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Overview
• Longitudinal valence structure of the nucleon

– Why do we care?
– Where are we right now? What do we need?

• Unpolarized structure function of the neutron
– The overall landscape
– BONuS12 experiment at Jefferson Lab

• Spin structure at high x
– Existing world data
– Recent results (Exp. and Theory)
– Upcoming experiments

• The polarized EMC effect
• Future Facilities – what more can we do?

– JLab at 20+ GeV?
– EIC

• Conclusions



Collinear Structure functions
• Understand origin of mass and spin of hadrons
• Important as limiting cases and constraints for 

TMDs, GPDs etc.
• Most stringent tests of pQCD, Lattice QCD and 

phenomenological models
– NN…LO + DGLAP *)

– Sophisticated and mature PDF extractions
– Well-established higher twist and target mass effects
– Quark-hadron duality 

• Important input for collider physics
• Input for investigations of modifications of 

quark distributions in nuclei “1-D” Parton Distributions (PDFs)
(integrated over all transverse variables) 

q(x;Q2 ), h ⋅H q(x;Q2 )

h = ±1

The extended PDF is then describing the parton dis-
tribution with respect to both x and kT variables. In other
words quarks can have transverse momentum with respect to
the motion of the parent hadron. The transverse momentum
of parton at initial state and inside the parent hadron is called
the intrinsic transverse momentum, denoted by kT. In the
final state the transverse momentum of parton with respect to
the momentum of produced hadron is denoted by pT. TMDs
have outstanding effect on the momentum feature of
produced hadron. They also have a crucial role to describe
the spin asymmetry in produced hadron [5] by analysing the
semi inclusive DIS (SIDIS) processes [6,7]. To achieve the
three dimensional (3D) picture of nucleon, some processes
like SIDIS are required in which one can measure the
effect of transverse momentum of partons in created hadron.
It is therefore required to consider the spin dependence of
PDFs. Early applications to polarized structure functions
were made by [8–10].
The PDFs in the polarized case are two types. The first

one is related to the longitudinal polarized quark inside the
longitudinal polarized nucleon, denoted by g1ðxÞ that is
called helicity function. The second one is related to trans-
verse polarized quark inside the transverse polarized
nucleon, denoted by h1ðxÞ and is called the transversity
function. The type of polarization is determined with respect
to moving direction of nucleon. If the parton transverse
momentum as an extra degree of freedom is also considered
then total number of PDFs, involving polarized cases, are
arising to eight ones [11]. In this article the polarized TMDs

which are even time reversal functions, based on the
covariant parton model, are investigated.
The organization of this paper is as follows. In Sec. II an

overview on theoretical aspects of polarized structure
function is done. In Sec. III the theoretical framework of
Jacobi polynomials approach is reviewed. Section IV is
devoted to discussing the target mass correction for g1 and
g2 structure functions. Additionally, in Sec. V the higher
twist effect is demonstrated for polarized structure func-
tions. In Sec. VI, which includes also some subsections, we
illustrate our QCD data analysis which we call it as MA22
analysis. To get more validation of our MA22 results, we
examine in Sec. VII several sum rules. In Sec. VIII our
predictions for polarized PDFs and structure functions
are presented. Using the results of our MA22 analysis,
some polarized TMDs can be calculated. We do it in Sec. IX.
In the last part that is Sec. X our conclusions are given.

II. LEADING TWIST SPIN DEPENDENCE OF
STRUCTURE FUNCTION

To achieve the main goal of this article to calculate the
polarized TMDs we first need to consider the DIS structure
function in the polarized case. For this purpose linear
combination of polarized parton densities and coefficient
functions can be used to express the leading twist spin-
dependent proton and neutron structure functions,
gp1ðx;Q2Þ at the next-next-to-leading-order (NNLO) accu-
racy as it follows [12–14]:

gp1ðx;Q2Þ ¼ 1
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HereΔqv,Δqs, andΔg are the polarized valence, sea, and
gluon densities, respectively. The pQCD evolution kernel
for PPDFs is now available at the NNLO accuracy in
Ref. [15–17]. The ΔCð1Þ

q and ΔCð1Þ
g in Eq. (1) are denoting

to the NLO spin-dependent quark and gluon hard scattering
coefficients, calculable in pQCD [18]. We now apply the
hard scattering coefficients, extracted at NNLO approxima-
tion. At this order the Wilson coefficients are different for
quarks and antiquarks. They are presented in Eq. (1) by
ΔCð2Þ

ns and ΔCð2Þ
s respectively and their analytical relations

have been reported in [19]. The symbol ⊗ in Eq. (1) is
representing typical convolution integral in Bjorken x-space.
The neutron structure function, gn1ðx;Q2Þ, can be

obtained from the proton one by considering isospin

symmetry. Hence the deuteron structure function at leading
twist would be available, utilizing the gp1 and gn1 structure
functions such as:

gτ2ðdÞ1 ðx;Q2Þ ¼ 1

2
fgp1ðx;Q2Þ þ gn1ðx;Q2Þg × ð1 − 1.5wDÞ;

ð2Þ

where wD ¼ 0.05% 0.01 is the probability to find the
deuteron in a D− state [20–22]. Using the Wandzura
and Wilczek (WW) relation [23] the leading twist polarized
structure function of gτ22 ðx;Q2Þ can be fully determined via
gτ21 ðx;Q2Þ structure function:
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Using recent and updated world data on polarized structure functions g1 and g2 we perform an analysis
based on quantum chromodynamics (QCD) as a theory of strong interactions at next-next-to-leading-order
accuracy. We include also target mass corrections and higher twist effects to get more precise results in our
fitting procedure. To confirm the validity of our fitting results several sum rules are examined and we do a
comparison for them with results from other models. In our analysis we employ the Jacobi polynomials
approach to obtain analytical solutions of the Dokshitzer-Gribov-LipatovAltarelli-Parisi evolution
equations for parton distribution functions (PDFs). Using the extracted PDFs from our data analysis as
input, we also compute the x- and pT-dependence of some transverse momentum dependence PDFs in
polarized case, based on covariant parton model. These functions are naively even time-reversal at twist-
two approximation. The results for transverse momentum dependences indicate proper and acceptable
behavior with respect to what are presented in other literatures.
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I. INTRODUCTION

