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The Structure of the Nucleon
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Overview

• Motivation for inclusive physics program using polarized 3He

• Neutron spin-structure functions

• Extraction of Q2 dependence of twist-3 contribution to g23He (g2n) 


• Measurement of the virtual photon A13He(x) (A1n(x))


• Summary and Outlook
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Inclusive (DIS)  Electron Scattering

4

d2σ
dE′￼dΩ

( ↑ ⇑ + ↓ ⇑ ) =
8α2

Q4 [ 2
M

F1(x, Q2) ⋅ sin2(θ/2) +
1
ν

F2(x, Q2) ⋅ cos2(θ/2)]

d2σ
dE′￼dΩ

( ↑ ⇑ − ↓ ⇑ ) =
4α2E′￼

νEQ2 [(E + E′￼cos(θ)) ⋅ g1(x, Q2)−2Mx ⋅ g2(x, Q2)]

d2σ
dE′￼dΩ

( ↑ ⇒ − ↓ ⇒ ) =
4α2E′￼2
νEQ2

sin(θ)[g1(x, Q2)+
2ME

ν
⋅ g2(x, Q2)]

Unpolarized structure functions:  > 50 years of studies

Polarized structure functions:  < 40 years of studies

F2: momentum distribution of quarks (IMF)

g1: polarized momentum  

     distribution  of quarks (IMF) 

g2: quark-gluon correlations
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Unpolarized cross section:

Polarized cross section:

d2 σ

dΩdE'
= α2

4 E2sin4 θ
2

( 2
M

F1(x , Q2)sin2 θ
2
+

1
ν F2(x , Q2)cos2 θ

2 )

d2 σ

dE' dΩ
(↓⇑−↑⇑)=

4α2 E '
MQ2 νE

[(E+E'cosθ)g1(x, Q2)−
Q2

� g2(x,Q2)]=Δσ ∥

d2σ

dE' dΩ
(↓⇒−↑⇒)=

4α2sin θE'2

MQ2ν2 E
[ν g1(x ,Q2)+2 Eg2(x ,Q2)]=Δσ⊥

Q2 = 4-momentum transfer 
squared of the virtual photon

� = E-E’ = energy transfer

� = scattering angle

x = Fraction of nucleon 
momentum carried by the 
struck quark

● Polarized structure functions g1 and g2 encode information 
about the spin structure of the target nucleon.

● Unpolarized structure functions F1 and F2 contain 
information about the momentum structure of the 
target nucleon.

Deep Inelastic ScatteringDeep Inelastic Scattering



Extraction of Spin Structure Functions

g1 =
MQ2

4α2

2y
(1 − y)(2 − y)

d2σ0

dΩdE′￼

[A∥+tan(
θ
2

)A⊥]

g2 =
MQ2

4α2

2y
(1 − y)(2 − y)

d2σ0

dΩdE′￼

[−A∥+
1 + (1 − y)cos(θ)

(1 − y)sin(θ
A⊥]

A1 =
A∥

D(1 + ηξ)
−

ηA⊥

d(1 + ηξ)
A2 =

ξA∥

D(1 + ηξ)
+

A⊥

d(1 + ηξ)

A∥ =
σ↑⇑ − σ↓⇑

σ↑⇑ + σ↓⇑
A⊥ =

σ↑⇒ − σ↓⇒

σ↑⇒ + σ↓⇒

  = spin direction of beam 
particles (electrons)


 = spin direction of 
target particles 


↑ ↓

⇑ , ⇓ , ⇒ , ⇐

Electron scattering asymmetries:

Virtual photon asymmetries:
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Transition from Non-perturbative to Perturbative QCD
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Q20

GDH

generalized GDH Bjorken

Burkhardt Cottingham 

Spin Polarizabilities Color Polarizabilities Higher Twists

IGDH(Q2 = 0) = ∫
∞

thr

σ3/2 − σ1/2

ν
dν =

2π2α
M2

κ

IGDH(Q2)
Γ2 = ∫

1

0
g2(x, Q2)dx = 0

Γp−n
1 = ∫

1

0
(gp

1 (x, Q2) − gn
1(x, Q2))dx =

1
6

ga

γ0(Q2), δLT(Q2) χE(Q2), χB(Q2) d2(Q2), f2(Q2)

