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Spin physics at Jefferson Lab 
Jefferson lab: 

•    high quality polarized  beam  
•  high luminosity polarized targets  
•  large acceptance spectrometers 

     high precision  spin structure data in 
the high xBj valence quark region.   

 
What is special about the high-XBj 

region ? 
Nucleon  wave function dominated by 

valence quarks. 
•  A good place to test quark models; 

understand quark-gluon dynamics 
and SU6 symmetry breaking 

mechanisms. 
•  Firm pQCD predictions for x->1  

  
 



Inclusive Electron Scattering 

2
222 sin'4 θEEqQ =−=

4-momentum transfer squared 

€ 

W 2 = M2 + 2Mν −Q2

Invariant mass squared 

€ 

x =
Q2

2Mν

Bjorken  variable 

),( kEe
!

= )','(' kEe
!

=

  

€ 

p= (M,
r  
0 )

  

€ 

q = (ν,r  q )

€ 

θ

€ 

d2σ
dΩdE '

=σMott
1
ν
F2(x,Q

2) +
2
M
F1(x,Q

2)tan2 θ2
& 

' ( 
) 

* + 
Unpolarized  

case {

€ 

d2σ↑⇑

dΩdE '
−
d2σ↓⇑

dΩdE '
=
4α 2E '
νEQ2 E + E 'cosθ( )g1(x,Q2) − 2Mxg2(x,Q

2)[ ]Polarized 
case {   



Virtual Photon Asymmetry 
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Neutron Wavefunction (Spin and Flavor Symmetric) 

Nucleon Structure at large xBj 
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SU6 symmetry breaking terms in Valence quark models: higher 
energy for axial-vector  spectator di-quark pair terms compared to  
scaler di-quark pair terms due to hyperfine interaction.  
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Nucleon 
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pQCD: as x->1, the struck quark has the same helicity  as the parent 
nucleon. 
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Experimental Hall A 

…plus 
transverse 
polarized 
proton target 
for g2p 

pol. 3He target 
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EG1, EG4, EG1-DVCS 

long. pol. p, d target 



Experimental Hall C 

BETA detector 

Transverse and 
longi-tudinal 
polarized p, d 

RSS: Q2 ≈ 1.3 GeV2  
in resonance region W < 2 GeV 
SANE: wide kinematic 
coverage; focus on g2 



Spin structure functions at large x 

SU(6) 
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FIG. 1. (Color online) Our A

n
1 results in the DIS regime

(filled circles), compared with world A

n
1 data extracted us-

ing 3He targets (SLAC E142 [45], SLAC E154 [46], JLab
E99117 [38], and HERMES [42]). Selected model predictions
are also shown: RCQM [8], statistical [13, 47], NJL [14], and
(at x = 1) two DSE-based approaches [15]. Quark OAM is
assumed to be absent in the LSS(BBS) parameterization [11],
but is explicitly allowed in the Avakian et al. parameteriza-
tion [12].

measured asymmetry A

3He
1 on the nuclear target, we used

a model for the 3He wavefunction incorporating S, S0,
and D states as well as a pre-existing �(1232) compo-
nent [37]:

A

n
1 =

F

3He
2

h
A

3He
1 � 2 Fp

2

F
3He
2

PpA
p
1

⇣
1� 0.014

2Pp

⌘i

PnF
n
2

⇣
1 + 0.056

Pn

⌘
. (4)

The e↵ective proton and neutron polarizations were
taken as Pp = �0.028+0.009

�0.004 and Pn = 0.860+0.036
�0.020 [38].

F2 was parameterized with F1F209 [29] for 3He and with
CJ12 [39] for the neutron and proton, while Ap

1 was mod-
eled with a Q

2-independent, three-parameter fit to world
data [1, 28, 40–44] on proton targets. Corrections were
applied separately to the two beam energies, at the aver-
age measured Q

2 values of 2.59 (GeV/c)2 (E = 4.7 GeV)
and 3.67 (GeV/c)2 (E = 5.9 GeV). The resulting neu-
tron asymmetry, the statistics-weighted average of the
asymmetries measured at the two beam energies, is given
as a function of x in Table I and Fig. 1 and corre-
sponds to an average Q

2 value of 3.078 (GeV/c)2. Ta-
ble I also gives our results for the structure-function ratio
g

n
1 /F

n
1 = [y(1+ ✏R)]/[(1� ✏)(2� y)] · [Ak +tan(✓/2)A?],

where y = (E � E

0)/E in the laboratory frame, which
was extracted from our 3He data in the same way as An

1 .