The determination of the nucleon’s spin into its quark and
gluon components is still an important challenge in particle
physics. The deep-inelastic scattering (DIS) experiments
performed at DESY, SLAC, CERN, and JLAB have refined
our understanding of the spin distributions and revealed
the spin-dependent structure functions of the nucleon. The
polarized structure functions g1ðx;Q2Þ and g2ðx;Q2Þ are
measured in deep-inelastic scattering of a longitudinally
polarized lepton on polarized nuclear targets. We do the
required analysis on the polarized structure function to extract
the desired parton densities at the initial energy scale, Q0.
In exact consideration of inclusive processes it is

required to take into account the distributions in which
the role of transverse momentum is embedded. These
distributions are known as transverse momentum depen-
dent (TMD) distributions. TMDs are the generalization of
PDFs which provide us an extensive knowledge to

investigate the hadron structure function. In a native parton
model in which the effect of transverse momentum of a
quark is not outstanding, there is a proper computational
frame which is called the infinite momentum frame (IMF)
[1,2]. In this frame the target (nucleon) is moving fast,
comparable to speed of light and because of Lorentz
contraction the nucleon seems like a flat disc. In this case
one can imagine a transverse space position of quark inside
the disk with respect to the moving direction of the target.
This space coordinate is called the impact parameter and
is denoted usually by bT. Corresponding to the impact
parameter in coordinate space we can attribute to a quark
inside the target a transverse momentum, kT , that is
perpendicular to moving direction of nucleon. This
momentum component is ignorable against the quark
longitudinal momentum. This model then gives oversim-
plified relations between structure and distribution func-
tions. In an another model, which is called the covariant
parton model (CPM) [3], more exact but much more
complex relations between structure and distribution func-
tions are given. The original assumptions of this model are
based on covariance of relations together with a spherically
symmetric quark momenta distribution in the nucleon rest
frame where one photon exchange is used in a charged
lepton-quark interaction. The output of this model is such
that the quark transverse momentum is as important as the
longitudinal one and the transverse momentum depend-
ences of parton densities are obtained analytically [4].
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Z
1

0
dxx½gV1 ðxÞþ 2gV2 ðxÞ%

¼
Z

1

0
dxx½gp1 ðxÞ− gn1ðxÞþ 2ðgp2 ðxÞ− gn2ðxÞÞ% ¼ 0: ð26Þ

This sum rule is only valid in the case of massless quarks
and receives corrections from the quark mass but under
presence of target mass corrections is preserved [96]. Like
the BC sum rule, the ELT sum rule can be obtained by
analytical considerations of CPM. More details can be
found in [98].
By combining the data of E143 [52] and E155 [72] the

numerical value for this sum rule at Q2 ¼ 5 GeV2 is
−0.011' 0.008 and what we obtain at the same energy
scale would be 0.01017' 0.00004.

VIII. COMPARISON FOR THE SPIN
STRUCTURE FUNCTIONS

Since our QCD analysis has been validated by extracting
the PPDFs via the fitting processes and also obtaining their
evolved outputs and in continuation by considering several
sum rules, we are now at the position to investigate the
polarized structure functions. In this regard, we first back to
what we got before. Our results, MA22 PPDFs, as a
function of x at Q2

0 ¼ 1 GeV2 along with the corresponding
uncertainty bounds, is presented in Fig. 1.
The evolution of MA22 polarized parton distributions

for a selection of Q2 values indicates in Fig. 2 while for
comparison various parametrizations of KTA17 [13],
KATAO11 [24],TKAA16 [12],NAAMY21 [29] at the
NLO approximation are illustrated there. It is seen that
by increasing Q2, except for the gluon density, the
evolution of all distributions tends to flatten out the peak.
Now for the structure functions, we see that in different

panels of Fig. 3, our MA22 predictions for the polarized
structure functions of the proton xgp1 ðx;Q2Þ, neutron
xgn1ðx;Q2Þ and deuteron xgd1ðx;Q2Þ are compared with
respect to the fixed-target DIS experimental data from
E143. As we mentioned, MA22 refers to “pQCD+TMC
+HT” scenario, that is called full scenario. The results from
KATAO11 analysis in NLO approximation [24], TKAA16
analysis in NNLO approximation [12], KTA17 analysis in
NNLO approximation [13], THK14 analysis in NLO

approximation [100] and finally NAAMY21 analysis in
NLO approximation [29] are also depicted there. We find
our results are in good agreement with the experimental
data and in accord with other determinations over the entire
range of x at Q2 ¼ 5 GeV2.
Further illustrations of the fit quality are presented in

different panels of Fig. 4, for the xgi¼p;n;d
2 ðx;Q2Þ polarized

TABLE VIII. Comparison of the result of BC sum rule for Γp
2 , Γd

2 , and Γn
2 with world data from E143 [52], E155 [72], HERMES2012

[73], RSS [97], E01012 [89].

E143 [52]
0.03 ≤ x ≤ 1

Q2 ¼ 5 GeV2

E155 [72]
0.02 ≤ x ≤ 0.8
Q2 ¼ 5 GeV2

HERMES2012 [73]
0.023 ≤ x ≤ 0.9
Q2 ¼ 5 GeV2

RSS [97]
0.316 < x < 0.823
Q2 ¼ 1.28 GeV2

E01012 [89]
0 ≤ x ≤ 1

Q2 ¼ 3 GeV2

KTA17 [13]
0.03 ≤ x ≤ 1

Q2 ¼ 5 GeV2

MA22
0.03 ≤ x ≤ 1

Q2 ¼ 5 GeV2

Γp
2 −0.014' 0.028 −0.044' 0.008 0.006' 0.029 −0.0006' 0.0022 ( ( ( −0.0196' 0.0011 −0.01554' 0.00033

Γd
2

−0.034' 0.082 −0.008' 0.012 ( ( ( −0.0090' 0.0026 ( ( ( −0.0036' 0.0005 −0.00401' 0.00006
Γn
2 ( ( ( ( ( ( ( ( ( −0.0092' 0.0035 0.00015' 0.00113 0.0060' 0.0001 0.00721' 0.00033
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FIG. 1. Our MA22 results for the polarized PDFs at Q2
0 ¼

1 GeV2 as a function of x in the NNLO approximation. It is
indicated by a solid curve along with their Δχ2 ¼ 1 uncertainty
bands which is computed, based on the Hessian approach [99].
The recent results of TKAA16 (dashed-dotted) [12] is also shown
in the NNLO approximation without inclusion of HT terms and
TMCs. Additionally the KTA17(dashed) [13] in the NNLO
approximation is presented including the HT terms and TMCs.
The KATAO11(dashed-dotted-dotted) in the NLO approximation
[24] is furthermore indicated. Finally the results of NAAMY21
(dashed-dashed-dotted) [29] in the NLO approximation is also
plotted.
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Valence Region: Structure Functions for x®1
• Dominated by up and down valence quarks –> quantum numbers of the nucleon
• Important for higher power xn moments -> Mellin Moments, LQCD
• Related to high-Q2, moderate x through DGLAP

• MANY predictions based on models, pQCD and Lattice QCD *):
SU(6)-symmetric proton wave function in the “naïve” quark model:

In this model: d/u = 1/2, Du/u = 2/3, Dd/d = -1/3 for all x

Hyperfine structure effect in QM: S=1 suppressed => d/u = 0, Du/u = 1, Dd/d = -1/3
for x ® 1

pQCD: helicity conservation (q­­p) => d/u -> 2/(9+1) = 1/5, Du/u -> 1, Dd/d -> 1 for x ® 1

Other approaches: Dyson-Schwinger Equation, statistical models, pQCD + orbital angular 
momentum, AdS (Light-front holographic QCD)

*) Moments, quasi-PDFs, pseudo-PDFs



T. Liu et al., PRL 124, 8 082003 (2020)

Theoretical predictions

Latest prediction:
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FIG. 6: (Left) Parameter correlations obtained from Covij/
p

CoviiCovjj of the fit presented in Fig. 5. (Right) Derived
leading-twist valence helicity quark PDF (purple) and x-space contaminations compared with the recent global analyses
NNPDFpol1.1 [10], JAM17 [17], and JAM22 [21].

an important one to control and remove, as the e↵ect, if left unaccounted for, would impart a statistically significant
shift in the precise low-p data. The net higher-twist e↵ect on the other hand, denoted Re Yt4,t6

�
⌫, z2

�
, shown in

the upper right panel of Fig. 7 is observed to be consistent with zero for all considered z/a subject to the constraint
⌫ . 6; it is only for ⌫ & 6 that a non-trivial higher-twist e↵ect is detected by the fit for z/a & 5. By design the ratio
in Eq. (13) will cancel the leading higher twist contributions in the small ⌫ limit. Nevertheless the parameterized
power corrections in z2 are observed to be numerically small over a broad range of Io↵e-time. However, unlike the
discretization e↵ect, the parameterized leading-twist and power correction signals become comparable in precisely
the interval for which the O

�
z2n⇤2n

QCD

�
nuisance e↵ects are largest. As illustrated in the lower right panel of Fig. 7,

for ⌫ & 8 the leading-twist and O
�
z2n⇤2n

QCD

�
e↵ects are indeed of similar magnitude. Since the maximal reach in

Io↵e-time of this calculation is for ⌫max ' 9.42, we can be assured the Re Y
�
⌫, z2

�
signal is dominated by the leading-

twist contribution we aim to isolate, with the power corrections a relatively small e↵ect that we parameterize and
remove. That said, just as di↵erent experimental processes are subject to di↵erent power corrections when analyzed in
a factorization framework, it is of crucial importance to quantify where the power corrections of the reduced pseudo-
ITD become appreciable. Despite the näıve ab-initio expectations from the size of the scale z2, empirically our data
is consistent with the NLO evolution formula with small and e↵ectively zero power corrections.

In the statistical errors of this single fit, a feature common to many previous PDF analyses can be seen. The
statistical errors shrink around x ⇠ 0.1. The low x region is where the inverse problem is unreliable according to
mock data studies [100]. The individual jackknife samples will have an upward (downward) fluctuation for x above this
point and a corresponding downward (upward) fluctuation after this point creating the apparent statistical precision
around x ⇠ 0.1. This feature, is created by correlations between the parameters to satisfy the very precise constraints
of the data at low Io↵e time. In other words, the precise low ⌫ data puts a strong constraint on the value of the lowest
moment of the PDF. For this model of the PDF to enforce that constraint while fixing the well-controlled large x
region, the PDF must have corresponding upward and downward fluctuations above and below x ⇠ 0.1. The location
of this pinched point will be model dependent. In the subsequent model averaging procedure of Sec. V A, these model
dependent features will be seen to average away. This demonstrates the importance of studying many solutions to
the inverse problem simultaneously.

In Fig. 8 a representative fit to Im Y
�
⌫, z2

�
is illustrated, where the data have again been cut on platt 2 [1, 6]

and z/a 2 [2, 8], and the basis of Jacobi polynomials describing the leading-twist and nuisance terms have been
truncated at orders (Nlt, Naz, Nt4, Nt6) = (3, 2, 2, 1). As in the fit to Re Y

�
⌫, z2

�
, the most precise platt = 1 data for

each z/a 2 [2, 8] acts as the principal constraint for the candidate model, thereby limiting its statistical fluctuations
estimated via jackknife. For this model, there is a tension with the least precise platt = 5, 6 data points for most z/a.
Given that this is only a single model within a large space of models that regularize the inverse problem we face, it
is not unreasonable to expect this tension to soften following a model averaging prescription. The parameters of this
fit to Im Y

�
⌫, z2

�
are given in Tab. III. Turning to the fit parameter covariance of this fit, shown in Fig. 9, similarly
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Aix Marseille Univ, Université de Toulon, CNRS, CPT, Marseille, France.

(Dated: November 9, 2022)

The non-singlet helicity quark parton distribution functions (PDFs) of the nucleon are determined
from lattice QCD, by jointly leveraging pseudo-distributions and the distillation spatial smearing
paradigm. A Lorentz decomposition of appropriately isolated space-like matrix elements reveals
pseudo-distributions that contain information on the leading-twist helicity PDFs, as well as an
invariant amplitude that induces an additional z2 contamination of the leading-twist signal. Novel to
this calculation is the establishment of a prescription for rigorously removing this contamination from
the leading-twist signal. An analysis of the short-distance behavior of the leading pseudo-distribution
using matching coe�cients computed to next-to-leading order (NLO) exposes the desired PDF. Due
to the non-conservation of the axial current, we elect to isolate the helicity PDFs normalized by
the nucleon axial charge at the same scale µ2. In particular, the leading-twist helicity PDFs as
well as several sources of systematic error, such as higher-twist e↵ects and discretization errors,
are jointly determined by characterizing the computed pseudo-distributions in a basis of Jacobi
polynomials. The Akaike Information Criterion is exploited to e↵ectively average over distinct
model parameterizations and cuts on the leading pseudo-distribution. Encouraging agreement is
observed with recent global analyses of each non-singlet quark helicity PDF, notably a rather small
non-singlet anti-quark helicity PDF for all quark momentum fractions.

I. INTRODUCTION

One of the primary foci of the nuclear physics community in the last three decades has been to discern the origin of
the proton’s spin in terms of its quark and gluon, collectively partonic, constituents. E↵orts to resolve the dynamical
origin of the proton’s spin date to the earliest measurements of the spin-dependent structure functions describing
polarized inclusive deep-inelastic scattering (DIS) cross sections [1], which, remarkably, found that the total quark
spin contributes only marginally to the total spin of the nucleon.