1

≥2

1 large

Experim
ent

Theory
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The Inclusive Nucleon Spin-Structure Function g2

• No simple interpretation in quark parton model


• Related to the transverse spin structure function 


• Can cleanly remove twist-2 contribution  → probe quark-gluon correlations

gT(x, Q2) = g1(x, Q2) + g2(x, Q2)
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gWW
2 (x, Q2) = − g1(x, Q2) + ∫

1

x

dy
y

g1(y, Q2)

ḡ2(x, Q2) = − ∫
1

x

dy
y

∂
∂y [

mq

M
h1(y, Q2) + ξ(y, Q2)]

g2(x, Q2) = gWW
2 (x, Q2) + ḡ2(x, Q2)

L R
h1(x, Q2)

̂e1(z, Q2)

∝
mq

Mn
twist-2 twist-2 twist-3(chiral-odd)

γ*(+1) + N( +
1
2 ) → γ*(0) + N( −

1
2 )

The Inclusive Nucleon Spin-Structure Function g2

{
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“transversity” “quark-gluon correlation”



 g2, d2, and Color Forces 

d2(Q2) = 3∫
1

0
x2[2g1(x, Q2) + 3g2(x, Q2)]dx = 3∫

1

0
x2ḡ2(x, Q2)dx

a2(Q2) = ∫
1

0
x2g1(x, Q2)dx

f2(Q2) =
9Q2

4M2 (∫
1

0
g1(x, Q2)dx − μ2) −

a2(Q2)
4

− d2(Q2)

FE = −
M2

4
χE = −

M2

4
(4d2 + 2f2)

3

FB = −
M2

2
χB = −

M2

2
(4d2 − f2)

3

twist-2

twist-3

twist-4

Q2 

(GeV2)

FEn 

(MeV/fm)

FBn 

(MeV/fm)

3.21 -26.17±1.32stat±29.35sys 44.99±2.43stat±29.43sys

4.43 -29.12±1.38stat±29.34sys 30.69±2.55stat±29.40sys

M. Posik et al., Phys. Rev. Lett. 113, 022002 (2014) 

➝

➝

➝

C

C

Transverse forces exerted on struck quark due to remaining two quarks:

First results:

Operator product expansion:

⟨PS |ψ†gBcψ |PS⟩ = χBM2S

⟨PS |ψ†α × gEcψ |PS⟩ = χEM2S

M. Burkardt, Phys. Rev. D 88, 114502 (2013)
E. Stein et al., Phys. Lett. B 353, 107 (1995)

X. Ji, arXiv-ph/9510362 (1995)

Γ1(Q2) = ∫
1

0
g1(x, Q2)dx = μ2 +

μ4

Q2
+

μ6

Q4
+ . . . = μ2 +

M2

9Q2
(a2+4d2+4f2) + O( μ6

Q4 )

μ2→ determined by combination of singlet, triplet, and octet axial charges
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World Data and Predictions: d2n(Q2)
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Note: Often data for


  and 


have to be interpolated in !!


(systematic effect?)

g1(x, Q2) g2(x, Q2)

Q2



Measure g1n, g2n over Large Range in x

SPIN 2018 ●  September 12, 2018

Polarized 3He Run Group in Hall C

SHMS

HMS

Pol 3He Target
e-

 b
ea

m

Parameter SHMS HMS

ΔΩ 2-4 msr >6 msr

Δp/p -15% →+25% ±10%

δp/p 0.1%-0.15% <0.2%

Experiments: 
E12-06-110: A1n 
E12-06-121: d2n

11

Hall C at JLab



Polarized Helium-3 Target

25th International Spin Symposium (Spin2023)

Polarized 3He Targets Performance Evolution

Transversity (E06-010):
Started to use narrow band laser.G

E
n (E02-013):

Started to use Rb/K 
hybrid alkali cell.

two 

transfer 

tubes

Pumping 
chamber

Target chamber

1-inch 
sphere

12 GeV era Target Cell:

Convection Cell (replacing 6 
GeV diffusion cells.)