Combining the neutron g1/F1 data with measurements
on the proton allows a flavor decomposition to separate

TABLE I. An
1 and g

n
1 /F

n
1 results.

hxi A

n
1 ± stat± syst g

n
1 /F

n
1 ± stat± syst

0.277 0.043± 0.060± 0.021 0.044± 0.058± 0.012

0.325 �0.004± 0.035± 0.009 �0.002± 0.033± 0.009

0.374 0.078± 0.029± 0.012 0.053± 0.028± 0.010

0.424 �0.056± 0.032± 0.013 �0.060± 0.030± 0.012

0.474 �0.045± 0.040± 0.016 �0.053± 0.037± 0.015

0.548 0.116± 0.072± 0.021 0.110± 0.067± 0.019

the polarized-to-unpolarized-PDF ratios for up and down
quarks, which are still more sensitive than A

n
1 to the

di↵erences between various theoretical models. When
the strangeness content of the nucleon is neglected, these
ratios can be extracted at leading order as
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u+ ū
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where R

du ⌘ (d+ d̄)/(u+ ū) and is taken from the CJ12
parameterization [39]; g

p
1/F

p
1 was modeled with world

data in the same way as Ap
1. Neglecting the strangeness

contribution results in an uncertainty of < 0.009 for
(�u+�ū)/(u+ū) and < 0.02 for (�d+�d̄)/(d+d̄). Our
results are given in Table II, and plotted in Fig. 2 along
with previous world data and selected model predictions
and parameterizations. The (�u + �ū)/(u + ū) results
reported here are dominated by proton measurements.

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

hxi �u/u± stat± syst �d/d± stat± syst

0.277 0.447± 0.011± 0.035 �0.166± 0.094± 0.029

0.325 0.505± 0.006± 0.040 �0.292± 0.055± 0.033

0.374 0.541± 0.005± 0.046 �0.252± 0.048± 0.040

0.424 0.600± 0.005± 0.052 �0.514± 0.054± 0.051

0.474 0.631± 0.006± 0.058 �0.579± 0.070± 0.067

0.548 0.642± 0.009± 0.070 �0.384± 0.138± 0.092

Our results for A

n
1 and (�d + �d̄)/(d + d̄) support

previous measurements in the range 0.277  x  0.548.
The A

n
1 data are consistent with a zero crossing between

x = 0.4 and x = 0.55, as reported by the JLab E99117
measurement [38]; a pQCD parameterization that ex-
plicitly permits quark OAM [12] is a significantly better
match to our data at large x than one that explicitly
disallows it [11]. Our extraction of (�d + �d̄)/(d + d̄)

Parno et al.,  
Phys.Lett. B744 (2015) 309-314  

Hall A Experiment  E06-014  
  Polarized 3He target, scattered electrons in Bigbite and HRS  
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Spin structure functions at large x 
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Spin structure functions at large x 

From Parno et al.,  
Phys.Lett. B744  
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Moments of spin structure functions 

ChPT 

GDH sum rule 

DIS 
pQCD 

operator product 
expansion 

quark models 
Lattice QCD? 

Q2  (GeV2) 1 

Γ1 

•  Related to matrix elements of local operators - in principle accessible to 
lattice QCD calculations 

•  Sum rules relate moments to the total spin carried by quarks in the 
nucleon and to the axial vector coupling gA of the nucleon 

•  At high Q2, can be expanded in a power series (higher twist, OPE) 
•  At low Q2, amenable to Chiral Perturbation Theory; constrained by GDH 
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…and γ0, δLT  (connection to Compton scattering) 