The bulk of the information concerning the quark helicity parton distribution functions (PDFs) is deduced from
polarized DIS data, where, for a parity-conserving interaction the hadronic tensor is described in terms of the polarized
structure functions g1

�
x, Q2

�
and g2

�
x, Q2

�
[2–5]. Within the parton model [6–8], the g1

�
x, Q2

�
structure function is

readily interpreted as a linear combination of the quark and anti-quark helicity PDFs, appearing often in the literature
as gq/q̄ (x) or �q/q̄ (x). These PDFs quantify the helicity asymmetry of quarks and anti-quarks, respectively, within
a hadronic state of definite helicity.

The first determination of the polarized PDFs of the nucleon from a global analysis of longitudinally polarized
DIS data was presented by the NNPDF collaboration in Ref. [9], and extended shortly thereafter in Ref. [10] to
include contemporary polarized hadron collider data for inclusive jet and W -production from the STAR [11–14] and
PHENIX [15, 16] experiments at RHIC. Although the inclusion of the STAR and PHENIX data in NNPDF’s updated
helicity PDF set, called NNPDFpol1.1, did not extend the kinematic coverage of the helicity PDFs exposed by the
polarized DIS data, the data did further constrain helicity PDF combinations accessible from polarized DIS alone
and provided insight on novel helicity PDF combinations, such as �ū. In particular, the first Mellin moments of the
polarized quark and anti-quark distributions were found to confirm that the nucleon receives only a small component
of its spin from the intrinsic spin of its quark constituents, although the precision of the polarized moments were
limited by extrapolation into the unmeasured small-x regime.

Additional constraints on the quark helicity PDFs are provided by polarized semi-inclusive DIS (SIDIS), but
require simultaneous knowledge of the relevant fragmentation functions that characterize the emergence of an observed
hadron(s) from the struck parton. While NNPDFpol1.1 did not include light-quark SIDIS data, whose structure
functions factorize into a convolution of the helicity PDFs and non-perturbative fragmentation functions, the Je↵erson
Lab Angular Momentum (JAM) collaboration performed the first simultaneous global analysis of polarized DIS and
SIDIS data at NLO [17]. The analysis, denoted JAM17 by the authors, leveraged e+e� single-inclusive annihilation
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The non-singlet helicity quark parton distribution functions (PDFs) of the nucleon are determined
from lattice QCD, by jointly leveraging pseudo-distributions and the distillation spatial smearing
paradigm. A Lorentz decomposition of appropriately isolated space-like matrix elements reveals
pseudo-distributions that contain information on the leading-twist helicity PDFs, as well as an
invariant amplitude that induces an additional z2 contamination of the leading-twist signal. Novel to
this calculation is the establishment of a prescription for rigorously removing this contamination from
the leading-twist signal. An analysis of the short-distance behavior of the leading pseudo-distribution
using matching coe�cients computed to next-to-leading order (NLO) exposes the desired PDF. Due
to the non-conservation of the axial current, we elect to isolate the helicity PDFs normalized by
the nucleon axial charge at the same scale µ2. In particular, the leading-twist helicity PDFs as
well as several sources of systematic error, such as higher-twist e↵ects and discretization errors,
are jointly determined by characterizing the computed pseudo-distributions in a basis of Jacobi
polynomials. The Akaike Information Criterion is exploited to e↵ectively average over distinct
model parameterizations and cuts on the leading pseudo-distribution. Encouraging agreement is
observed with recent global analyses of each non-singlet quark helicity PDF, notably a rather small
non-singlet anti-quark helicity PDF for all quark momentum fractions.

I. INTRODUCTION

One of the primary foci of the nuclear physics community in the last three decades has been to discern the origin of
the proton’s spin in terms of its quark and gluon, collectively partonic, constituents. E↵orts to resolve the dynamical
origin of the proton’s spin date to the earliest measurements of the spin-dependent structure functions describing
polarized inclusive deep-inelastic scattering (DIS) cross sections [1], which, remarkably, found that the total quark
spin contributes only marginally to the total spin of the nucleon.

The bulk of the information concerning the quark helicity parton distribution functions (PDFs) is deduced from
polarized DIS data, where, for a parity-conserving interaction the hadronic tensor is described in terms of the polarized
structure functions g1

�
x, Q2

�
and g2

�
x, Q2

�
[2–5]. Within the parton model [6–8], the g1

�
x, Q2

�
structure function is

readily interpreted as a linear combination of the quark and anti-quark helicity PDFs, appearing often in the literature
as gq/q̄ (x) or �q/q̄ (x). These PDFs quantify the helicity asymmetry of quarks and anti-quarks, respectively, within
a hadronic state of definite helicity.

The first determination of the polarized PDFs of the nucleon from a global analysis of longitudinally polarized
DIS data was presented by the NNPDF collaboration in Ref. [9], and extended shortly thereafter in Ref. [10] to
include contemporary polarized hadron collider data for inclusive jet and W -production from the STAR [11–14] and
PHENIX [15, 16] experiments at RHIC. Although the inclusion of the STAR and PHENIX data in NNPDF’s updated
helicity PDF set, called NNPDFpol1.1, did not extend the kinematic coverage of the helicity PDFs exposed by the
polarized DIS data, the data did further constrain helicity PDF combinations accessible from polarized DIS alone
and provided insight on novel helicity PDF combinations, such as �ū. In particular, the first Mellin moments of the
polarized quark and anti-quark distributions were found to confirm that the nucleon receives only a small component
of its spin from the intrinsic spin of its quark constituents, although the precision of the polarized moments were
limited by extrapolation into the unmeasured small-x regime.

Additional constraints on the quark helicity PDFs are provided by polarized semi-inclusive DIS (SIDIS), but
require simultaneous knowledge of the relevant fragmentation functions that characterize the emergence of an observed
hadron(s) from the struck parton. While NNPDFpol1.1 did not include light-quark SIDIS data, whose structure
functions factorize into a convolution of the helicity PDFs and non-perturbative fragmentation functions, the Je↵erson
Lab Angular Momentum (JAM) collaboration performed the first simultaneous global analysis of polarized DIS and
SIDIS data at NLO [17]. The analysis, denoted JAM17 by the authors, leveraged e+e� single-inclusive annihilation
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ū
.

In
p
articu

lar,
th

e
fi
rst

M
ellin

m
om

ents
of

th
e

p
olarized

qu
ark

an
d

anti-qu
ark

d
istrib

u
tion

s
w

ere
fou

n
d

to
con

fi
rm

th
at

th
e

nu
cleon

receives
on

ly
a

sm
all

com
p
on

ent
of

its
sp

in
from

th
e

intrin
sic

sp
in

of
its

qu
ark

con
stitu

ents,
alth

ou
gh

th
e

p
recision

of
th

e
p
olarized

m
om

ents
w

ere
lim

ited
by

extrap
olation

into
th

e
u
n
m

easu
red

sm
all-x

regim
e.