GEn-II (running now):

→ see talks by 
Chris Jantzi (Tuesday 5pm) and 
Arun Tadepalli (Wednesday 10am)

Method: Hybrid Spin Exchange Optical Pumping
12
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d2n(Q2): Experimental Conditions

COVID-19

25th International Spin Symposium (Spin2023)

Beam Quality During A1n

● Beam charge asymmetry controlled by parity DAQ (PREX-II/CREX) – below 
50ppm per one-hour run

● Beam polarization measured by Moller polarimetry

Figure credit: W. Henry

MEDCON6MEDCON6

Beam Polarization

25th International Spin Symposium (Spin2023)

Production Cell Performance
(for targets used in A

1
n experiment)

DutchDutch BigbrotherBigbrother

Target Polarization

50

60

40

70

Eb = 10.38 GeV 
Ib ~ 30 μA 

L ~ 2×1036/cm2/s

Figure credit: W. Henry 13



(a) HMS Kin-A: hxi=0.207, hQ2
i=2.409 GeV2/c2

(b) HMS Kin-C: hxi=0.418, hQ2
i=5.008 GeV2/c2

Figure 7.45: The extracted Born cross-sections for HMS kinematic settings. The
statistical error on each data point is shown by bars and the systematic errors are
shown by gray band. The prediction from the F1F2IN21 model is shown by the blue
line on the same plot.

138

(a) SHMS Kin-X: hxi=0.53, hQ2
i=2.86 GeV2/c2

(b) SHMS Kin-Z: hxi=0.63, hQ2
i=5.69 GeV2/c2

Figure 7.46: The extracted Born cross-sections for SHMS kinematic settings. The
statistical error on each data point is shown by bars and the systematic errors are
shown by gray band. The prediction from the F1F2IN21 model is shown by the blue
line on the same plot.

139

Extraction of Unpolarized Cross Sections

M. Roy, PhD thesis, University of Kentucky (2022)14



x2-Weighted g23He Data

E12-06-121: Preliminary

• No radiative corrections applied 

• Statistical uncertainties only

World data for Q2 ~ 3, 5 GeV2 + E97-103 data

Analysis: J. Chen, William & Mary, (2024)

gWW
2,3He = PngWW

2,n + 2PpgWW
2,p

Pn = 0.86 Pp = − 0.028

Dashed curves: (NNPDFpol)
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World Data and Predictions: d2n(Q2)

Expected precision for E12-06-121
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Virtual Photon Asymmetry A1 at Large xBj

A1(x, Q2) =
1

F1(x, Q2) [g1(x, Q2) −
4M2x2

Q2
g2(x, W2)]

large Q2

→      (sea quark contributions ignored) An
1(x, Q2) ≈

gn
1(x, Q2)

Fn
1(x, Q2)

≈
4Δd + Δu

4d + u

lim
x→1

An
1 =

Δu
u

=
Δd
d

= 1

17

An
1(x) ≈

4[Δd(x) + Δd̄(x)] + Δu(x) + Δū(x) + Δs(x) + Δs̄(x)
4[d(x) + d̄(x)] + u(x) + ū(x) + s(x) + s̄(x)

pQCD (using HHC)



nucleon. Figure 2 shows the previous world data using 3He
targets from SLAC E142 [43] and E154 [44], HERMES
[45], and JLab E99-117 [28,46] compared to various
models. The SLAC E143 [47] data, which used NH3

and ND3 targets, have been omitted from the plot due to
their large uncertainties. It is seen that the relativistic
constituent quark model (CQM) [48] describes the trend
of the data reasonably well. The pQCD parametrization
with hadron helicity conservation [49] (dashed curve)—
assuming quark orbital angular momentum to be zero—
does not describe the data adequately. However, the pQCD
parametrization allowing for quark orbital angular momen-
tum to be nonzero [50] (dash-dotted curve) is in good
agreement with the data, suggesting the importance of
quark orbital angular momentum in the spin structure of the
nucleon. The statistical quark model (solid curve) [51],
which interprets the constituent partons as fermions
(quarks) and bosons (gluons), adequately describes the
trend of the world data after fitting its parameters to a subset
of the available data. A modified Nambu-Jona-Lasinio
(NJL) model from Cloët et al. (dash triple-dotted curve)
[52] is shown to fit the data accurately in the large-x region.
This NJL-type model imposes constraints for confinement
such that unphysical thresholds for nucleon decay into
quarks are excluded. Nucleon states are obtained by
solving the Faddeev equation using a quark-diquark
approximation, including scalar and axial-vector diquark
states. Relatively recent predictions come from Dyson-
Schwinger equation (DSE) treatments by Roberts et al.
[53], which reveal nonpointlike diquark correlations in the