In order to evaluate the unmeasured parts of Γp
1 and Γn

1 at
low x, we need a model for gp1 and gn2 covering a wide
kinematic range. The model that we use here is built upon
fits to the world data of the asymmetries A1 and A2, and the
unpolarized structure functions F1 and R. Those were
modeled using a parametrization of the world data that fits
both the DIS and resonance regions with an average
precision of 2% to 3% [21]. The systematic uncertainty
was calculated by varying either F1 or R by the average
uncertainty of the fit (2%–3%) and recalculating all
quantities of interest.
For A1 and A2 we used our own phenomenological fit to

the world data, including all DIS results from SLAC,
HERA, CERN and Jefferson Lab and data in the resonance
region from MIT Bates [22] and Jefferson Lab. The
asymmetry A2 in the DIS region was modeled using the
Wandzura-Wilczek relation [23]. For systematic variations,
we included a simple functional form for an additional
twist-3 term introduced by E155 [5], and a model con-
strained by the Soffer bound [24].
At very low values of x, uncertainties in the model

increase rapidly, so we imposed a lower limit at x ¼ 0.001.
Below this value, we extrapolate directly the isovector part
of the structure function g1 using the Regge parametrization
gp−n1 ðxÞ ¼ gp−n1 ðx0Þðx0=xÞ0.89. We chose the power 0.89 so
that the Bjorken sum at Q2 ¼ 5 GeV2 from the world data
satisfies the Bjorken sum rule. Such a parametrization
agrees within 50% with the low-x parametrization

determined in Ref. [25]. We assumed a 100% uncertainty
on this contribution. The part below x ¼ 0.001 contributes
up to about 5% of the total sum.
EG1-DVCS does not cover the higher-x values. There,

we used a fit to earlier JLab data [9,11].
The new determination of Γp−n

1 is shown together with
phenomenological models in Fig. 2. The Burkert-Ioffe
model (black line) is an extrapolation of DIS data based
on vector meson dominance, complemented by a para-
metrization of the resonance contribution [26]. The Soffer-
Teryaev model (red line) uses the smoothness of g1 þ g2
with Q2 to extrapolate DIS data to lower Q2 [27]. The two
other lines are from Ref. [28]. They are updates of the
Soffer-Teryaev model using standard perturbation theory
(PT, blue line) and ghost-free analytical perturbation theory
(APT, green line) which now includes the higher-twist
terms μ4 and μ6. The higher-twist values were obtained
from fits to the JLab data [18]. The APT formalism aims at
reducing the influence of the Landau pole divergence
at ΛQCD.
The precision of the new determination of Γp−n

1 allows us
for the first time to see that the data lie systematically below
the leading-twist NNLO pQCD prediction shown by the
hatched band in Fig. 1. Although a large point-to-point
correlated contribution to the systematic uncertainty could
still make the data compatible with the leading-twist
calculation, this difference and the steeper Q2 evolution
of the data compared to the leading-twist calculation for
Q2 > 1.5 GeV2 suggest a negative higher-twist contribu-
tion to Γp−n

1 . These features are quantitatively analyzed in
the next section.
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FIG. 1 (color online). The Bjorken sum Γp−n
1 . The solid blue

circles give our results. The blue band is the systematic
uncertainty. Other symbols show the world data. For those, the
inner error bar indicates the statistical uncertainty and the outer
error bar the quadratic sum of the statistic and systematic
uncertainties. The gray band represents the leading-twist NNLO
pQCD calculation in the MS scheme.
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FIG. 2 (color online). The Bjorken sum Γp−n
1 from EG1-DVCS

(solid blue circles) compared with the phenomenological models
described in the main text.
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Why is g2 interesting ?  
•  tests twist-3 effects = quark-gluon correlations. 
•  d2 matrix element from the HT part of the g2. 

 

•  Test predictions for d2 from lattice QCD, QCD sum rules and quark 
models. 

•  d2 related to transverse color Lorentz forces on  the struck quark 
(Matthias Burkardt) – “chromodynamic lensing”:  Phys. Rev. D 88, 114502 
(2013). 
•  sign of d2 related to sign of transverse deformation (anomalous κq ) 

•  polarizabilities of color fields (with twist-4 matrix element f2) 

 