A
d
d
ition

al
con

straints
on

th
e

qu
ark

h
elicity

P
D

F
s

are
p
rovid

ed
by

p
olarized

sem
i-in

clu
sive

D
IS

(S
ID

IS
),

b
u
t

requ
ire

sim
u
ltan

eou
s
kn

ow
led

ge
of

th
e

relevant
fragm

entation
fu

n
ction

s
th

at
ch

aracterize
th

e
em

ergen
ce

of
an

ob
served

h
ad

ron
(s)

from
th

e
stru

ck
p
arton

.
W

h
ile

N
N
P
D
F
p
o
l
1
.
1

d
id

n
ot

in
clu

d
e

light-qu
ark

S
ID

IS
d
ata,

w
h
ose

stru
ctu

re
fu

n
ction

s
factorize

into
a

convolu
tion

of
th

e
h
elicity

P
D

F
s
an

d
n
on

-p
ertu

rb
ative

fragm
entation

fu
n
ction

s,
th

e
Je↵

erson
L
ab

A
n
gu

lar
M

om
entu

m
(JA

M
)

collab
oration

p
erform

ed
th

e
fi
rst

sim
u
ltan

eou
s

glob
al

an
alysis

of
p
olarized

D
IS

an
d

S
ID

IS
d
ata

at
N

L
O

[17].
T

h
e

an
alysis,

d
en

oted
J
A
M
1
7

by
th

e
au

th
ors,

leveraged
e
+
e �

sin
gle-in

clu
sive

an
n
ih

ilation

arXiv:2211.04434v1  [hep-lat]  8 Nov 2022



High-x PDFs: Input for
Collider experiments

Ex.: High-Precision Measurement of the 
W Boson Mass with the CDF II Detector 
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Parton Distribution Functions

● Affect W boson kinematic line-shapes through acceptance cuts

● We use NNPDF3.1 as the default NNLO PDFs

● Use ensemble of  25 'uncertainty' PDFs => 3.9 MeV   

– Represent variations of eigenvectors in the PDF parameter space

–  compute δMW contribution from each error PDF

● Central values from NNLO PDF sets CT18, MMHT2014 and
NNPDF3.1 agree within 2.1 MeV of their midpoint

● As an additional check, central values from NLO PDF sets ABMP16,
CJ15, MMHT2014 and NNPDF3.1 agree within 3 MeV of their
midpoint

● Missing higher-order QCD effects estimated to be 0.4 MeV 

– varying the factorization and renormalization scales

– comparing two event generators with different resummation and
non-perturbative schemes. 

71A. V. Kotwal, JLab Users Meeting, 6/14/22

W Boson Mass Measurements from Different Experiments

SM expectation: M
W

 = 80,357 ± 4
inputs

 ± 4
theory

 (PDG 2020)

LHCb measurement : M
W

 = 80,354 ± 23
stat

 ± 10
exp

 ± 17
theory

 ± 9
PDF  

[JHEP 2022, 36 (2022)]  

Ashutosh Kotwal, Duke University 
Jefferson Lab Users Meeting June 14, 2022 
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Parton Distribution Functions

● Affect W boson kinematic line-shapes through acceptance cuts

● We use NNPDF3.1 as the default NNLO PDFs

● Use ensemble of  25 'uncertainty' PDFs => 3.9 MeV   

– Represent variations of eigenvectors in the PDF parameter space

–  compute δMW contribution from each error PDF

● Central values from NNLO PDF sets CT18, MMHT2014 and
NNPDF3.1 agree within 2.1 MeV of their midpoint

● As an additional check, central values from NLO PDF sets ABMP16,
CJ15, MMHT2014 and NNPDF3.1 agree within 3 MeV of their
midpoint

● Missing higher-order QCD effects estimated to be 0.4 MeV 

– varying the factorization and renormalization scales

– comparing two event generators with different resummation and
non-perturbative schemes. 
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The mass of the W boson, a mediator of the weak force between elementary particles, is tightly constrained
by the symmetries of the standard model of particle physics. The Higgs boson was the last missing
component of themodel. After observation of the Higgs boson, a measurement of theW bosonmass provides a
stringent test of the model. We measure the W boson mass, MW, using data corresponding to 8.8 inverse
femtobarns of integrated luminosity collected in proton-antiproton collisions at a 1.96 tera–electron
volt center-of-mass energy with the CDF II detector at the Fermilab Tevatron collider. A sample of approximately
4 million W boson candidates is used to obtain MW ¼ 80;433:5 T 6:4stat T 6:9syst ¼ 80;433:5 T 9:4MeV=c2,
the precision of which exceeds that of all previous measurements combined (stat, statistical uncertainty;
syst, systematic uncertainty; MeV, mega–electron volts; c, speed of light in a vacuum). This measurement
is in significant tension with the standard model expectation.

T
he observation of the Higgs boson (1–4)
at the LargeHadron Collider (LHC) (5, 6)
has validated the last missing piece of the
standard model (SM) (7–9) of elementary
particle physics. This model, which incor-

porates quantum mechanics, special relativity,
gauge symmetry, and group theory, currently
describes most particle physics measurements
with high accuracy. It postulates a number of

experimentally established symmetries among
particle properties, which tightly constrain the
parameters of the model from experimental
data (10). Given the current experimental preci-
sion and the predictive power of the SM, global
fits of themodel to the data render precise esti-
mates of fundamental parameters, such as the
mass of theW boson. As one of the mediators
of the weak nuclear force, this particle is a key

component of the SM framework. Itsmass, one
of the most important parameters in particle
physics, is presently constrained by SM global
fits to a relative precision of 0.01%, providing a
strongmotivation to test the SM bymeasuring
theWbosonmass to the same level of precision.
All fundamental particle masses, including

that of the W boson, are generated in the SM
through interactions with the condensate of
the Higgs field in the vacuum. The formation
of the condensate and the quantum excitation
of this field, the Higgs boson (2–4), are param-
etrized but not explained by the SM. A number
of hypotheses have been promulgated to pro-
vide a deeper explanation of theHiggs field, its
potential, and the Higgs boson. These include
supersymmetry—a spacetime symmetry relat-
ing fermions and bosons [(11) and references
therein]—and compositeness, in which addi-
tional strong confining interactions produce
the Higgs boson as a bound state [(12) and
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“For example, the cj15 set includes all Tevatron data on the W -charge asymmetry, as well as the lepton- charge asymmetry 
from W boson decays and quasi-free neutron scattering data from the Jefferson Lab BONuS experiment [95, 96] “
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ATLAS-CONF-2022-061

• Differential and double differential distributions 

• Full Run-2, eµ final state

• Inclusive production cross section 


• σtt =836±1(stat)±12(syst)±16(lumi)±2(beam)pb

TOPQ-2017-08
• Run-1, 7 TeV l+jets 
• Multidimensional event classifier based on support 

vector machines  
• σtt=168.5±0.7 (stat.)+6.2−5.9 (syst.)+3.4−3.2 (lumi.) pb

arXiv:2212.00571 

TOPQ-2018-40

• 5.02 TeV 
• dilepton and single-lepton 

• σtt=67.5±0.9(stat.)±2.3(syst.)