nucleon due to dynamical chiral symmetry breaking. In
these calculations Roberts et al. employ two different types
of dressed-quark propagators for the Faddeev equation: one
where the mass term is momentum independent, and the
other where the mass term carries a momentum depend-
ence. This yields two different sets of results, referred to as
contact and realistic, respectively. The predictions for the
two approaches are shown at x ¼ 1 (Fig. 2). We note the
contrast between the DSE predictions and those from
pQCD and CQMs, where the latter two predict An

1 → 1
as x → 1. The measurement presented here provides more
contiguous coverage over the region of 0.27 < x < 0.60
compared to the JLab E99-117 measurement [28,46].
Even more than A1, the polarized-to-unpolarized quark

parton distribution function (PDF) ratios for the up quark
(u), given by ðΔuþ ΔūÞ=ðuþ ūÞ, and the down quark (d),
given by ðΔdþ Δd̄Þ=ðdþ d̄Þ, allow a high level of
discrimination between theoretical models that describe
the quark-spin contribution to nucleon spin. Such ratios
may be extracted from measurements of g1=F1 at leading
order in Q2 according to

Δuþ Δū
uþ ū

¼ 4

15

gp1
Fp
1

ð4þ RduÞ

−
1

15

gn1
Fn
1

ð1þ 4RduÞ; ð26Þ

Δdþ Δd̄
dþ d̄

¼ 4

15

gn1
Fn
1

!
4þ 1

Rdu

"

−
1

15

gp1
Fp
1

!
1þ 4

1

Rdu

"
; ð27Þ

where Rdu ≡ ðdþ d̄Þ=ðuþ ūÞ. Earlier experimental data
for ðΔuþ ΔūÞ=ðuþ ūÞ and ðΔdþ Δd̄Þ=ðdþ d̄Þ are
shown in Fig. 3, where the data in the upper (lower) part
of the figure represent the up (down) quark ratio. The data
shown are from HERMES [54] and COMPASS [55], both
semi-inclusive DIS measurements, and JLab experiments
E99-117 [28] and CLAS EG1b [56], both of which are
inclusive DIS measurements. The semi-inclusive DIS data
from HERMES and COMPASS are constructed from their
published polarized PDF data, where we used the same
unpolarized PDF parametrizations as were applied in the
original analyses: CTEQ5L [57] for the HERMES data, and
MRST2006 [58] for the COMPASS data. The uncertainties
are thus slightly larger than could be achieved from the raw
data. The dashed curve represents a next-to-leading order
(NLO) QCD global analysis that includes target mass
corrections and higher-twist effects [59], and the dash-
dotted curve represents a pQCD calculation that includes
orbital angular momentum effects [50]. The solid curve
shows the statistical quark model [51], and the dash–triple-
dotted curve is a modified NJL model [52]. At x ¼ 1, DSE
calculations [53] are indicated by open stars (crosses) for

FIG. 2. World data for An
1 from SLAC E142 [43] and E154 [44],

HERMES [45], and JLab E99-117 [28,46], compared to various
models, including a pQCD-inspired global analysis (dashed
curve) [49], a statistical quark model from Bourrely et al. (solid
curve) [51], a pQCD parametrization including OAM from
Avakian et al. (dash-dotted curve) [50] and a CQM model from
Isgur (gray band) [48]. Also plotted is an NJL-type model
from Cloët et al. (dash triple-dotted curve) [52]. Predictions
from Dyson-Schwinger equation treatments by Roberts et al. [53]
are shown at x ¼ 1.

