%
Background subtraction
3.0%
Asymmetries
Dilution effects
< 1.0%
Beam polarization
< 2.0%
Target polarization
3.0%
Charge asymmetry
< 10−4
Pion asymmetry
< 5 × 10−4
Unfolding Procedure
Nuclear corrections
∼ 5.0%
Radiative corrections
∼ 3.0%
Physics Results
Cross sections
< 10.0%
g2 syst.
∼ 10−3 -10−4
d2 stat.
∼ 3 × 10−4
d2 syst. (11 GeV)
∼ 5 × 10−4
d2 syst. (8.8 GeV)
∼ 8 × 10−4
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Chapter 4
Expected Results—Projections
The expected yields and corresponding statistical errors estimated in this section are based on
a full simulation of inclusive inelastic scattering with the SoLID SIDIS acceptance folded in.
The simulation events presented in this proposal are generated by SoLID inclusive electron e
event generator, which includes quasi-elastic, resonance and DIS processes. For W < 3 GeV
region, the generator generate events based on the Peter Bosted fit, while for W < 3 GeV, the
world PDF [51] fits are applied.

4.1

Kinematic Coverage

The transverse polarized structure function g2n can be extracted from the cross section differences with kinematic variables x and Q2 . The range of each kinematic variable is determined by
the kinematic nature of the data, and the bin size is needed to be chosen as fine as possible to
address the structure of the g2 ; meanwhile we also need to minimize the statistical uncertainties
to guarantee enough statistics in each kinematic bin. One possible binning solution is listed in
Tab. 4.1 and 4.2.
We propose to measure inclusive electron scatterings during the SIDIS experiments E12–10–006
[35] and E12–11–007 [42] with a beam current of 15 µA at incident beam energies of 11 GeV
and 8.8 GeV on the transversely and longitudinally polarized 3 He targets. Thus, this run group
proposal does not require any additional beam time. The requested beam time from experiment
E12–10–006 and E12–11–007 is listed in Tab. 4.3.
By considering the acceptance and detector efficiency from the SoLID-SIDIS experiment
E12–10–006, the kinematic coverage of the proposed inclusive events is illustrated in Fig. 4.1
(without any W cut). Lines on these plots show the boundaries of the kinematic region of
interest.
Table 4.1: xjb and Q2 binning at 8.8 GeV beam energy.
Variable
xjb
Q2 , GeV2

Lower limit Upper limit
0.1
1
1.5
7.5

Number of bins Bin size
9
0.1
30
0.2

Table 4.2: xjb and Q2 binning at 11 GeV beam energy.
Variable
xjb
Q2 , GeV2

Lower limit Upper limit
0.1
1
2.0
10.0
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Number of bins Bin size
9
0.1
40
0.2

Table 4.3: Proposed Beam time from SoLID SIDIS proposal E12-10-006 and E12-11-007
Measurements
Time (hours)
3
Production on transversely polarized He with 11 GeV beam
1152
3
Production on transversely polarized He with 8.8 GeV beam
504
3
Production on longitudinally polarized He with 11 GeV beam
538
Production on longitudinally polarized 3 He with 8.8 GeV beam
228
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Figure 4.1: x versus Q2 distribution for simulated inclusive events. Left: with 11 GeV incident
beam. Right: with 8.8 GeV incident beam

4.2

g2n and dn2 Projections

The simulated event yields, with the polarized luminosity of 1036 cm−2 · s−1 and the requested
production time (as shown in the Tab. 4.3), are generated to estimate the statistical uncertainties of the proposed observable g2n . Meanwhile, a single electron prescale trigger factor of “10”
is included in the simulated yields to satisfy the DAQ limit 100 kHz of the E12-10-006 and
E12-11-007 experiments.
The twist–2 term g2W W (Eq. (1.3)), only depends on well–measured g1 , is used to present
the expected g2 precision. The polarized structure function g1n obtained from the SLAC E155x
fits [52] and the unpolarized structure function F2n got from NMC fits [53] are used to calculate
g2W W in this proposal. The expected g2n statistical and systematic uncertainties, which are
shown in Fig. 4.2 at 8.8 GeV and Fig. 4.3 at 11 GeV respectively, are the absolute errors.
The Expected matrix element d2 with world data are shown in Fig. 4.4 with trigger prescale
factor 10. Since we used g2W W (the twist–2 contribution) in the projections, the d2 integral
is always 0, and thus only the error bars in Fig. 4.4 are meaningful. Both statistical and
systematic uncertainties from the cross section difference measurements are propagated into
the projections, with a trigger prescale factor of 10 and 2. For a conservative estimate, the
systematic uncertainties propagated from the cross sections and asymmetries are assumed fully
correlated. In addition, we required xmin > 0.40 within the kinematic coverage to obtain the d2
moments, and assigned 15% error for filling the unmeasured region. The x coverage requirement
limits the d2 projection to the region of Q2 < 6.5 GeV.
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Figure 4.2: Expected x2 g2n versus x distribution at 8.8 GeV beam energy. Each subplot depicts
the projections within a selected Q2 bin. Error bars are statistical only, while systematic errors
are shown with the gray shaded region. The black filled circles present the x2 g2n projection with
a prescale factor “10”, and the red open dots, shifted horizontally, represent the projection with
a prescale factor “2” (count for the random coincident trigger events).
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Figure 4.3: Expected x2 g2n versus x distribution at 11 GeV beam energy. Each subplot depicts
the projections within a selected Q2 bin. Error bars are statistical only, while systematic errors
are shown with the gray shaded region. The black filled circles present the x2 g2n projection with
a prescale factor “10”, and the red open dots, shifted horizontally, represent the projection with
a prescale factor “2” (count for the random coincident trigger events).

17

0.015

11 GeV Projections
8 GeV Projections
SLAC E155x
JLab RSS + pQCD
E01-012
E99-117 + E155x
E06-014
Lattice QCD
E12-06-121 Projections

0.010

d2

0.005
0.000
0.005
0.010

1

2

3

4

5
6
2
Q (GeV 2)

7

8

9

10

Figure 4.4: Expected results of dn2 with trigger prescale factor “10” are shown by red points at
11 GeV and blue points at 8.8 GeV, respectively. The statistical and systematic uncertainties
added in quadrature are shown as the error bars. The world data E155x [13], E99-117 and
E155x [14], RSS [3], E06-014 [11], E01–012 [4], and the calculation of lattice QCD [9] at
Q2 = 5 GeV2 are presented with black open symbols, while the projections of E12-06-121 are
marked as black solid dots. For a better visualization, the 8.8 GeV projections and E12-06-121
projections are manually shifted along the vertical axis, and the world data E155x, RSS+pQCD,
and E99–117+E155x are shifted horizontally around Q2 = 5 GeV2 .
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Chapter 5
Summary
In summary, we propose a run group project that runs simultaneously with E12-10-006 and
E12-11-007. The experiment will take the free trigger space for the single electron triggers,
and measure the inclusive cross section difference for doubly polarized e-3 He scattering. The
additional data from this measurement, combined with the longitudinally polarized 3 He data
from E12-11-007, enable the precise extraction of g2n (x, Q2 ) at 1.5 < Q2 < 10 GeV2 and x > 0.1
and evaluate dn2 (Q2 ) with 1.5 < Q2 < 6.5 GeV2 . The experimental result not only measures the
uncharted high x and high Q2 region for g2n (x, Q2 ), but also provides an opportunity to better
understand the moment dn2 (Q2 ), and hence the associated quark-gluon correlations within the
neutron.
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