±1.1(lumi.)±0.2(beam) pb  

• Relative uncertainty~3.9%

• In agreement with theoretical 

QCD calculations at NNLO 

• Constrains proton parton 

distribution functions at large 
Bjorken-x

arXiv:2207.01354



Unpolarized PDFs– high x
Nucleon Model F2
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PQCD 
(helicity conservation) 3/7 0.2
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helicity

Phys. Rev. D 93, 114017 (2016)

Figure 8. Comparison between the global-base, global-ite2-dw and global-ite2-sh global fits of proton
PDFs. The up, antiup, down and antidown PDFs, normalised to the global-base fit (left) and the
corresponding relative uncertainties (right) are shown at Q = 10 GeV. Dashed lines denote one sigma
uncertainties, while plain bands 68% confidence level intervals. The ReportEngine software [36] was
used to generate this figure.
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Spin Structure Functions 
in the last 40 years
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Kinematic coverage –

World DIS data on g1p

A1p

“EG1 fit” of the World 
Data

Nobuo Sato, W. Melnitchouk, S. E. Kuhn, J. J. Ethier, and A. 
Accardi:”Iterative Monte Carlo analysis of spin-dependent parton 
distributions”, Phys. Rev. D 93, 074005 (5 April 2016).

A. Deur, Y. Prok, V. Burkert, D. Crabb, F.-X. Girod, K. A. 
Griffioen, N. Guler, S. E. Kuhn, and N. Kvaltine: “High precision 
determination of the Q2 evolution of the Bjorken sum”, Phys. Rev. 
C 90, 012009 (July 2014). 

distribution illustrates the point that in the Monte Carlo
approach there is noguarantee that the final posteriorswill be
clustered in a specific region of parameter space. For
example, two distinct solutions can describe the same PDF
insomeneighborhoodofx,whiledeviatinginotherx regions;
data cannot distinguish the two solutions due to correlations.
Such apicture ofmultiple regions and error bands is absent in
traditional single-fit analyses, where the effect of adding
more data means that the χ2 is steeper around the minimum.
While this is also true for Monte Carlo fits, in the IMC
approach, however, the error bands in practice cover more
than one minimum, if multiple solutions are present.
The Δsþ PDF is also indirectly impacted by the different

Q2 evolution of the singlet and nonsinglet distributions,
especially with the greater statistics at lower Q2 values
afforded by the Jefferson Lab data. The Q2 evolution also
provides a way of indirectly constraining the polarized
gluon distribution Δg, in the absence of jet data from
polarized pp collisions [5] in the current analysis. Indeed,
as Fig. 15 indicates, the new Jefferson Lab results actually
prefer a more positive Δg distribution at intermediate x
values, x ≈ 0.1–0.5, with a smaller spread of possible
behaviors, but with still large uncertainties at lower x.

In the higher-twist sector, as one might expect, the
greater abundance of lower-Q2 data provides even more
stringent constraints on the twist-3 and twist-4 distribu-
tions. In particular, the global analysis reveals that with the
addition of Jefferson Lab data the twist-3 Du distribution
becomes more positive at x > 0.1, while theDd distribution
effectively switches sign to become negative and smaller
in magnitude. The twist-3 distributions thus acquire the
same signs for the u and d flavors as their twist-2 PDF
analogs.
For the twist-4 distributions, while Hp and Hn are

largely unconstrained in the fit without Jefferson Lab data,
in the full fit the spread is reduced considerably, and the
results for both distributions are consistent with zero. The
dominant contributions of the higher twists to the DIS
asymmetries are therefore driven by the twist-3 terms.

D. JAM15 distributions and moments

The final distributions for the full JAM15 fit are
displayed in Fig. 16 as a function of x at fixed
Q2 ¼ 1 GeV2, with the leading-twist PDFs and the
higher-twist distributions for different flavors shown on
the same graph for comparison. To illustrate the

FIG. 15. Comparison of the JAM15 IMC fits (red curves, with the average indicated by the black solid curve) with corresponding fits
excluding all Jefferson Lab data (yellow curves, with the average given by the black dashed curve) for the twist-2 PDFs Δuþ, Δdþ, Δsþ
and Δg, the twist-3 distributions Du and Dd, and the twist-4 functions Hp and Hn at Q2 ¼ 1 GeV2. Note that x times the distribution is
shown. For illustration each distribution is represented by a random sample of 50 fits.

SATO, MELNITCHOUK, KUHN, ETHIER, and ACCARDI PHYSICAL REVIEW D 93, 074005 (2016)

074005-20



Existing Spin Structure Functions at high x

Valence quark polarization
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P(↵), where ↵ is the factor by which the uncertainty on
the new data must be rescaled in order for both the prior
and the reweighted sets to be consistent with each other
(see Eq. (12) in Ref. [31]). If the modal value of ↵ is close
to unity, the new data is consistent with the old, and its
uncertainties have been correctly estimated.

I perform a simultaneous reweighting of the NNPDF-
pol1.1 parton set with all the data sets listed in Tab. I. In
Tab. II, I show the values of the �2 per data point after
reweighting, �2

rw/Ndat, the number of e↵ective replicas,
Ne↵ , and the modal value of the P(↵) distribution, h↵i.
The corresponding asymmetries, after reweighting with
the new data, are displayed in Figs. 1-2-3, on top of their
counterparts before reweighting.

The value of the �2 per data point always decreases
after reweighting. The improvement is marked for the
W -boson production data, moderate for the di-jet pro-
duction data and only slight for the neutral pion pro-
duction data. This is expected, since the first data set
has the smallest uncertainties, among all, in compari-
son to the PDF uncertainties on the theoretical predic-
tions. This suggests that this data is bringing in a sig-
nificant amount of new information. After reweighting,
the �2 per data point is of order one for all the new data
sets. However, in the case of W -boson and neutral pion
production asymmetries, these numbers should be taken
with care, because a complete information on correlated
systematics is not available. This is the reason why the
reweighted �2 is smaller than one for these sets, except
for the W+ production data. In this case, the value of
the �2 is raised by a sizable contribution coming from the
point with the largest positron rapidity, which disagrees
by about two sigma with the reweighted theoretical pre-
diction and the previous STAR measurement from run
2010-2011 (see also Fig. 4 in ref [19]).