D. FLAY et al. PHYSICAL REVIEW D 94, 052003 (2016)

052003-6

D. Flay et al., Phys. Rev. D 94, 052003 (2016)

Virtual Photon Asymmetry A1n at Large xBj

An
1 =

1

Pn(1 + 0.056
Pn

)

F3He
2

Fn
2 (A3He

1 −2
Fp

2

F3He
2

PpAp
1 ((1 −

0.014
2Pp

)) Pn = 0.86+0.036
−0.020 Pp = − 0.028+0.094

−0.004

F. Bissey et al., Phys. Rev. C 65, 064317 (2002)


J.J. Ethier, W. Melnitchouk, Phys. Rev. C 88, 054001 (2013) 

Extraction of nucleon asymmetries:


• nuclear effects


• proton: use previously measured data
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25th International Spin Symposium (Spin2023)
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D. Flay et al., Phys. Rev. D 94, 052003 (2016)

Δu + Δū
u + ū

=
4
15

gp
1

Fp
1

(4 + Rdu) −
1
15

gn
1

Fn
1

(1 + 4Rdu)

Rdu =
d + d̄
u + ū

Δd + Δd̄
d + d̄

=
4
15

gn
1

Fn
1

(4 +
1

Rdu ) −
1
15

gp
1

Fp
1

(1 + 4
1

Rdu )

Flavor Decomposition

the up (down) quark ratios. Clearly, both pQCD models
predict that Δq=q → 1 at large x, which implies that the
positive helicity state of the quark (quark spin aligned with
the nucleon spin) must dominate as x → 1. The data for
ðΔuþ ΔūÞ=ðuþ ūÞ are consistent with this prediction;
however, we note that the current ðΔdþ Δd̄Þ=ðdþ d̄Þ data
show no sign of turning positive as we approach the large x
region. The calculation of Avakian et al. fits the down quark
data better, but still has a zero crossing at x ∼ 0.75. The data
in Fig. 3 imply that in general, the up quark spins tend to be
parallel to the nucleon spin, whereas the down quark spins
are antiparallel to the nucleon spin. The trend of the down
quark data, supported by the model of Avakian et al.,
suggests that quark orbital angular momentum might play
an important role in the spin of the nucleon. The experiment
presented here aims to provide more complete kinematic
coverage for the down quark, especially in the large-x
region approaching x ∼ 0.6, where the predictions of the
pQCD models start to contrast with those of the CQMs and
the DSE calculations.

D. Outline of the paper

The body of this paper is structured as follows: in Sec. II
we discuss the experimental setup and the performance of
the polarized electron beam and of the particle detectors for
JLab E06-014; in Sec. III, we discuss the polarized 3He
target; in Sec. IV, the data analysis to obtain the cross
sections and asymmetries is presented. The nuclear cor-
rections required to extract the neutron results for d2, a2,
A1, and g1=F1 are also discussed. In Sec. V the results of

the experiment are presented. In particular, 3He results for
the unpolarized cross section, double-spin asymmetries, g1,
g2, A1, and g1=F1 are given in Sec. VA. In Sec. V B the
results for the neutron d2 and a2 are presented. Following
this, the analysis necessary to obtain the twist-4 matrix
element f2, leading to the extraction of the color forces Fy

E
and Fy

B on the neutron, is discussed in Sec. V B 3. The
quantities A1 and g1=F1 on the neutron are presented
in Secs. V B 4 and V B 5, respectively. The flavor separa-
tion analysis to obtain ðΔuþΔūÞ=ðuþ ūÞ and ðΔdþ Δd̄Þ=
ðdþ d̄Þ is discussed, and the results are presented in
Sec. V C. Concluding remarks are given in Sec. VI.
Appendix A gives an overview of the DIS kinematics,
structure functions, and cross sections, while Appendix B
discusses the details of the operator product expansion. Fits
to unpolarized nitrogen cross sections and positron cross
sections measured in this experiment, used in correcting
the measured e−3He cross section, are presented in
Appendix C. Also presented in that appendix are fits to
world proton data on g1=F1 and A1, needed for the nuclear
corrections. Details for the world Γn

1 data and fitting the
higher-twist component of Γn

1 are given in Appendix D.
The systematic uncertainties for all results presented in this
paper are tabulated in Appendix E.