Moments of g2: BC sum rule 
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Moments of g2:d2
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New results from Hall A 
Experiment  E06-014  

dn2 ¼
d

3He
2 − ð2Pp − 0.014Þdp2

Pn þ 0.056
; ð12Þ

where Pp and Pn are the effective proton and neutron
polarizations in 3He, and the factors 0.056 and 0.014 are
due to the Δ-isobar contributions [32]. dp2 in Eq. (12) was
calculated from various global analyses [46,51–55] to be
ð−17.5% 5.3Þ × 10−4 and ð−16.9% 4.7Þ × 10−4 at the
kinematics of E06-014 at average hQ2i values of 3.21
(where Q2 ranged from about 2.0 to 4.9 GeV2=c2) and
4.32 GeV2=c2 (where Q2 ranged from about 2.6 to
6.6 GeV2=c2), respectively. Additionally, other neutron
extraction methods were studied in Ref. [57]; those results
were found to be consistent within our total uncertainty.
The dn2 values measured during E06-014 represent only

partial integrals. The full integrals can be evaluated by
computing the low- and high-x contributions. The low-x
contribution is suppressed due to the x2 weighting of the
d2 integrand, and was calculated by fitting existing gn1
[47–49,58] and gn2 [23,47,59] data. The fits to both structure
functions were dominated by the precision data from
Ref. [47], and extended in x from 0.02 to 0.25. A possible

Q2 dependence of this low-x contribution was presumed to
be negligible in this analysis. The high-x contribution,
dominated by the elastic x ¼ 1 contribution with a negli-
gible contribution from 0.9 < x < 1, was estimated using
the elastic form factors Gn

E and Gn
M, computed from the

parametrizations given in Refs. [60,61], respectively. The
individual contributions used to evaluate the full dn2 integral
are listed in Table I.
The fully integrated dn2 results from this experiment are

shown as a function ofQ2 in Fig. 2 alongwith theworld data
and available calculations. Our dn2 results are in agreement
with the lattice QCD [13] (evaluated at Q2 ¼ 5 GeV2=c2),
bag model [21] (evaluated at Q2 ¼ 5 GeV2=c2), and chiral
soliton model [22] (evaluated at Q2 ¼ 3 and 5 GeV2=c2)
calculations, which predict a small negative value of dn2 at
largeQ2.We note that at lowerQ2, the elastic contribution of
dn2 dominates the measured values and is in agreement with
the QCD sum rule calculations [19,20] (evaluated at
Q2 ¼ 1 GeV2=c2). Given our precision, we find a dn2 value
near Q2 ¼ 5 GeV2 that is about 3 standard deviations
smaller than the lowest error bar reported by SLAC E155x.
Primed with a new value of dn2 , we proceeded to

determine fn2 and extract the average electric and magnetic
color forces. The quantity fn2 was extracted following
the analysis described in Refs. [17,34]. Our fn2 extraction
used an2 matrix elements evaluated from global analyses
[46,51–55], which were found to be ð4.3% 12.1Þ × 10−4

and ð0.6%11.3Þ×10−4 at hQ2i ¼ 3.21 and 4.32 GeV2=c2,
respectively, our measured dn2 values, and the inclusion of
the Γ1 data from the JLab RSS experiment [62] and the
most recent JLab E94-010 data [63]. The singlet axial
charge ΔΣ was determined from values of Γn

1 at Q2 ≥
5 GeV2=c2 to be 0.375% 0.052, in excellent agreement
with that found in Ref. [64]. We note that our extracted fn2
values are consistent with the value found in Ref. [17]. A
summary of our fn2 and average color force values, along
with calculations from several models, are presented in
Table II.
In summary, we have measured the DSA and unpolar-

ized cross sections from a polarized 3He target, allowing for
the precision measurement of the neutron d2. We find that
dn2 is small and negative at hQ2i ¼ 3.21 and 4.32 GeV2=c2.
We find that our results are consistent with the lattice QCD
[13], bag model [21], and chiral soliton [22] predictions.

]2/c2 [GeV2Q
1 2 3 4 5

n 2d
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FIG. 2 (color). dn2 data plotted against Q2 for data with
hQ2i ≥ 1 GeV2=c2. The error bars on the world data from
E01-012 [50], E155x [23], E99-117þ E155x [24], and RSS
[62] represent the in quadrature sum of their statistical and
systematic uncertainties. Our results are displayed with and
without the low-x contribution added, and are offset in Q2 for
clarity. The inset figure zooms in around our results, with the
shaded boxes representing our systematic uncertainty.

TABLE II. Our results for fn2, F
n
E, and Fn

B compared to model calculations. The value for dn2 is assumed to be zero in the instanton
model calculation, as it is much smaller than fn2 [65]. Note that we have divided Eqs. (6) and (7) by ℏc to obtain force units of MeV=fm.