The number of e↵ective replicas after reweighting de-
pends significantly on the data set. The size of the
reweighted parton set is about 90% of the original
NNPDFpol1.1 parton set (made of Nrep = 100 replicas)
for di-jet and pion production data, while it is only about
30%-40% for W -boson production data. This result re-
flects the di↵erent constraining power of the various data
sets, which is maximized in the last case. In principle,
a prior ensemble with a larger number of replicas should
then be needed for the reweighted ensemble to sample the
probability density in the space of PDFs with as much ac-
curacy. However this is not relevant here, as reweighted
results only serve to assess the impact of the new data,
and are not used to construct a new parton set.

The modal value of the P(↵) distribution is of order
one for all the new data sets. Values of h↵i slightly larger
than one are found for the W -boson production data: in
the case of W�, this is mostly determined by a sizable
fluctuation of one data point (around ⌘e

� ⇠ 0.25) with
respect to the shape of the corresponding asymmetry; in
the case of W+, this is mostly determined by the fourth
data point (around ⌘e

+ ⇠ 0.75), which, as already noted,
disagrees by about two sigma with the reweighted theo-
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FIG. 4. A comparison of polarized PDFs before and after the
simultaneous reweighting of NNPDFpol1.1 with the data sets
listed in Tab. I. From left to right, top to bottom, the singlet,
�⌃, the gluon, �g, and the up and down sea quarks, �ū
and �d̄, are displayed. Parton distributions are evaluated at
µ2 = 10 GeV. Bands represent one-sigma uncertainties; they
are also shown in the lower inset of each panel.

retical prediction. Values of h↵i slightly smaller than one
are found for the neutral pion production data, thus sug-
gesting that experimental uncertainties are likely to be
overestimated, possibly because of the lack of a complete
information on correlations among systematics.
In Fig. 4, I compare the polarized PDFs before and af-

ter the simultaneous reweighting of NNPDFpol1.1 with
the data sets listed in Tab. I. From left to right, top
to bottom, I show the singlet (for nf active flavors),
�⌃ =

Pnf

i=1(�qi +�q̄i), the gluon, �g, and the up and
down sea quarks, �ū and �d̄. Parton distributions are
evaluated at µ2 = 10 GeV2. Bands represent one-sigma
uncertainties, which are also displayed separately in the
lower inset of each panel.
The impact of the wew data on the polarized PDFs of

the proton is twofold. On the one hand, it induces a shift
of the PDF central values, as a consequence of the ad-
justment to the shape of the corresponding asymmetries.
Specifically, the central value of �g increases by about
30% of its original value in the region 0.1 . x . 0.2; the
central value of �ū increases by about 25% and that of
�d̄ decreases by about 10% approximately in the same
region of x wher also �g is a↵ected. On the other hand,
the new data induces a reduction of the PDF uncertain-
ties, as a consequence of the improved precision of the
corresponding asymmetries. For �g and �d̄ such a re-
duction is moderate, and not larger than 5% of its orig-
inal value; for �ū it is fairly more pronounced, around
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Model Refs. d/u �d/�u �u/u �d/d An
1 Ap

1

SU(6) [45] 1/2 �1/4 2/3 �1/3 0 5/9
RCQM [47] 0 0 1 �1/3 1 1
QHD (�1/2) [48] 1/5 1/5 1 1 1 1
QHD ( ⇢) [48] 0 0 1 �1/3 1 1
NJL [49] 0.20 �0.06 0.80 �0.25 0.35 0.77
DSE (realistic) [50] 0.28 �0.11 0.65 �0.26 0.17 0.59
DSE (contact) [50] 0.18 �0.07 0.88 �0.33 0.34 0.88
pQCD [54] 1/5 1/5 1 1 1 1

NNPDF (x = 0.7) [16, 20] 0.22± 0.04 �0.07± 0.12 0.07± 0.05 �0.19± 0.34 0.41± 0.31 0.75± 0.07
NNPDF (x = 0.8) [16, 20] 0.18± 0.09 0.12± 0.23 0.70± 0.13 0.34± 0.67 0.57± 0.61 0.75± 0.12
NNPDF (x = 0.9) [16, 20] 0.06± 0.49 0.51± 0.69 0.61± 0.48 0.85± 6.55 0.36± 0.61 0.74± 0.34

Table 2: A collection of several model expectations for various ratios of polarized/unpolarized PDFs and spin-dependent neutron
and proton asymmetries, An

1 and Ap
1, at x ! 0. The NNPDF prediction, obtained using unpolarized NNPDF2.3 [20] and polarized

NNPDFpol1.1 [16] parton sets, is shown at Q2 = 4 GeV2 for di↵erent values of x.
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Figure 4: The ratio of polarized to unpolarized total u (left) and d (right) quark combinations as a function of x. Predictions
obtained with NNPDF and DSSV08 parton sets are compared with expectations provided by various theoretical models, see the text
for details. All results are displayed at Q2 = 4 GeV2.

fails in the description of the ratio of polarized to un-
polarized PDFs: indeed, it assumes zero gluon polar-
ization at the initial input scale Q2 = 4 GeV2, while
recent jet production data in polarized pp collisions
at RHIC [58] have definitely pointed towards a pos-
itive gluon polarization [15, 16]2. The RCQM [47]
slightly overestimates the NNPDF result for the neu-
tron photoabsorption asymmetry An

1 in the x re-
gion covered by experimental data, with which the
NNPDF result is in good agreement. A substantial
discrepancy is also seen between the LSS(BBS) [43]
and the NNPDF predictions, the former always be-
ing larger than the latter. A reasonable agreement

2The original analysis in Ref. [42] has been recently revised [59],
allowing for a nonzero gluon polarization at the initial input scale.
A large gluon polarization, comparable with that of Refs. [15, 16], is
found in Ref. [59].

is finally found between NNPDF and both the NJL
model [49] and the parameterization by Avakian et
al. [55], which explicitly included subleading terms
of the form ln2(1� x) in the PDF parameterization.