II. THE EXPERIMENT

The E06-014 experiment ran in Hall A of Thomas
Jefferson National Accelerator Facility (Jefferson Lab or
JLab) for six weeks in five run periods from February to
March 2009, consisting of a commissioning run using
1.2 GeV electrons, a 5.89 GeV run using polarized
electrons, a 4.74 GeV run using unpolarized electrons,
and finally runs using polarized electrons at energies of
5.89 GeV and 4.74 GeV. The data at 4.74 GeV and
5.89 GeV were the production data sets, which covered
the resonance and deep inelastic valence quark regions, in a
kinematic region of 0.25 ≤ x ≤ 0.9 and 2 GeV2 ≤ Q2 ≤
6 GeV2, shown in Fig. 4.
Polarized electrons were scattered from a polarized 3He

target, which acts as an effective polarized neutron target
[60]. The scattered electrons were detected independently in
the left high-resolution spectrometer (LHRS) and in the
BigBite spectrometer, which were oriented at a scattering
angle of θ ¼ 45° to the left and right of the beam line,
respectively. The unpolarized cross section σ0 was extracted
from the LHRS data, and the double-spin asymmetries A∥
and A⊥ were obtained from the BigBite data. The matrix
element d2 was computed using Eq. (17), and the virtual
photon asymmetry A1 and structure function ratio g1=F1

were extracted according to Eqs. (18) and (19), respectively.
The measurement with the BigBite spectrometer con-

sisted of 20 evenly spaced, continuous bins in x with a bin
width of 0.05 for each beam energy; of these, seven were
discarded because of insufficient statistics. The statistics in

FIG. 3. The world data for the up- and down-quark polarized-
to-unpolarized PDF ratios. The data shown are from HERMES
[54] and COMPASS [55], both of which are semi-inclusive DIS
measurements, and JLab E99-117 [28] and CLAS EG1b [56],
both of which are DIS measurements. Theoretical curves are from
an NLO QCD analysis from Leader et al. [59] (dashed curves)
and pQCD-inspired fit from Avakian et al. [50] (dash-dotted
curves). The solid curve shows a statistical quark model from
Bourrely et al. [51], and the dash–triple-dotted curve shows a
modified NJL model calculation from Cloët et al. [52]. The open
stars (crosses) at x ¼ 1 indicate the DSE calculations from
Roberts et al. [53] for up (down) quarks.
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Figure 6.5: Preliminary results of the flavor decomposition for the u quark of
the proton as a function of x. SHMS points are in triangles and HMS in open
circles. The low-momentum setting points are in blue and high-momentum set-
ting points in red. The SHMS and HMS are offset by -0.005 and +0.005 from the
central bin value, respectively, for ease of viewing. Predictions from selected
models are shown: Statistical [11, 12], an NJL-type [13], a QCD global analy-
sis from Leader et al. [33], a pQCD model allowing quark OAM [16], and two
DSE-based approaches [14]. Data from experiments E99-117 [34], E06-014 [35],
CLAS EG1b [36], COMPASS [37], and HERMES [32]. Both statistical and sys-
tematic errors are included in the error bars. The large errors from E12-06-110
(relative to prior experiments) is predominantly due to the large uncertainty in
the gp

1 /Fp
1 fit for x > 0.60.
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Figure 6.6: Preliminary results of the flavor decomposition for the d quark of
the proton as a function of x. SHMS points are in triangles and HMS in open
circles. The low-momentum setting points are in blue and high-momentum
setting points in red. The SHMS and HMS are offset by -0.005 and +0.005 from
the central bin value, respectively, for ease of viewing. Predictions from selected
models are shown: Statistical [11, 12], an NJL-type [13], a QCD global analysis
from Leader et al. [33], pQCD model allowing quark OAM [16], and two DSE-
based approaches [14]. Data from experiments E99-117 [34], E06-014 [35], CLAS
EG1b [36], COMPASS [37], and HERMES [32]. Both statistical and systematic
errors are included in the error bars.
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Summary and Outlook

• Measured successfully d23He(x) (d2n(x)) at three different Q2, keeping Q2 constant over 
a large range in x (~0.4 < x < ~0.9).


• Extended measurements of virtual photon asymmetry A13He(x) (A1n(x)) from x ~ 0.6 to 
x~0.9 


• d2n and A1n experiments in final stages of analyses  


• radiative corrections


• extraction of neutron properties from 3He (nuclear corrections)


• systematic uncertainties


• Final results are expected soon

24
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