Group Q2ðGeV2=c2Þ fn2 × 10−3 Fn
E (MeV=fm) Fn

B (MeV=fm)

E06-014 3.21 43.57% 0.79stat % 39.38sys −26.17% 1.32stat % 29.35sys 44.99% 2.43stat % 29.43sys
E06-014 4.32 39.80% 0.83stat % 39.38sys −29.12% 1.38stat % 29.34sys 30.68% 2.55stat % 29.40sys
Instanton [65,66] 0.40 38.0 −30.41 30.41
QCD sum rule [12,19] 1 −13.0% 6.0 54.25% 15.52 79.52% 30.06
QCD sum rule [20] 1 10.0% 10.0 29.73% 16.62 81.75% 30.64

PRL 113, 022002 (2014) P HY S I CA L R EV I EW LE T T ER S
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022002-5

dn2 ¼
d

3He
2 − ð2Pp − 0.014Þdp2

Pn þ 0.056
; ð12Þ

where Pp and Pn are the effective proton and neutron
polarizations in 3He, and the factors 0.056 and 0.014 are
due to the Δ-isobar contributions [32]. dp2 in Eq. (12) was
calculated from various global analyses [46,51–55] to be
ð−17.5% 5.3Þ × 10−4 and ð−16.9% 4.7Þ × 10−4 at the
kinematics of E06-014 at average hQ2i values of 3.21
(where Q2 ranged from about 2.0 to 4.9 GeV2=c2) and
4.32 GeV2=c2 (where Q2 ranged from about 2.6 to
6.6 GeV2=c2), respectively. Additionally, other neutron
extraction methods were studied in Ref. [57]; those results
were found to be consistent within our total uncertainty.
The dn2 values measured during E06-014 represent only

partial integrals. The full integrals can be evaluated by
computing the low- and high-x contributions. The low-x
contribution is suppressed due to the x2 weighting of the
d2 integrand, and was calculated by fitting existing gn1
[47–49,58] and gn2 [23,47,59] data. The fits to both structure
functions were dominated by the precision data from
Ref. [47], and extended in x from 0.02 to 0.25. A possible

Q2 dependence of this low-x contribution was presumed to
be negligible in this analysis. The high-x contribution,
dominated by the elastic x ¼ 1 contribution with a negli-
gible contribution from 0.9 < x < 1, was estimated using
the elastic form factors Gn

E and Gn
M, computed from the

parametrizations given in Refs. [60,61], respectively. The
individual contributions used to evaluate the full dn2 integral
are listed in Table I.
The fully integrated dn2 results from this experiment are

shown as a function ofQ2 in Fig. 2 alongwith theworld data
and available calculations. Our dn2 results are in agreement
with the lattice QCD [13] (evaluated at Q2 ¼ 5 GeV2=c2),
bag model [21] (evaluated at Q2 ¼ 5 GeV2=c2), and chiral
soliton model [22] (evaluated at Q2 ¼ 3 and 5 GeV2=c2)
calculations, which predict a small negative value of dn2 at
largeQ2.We note that at lowerQ2, the elastic contribution of
dn2 dominates the measured values and is in agreement with
the QCD sum rule calculations [19,20] (evaluated at
Q2 ¼ 1 GeV2=c2). Given our precision, we find a dn2 value
near Q2 ¼ 5 GeV2 that is about 3 standard deviations
smaller than the lowest error bar reported by SLAC E155x.
Primed with a new value of dn2 , we proceeded to

determine fn2 and extract the average electric and magnetic
color forces. The quantity fn2 was extracted following
the analysis described in Refs. [17,34]. Our fn2 extraction
used an2 matrix elements evaluated from global analyses
[46,51–55], which were found to be ð4.3% 12.1Þ × 10−4

and ð0.6%11.3Þ×10−4 at hQ2i ¼ 3.21 and 4.32 GeV2=c2,
respectively, our measured dn2 values, and the inclusion of
the Γ1 data from the JLab RSS experiment [62] and the
most recent JLab E94-010 data [63]. The singlet axial
charge ΔΣ was determined from values of Γn

1 at Q2 ≥
5 GeV2=c2 to be 0.375% 0.052, in excellent agreement
with that found in Ref. [64]. We note that our extracted fn2
values are consistent with the value found in Ref. [17]. A
summary of our fn2 and average color force values, along
with calculations from several models, are presented in
Table II.
In summary, we have measured the DSA and unpolar-

ized cross sections from a polarized 3He target, allowing for
the precision measurement of the neutron d2. We find that
dn2 is small and negative at hQ2i ¼ 3.21 and 4.32 GeV2=c2.
We find that our results are consistent with the lattice QCD
[13], bag model [21], and chiral soliton [22] predictions.
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FIG. 2 (color). dn2 data plotted against Q2 for data with
hQ2i ≥ 1 GeV2=c2. The error bars on the world data from
E01-012 [50], E155x [23], E99-117þ E155x [24], and RSS
[62] represent the in quadrature sum of their statistical and
systematic uncertainties. Our results are displayed with and
without the low-x contribution added, and are offset in Q2 for
clarity. The inset figure zooms in around our results, with the
shaded boxes representing our systematic uncertainty.

TABLE II. Our results for fn2, F
n
E, and Fn

B compared to model calculations. The value for dn2 is assumed to be zero in the instanton
model calculation, as it is much smaller than fn2 [65]. Note that we have divided Eqs. (6) and (7) by ℏc to obtain force units of MeV=fm.

Group Q2ðGeV2=c2Þ fn2 × 10−3 Fn
E (MeV=fm) Fn

B (MeV=fm)

E06-014 3.21 43.57% 0.79stat % 39.38sys −26.17% 1.32stat % 29.35sys 44.99% 2.43stat % 29.43sys
E06-014 4.32 39.80% 0.83stat % 39.38sys −29.12% 1.38stat % 29.34sys 30.68% 2.55stat % 29.40sys
Instanton [65,66] 0.40 38.0 −30.41 30.41
QCD sum rule [12,19] 1 −13.0% 6.0 54.25% 15.52 79.52% 30.06
QCD sum rule [20] 1 10.0% 10.0 29.73% 16.62 81.75% 30.64
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New results from Hall C SANE 
Experiment  

Moments of g2:d2
p 



Super Big Bite (SBS) 

SoLID 

•  large acceptance 
•  Well-matched to high-

luminosity 3He target 

•  Large acceptance (2π) 
•  Kinematic coverage out to 

moderately large PT 
•  Capable of quite high 

luminosity (1036 cm-2s-1) 

12 GeV: NEW Capabilities - Hall A 

Bigbite with GEM tracker 



Possibilities with Bigbite and  Super-Bigbite 

6.6 GeV, BB only 

8.8  GeV, BB only  

11  GeV, BB and SBS 



12 GEV: NEW 
CAPABILITIES – HALL B 

CLAS12  

Polarized Targets 

•  VERY large acceptance 
•  Full PID (K and π)  

(K ID requires major new 
funds for RICH) 

•  Moderately high 
luminosity (1035 cm-2s-1) 
(matched to NH3, ND3) 

•  Standard DNP longitudinal 
NH3, ND3 targets  
(funded by NSF MRI, under 
construction) 

•  HD-Ice target 
(suitability for e- beam 
remains to be demonstrated) 

Future longitudinally polarized 
target for CLAS12 (11 GeV 
program at Jefferson Lab) 
•  Horizontal 4He evaporation cryostat 
•  5 T B-field provided by central detector 

CLAS12 



Hall B experiment E12-06-109: A1
p and A1

d 



Hall C experiment 
E12-06-110: A1

n 

•  SHMS + HMS pair 
•  60 µA, ~ 90% polarized 11 GeV beam 
•  Polarized 3He  target 

•  60% polarization  
•  850  hours (35 days) of data 

 
 



Hall C experiment E12-06-110: A1
n 



12 GeV projected 



Summary 
•  Jefferson lab polarized  beam combined with high luminosity 
polarized targets and large acceptance spectrometers in halls A, 
B and C provides a  unique opportunity to probe nucleon  spin 
structure in the valence region with unprecedented precision. 

•  recent results on A1
, A2, g1,  g2   for proton and neutron  

•  Δu/u, Δd/d 

•  crucial steps in understanding valence nucleon structure 

•  New results on  g2 and d2   for both neutron and proton 

•  Much more to expect with 12 GeV 