• The comparison between predictions obtained from
global QCD analyses, namely NNPDF and DSSV08, is
interesting in two respects. Concerning the ratio of
polarized to unpolarized total u and d quark com-
binations, the two parton sets are in perfect agree-
ment at x . 0.3, while they are slightly di↵erent at
x & 0.3. Interestingly, for d quarks, the NNPDF pre-
diction turns up to positive values around x = 0.75,
while the DSSV08 prediction remains negative. Con-
cerning the ratio of polarized to unpolarized gluon,
the NNPDF prediction is larger than the DSSV08 pre-
diction. This is due to the di↵erent behavior of the
polarized gluon in the two parton sets: indeed, this
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FIG. 3. Light sea quark polarization ratios �q/q at Q2 =
10 GeV2: [top panel] u and d (coral and skyblue 1� bands),
[bottom panel] ū and d̄ (red and blue 1� bands), compared
with results with positivity constraints (hatched bands).

a slight deviation from zero at high values of x. This is
consistent with this fit taking the DSSV result [47] as
the prior for �ū and �d̄, but with 4� uncertainty, and
including the older STAR W data [43] in their reweight-
ing analysis. Our analysis is thus the first data-driven
extraction of a nonzero polarized antiquark asymmetry.

The results for the light quark polarization ratios �q/q
are shown in Fig. 3. As is well known, the polarization is
positive for u quarks and negative for d quarks. Without
positivity constraints, a nonzero ratio can be extracted
for u up to x ⇡ 0.8 and for d up to x ⇡ 0.6. With positiv-
ity constraints this is extended further up to x ⇡ 0.85 and
x ⇡ 0.7 for u and d, respectively. Given the phenomeno-
logical interest in the behavior of �q/q as x ! 1 [67–69],
our simultaneous extraction of unpolarized and helicity
PDFs including the W -lepton data provides the most re-
liable determination of the ratios to date.

The inclusion of the latest W data also provides unam-
biguous signs for �ū and �d̄, leading to a positive �ū/ū
and a negative �d̄/d̄, matching their quark counterparts.
Without (with) positivity constraints, �ū/ū can be dis-
tinguished from zero up to values of x ⇡ 0.25 (x ⇡ 0.35),
while for �d̄/d̄ it can be distinguished from zero up to
x ⇡ 0.35 (x ⇡ 0.4). As with the asymmetry, the inclu-
sion of positivity constraints makes little di↵erence below
x = 0.1 for both the quarks and antiquarks but reduces

FIG. 4. Truncated integrals
R 1

0.01
dx�q(x) at Q2 = 4 GeV2

for �u+, �d+, �ū and �d̄ from this analysis (red rectangles)
compared with the fit without the RHIC W/Z data (cyan)
and with positivity constraints (small hatched squares with-
out RHIC, and black squares with RHIC). The vertical height
of the bands represents 1� uncertainty.

the uncertainties at larger x.

Finally, in Fig. 4 we show the truncated integralR 1
0.01 dx�q(x) at Q2 = 4 GeV2 for the light quarks and
antiquarks before and after including the RHIC W data.
The lower limit of integration is chosen to roughly match
the lower x limit of the data. We see an improvement for
�u+ and �d+ of roughly 25 to 50%, while for the light
antiquarks the improvement is as much as 80%. While
prior to the inclusion of RHIC W data the sign of the an-
tiquark contributions to the proton spin was unknown,
after including these data we find that �ū (�d̄) provides
a small but unambiguously positive (negative) contribu-
tion to the proton spin. Prior to the inclusion of the
RHIC data, the results for �ū and �d̄ depend heav-
ily on the inclusion of positivity constraints. When the
RHIC data are included, however, this dependence is sig-
nificantly reduced, allowing for an extraction that is far
less dependent on theoretical assumptions.

Our truncated moments for �u+ and �d+, with val-
ues 0.779(34) and �0.370(40), respectively, are only
slightly smaller in magnitude than the corresponding
full moments from lattice QCD calculations, which find
0.864(16) for �u+ and �0.426(16) for �d+ [70]. This
comparison suggests that the contributions to the light
quark moments below x = 0.01 must be small. Inter-
estingly, we note that the contributions from �ū and
�d̄ (+0.061(30) and �0.065(35), respectively) approxi-
mately cancel in the sum.

Outlook.— Our analysis provides the first data-driven
extraction of a nonzero polarized sea asymmetry, using
the latest W -lepton data from RHIC, within a simultane-
ous global QCD analysis of polarized PDFs, unpolarized
PDFs, and pion and kaon FFs. This also provides the
first self-consistent extraction of the light quark polariza-
tions and shows a nonzero contribution to the proton’s
spin from the light antiquarks.
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FIG. 6. Expectations values for spin-dependent �u+, �d+, �s+, and �g PDFs at Q2 = 10 GeV2

fitted under various theory assumptions according to the SU(2) (yellow 1� bands), SU(3) (blue

1� bands) and SU(3)+positivity (red 1� bands) scenarios, as well as with the SU(2) scenario but

filtered to ensure ALL positivity at large x (dashed lines).

to the relatively larger uncertainties on the helicity PDFs in the absence of the SU(3) fla-

vor symmetry constraint. Conversely, the more restrictive SU(3)+positivity scenario yields

narrower error bands for pT & 30 GeV as a result of the significant suppression of the �g

solution space from the positivity constraints, as we discuss next.

To illustrate more explicitly the influence of theoretical assumptions on the PDFs and

their uncertainties, we compare in Fig. 6 the �u
+, �d

+, �s
+ and �g distributions at

Q
2 = 10 GeV2 for the di↵erent scenarios with SU(2), SU(3), or SU(3)+positivity constraints.

For the least constrained fit with only the SU(2) relation in Eq. (12a) imposed, the �u
+ and

�d
+ PDFs are reasonably well determined, while the �s

+ and �g distributions have very

large uncertainties and are consistent with zero. The imposition of the SU(3) relation in

Eq. (12b) has a dramatic e↵ect on the polarized quark PDF uncertainties, especially for the

�s
+ distribution, but also on the nonstrange spin PDFs which have reduced uncertainties.

Interestingly, the uncertainty on the gluon polarization �g is not a↵ected significantly and
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PhysRevLett.128.132003

Dark Symbols: W* > 2 GeV (x* up to 0.8, bin centered x* = 0.76)

Open Symbols: “Relaxed cut”W* > 1.8 GeV (x* up to 0.83)

…also: Additional data from ALERT and TDIS

Figure 18: Projected statistics of tagged neutron events for Fn
2 (left) and projected results for Fn

2 /F p
2 (right) in the

DIS region (Q2 > 1 (GeV/c)2, W 2 > 3.5 GeV2) with 5 days of beamtime (statistical uncertainties only).

comparison of F d
2 to F p

2 + Fn
2 , as shown in Ref. [24] and Fig. 3. Up to x ⇡ 0.7, we project a factor of 7

higher statistics than the projected BoNuS12 measurement [2].

5.3.2 Resonance region data

Figure 19: Estimated statistics of tagged neutron events in resonance region with 5 days of beam at various Q2 range;
spectra are with and without estimated resolution e↵ects.

Figure 19 shows the projected Fn
2 measurements as a function of W ⇤2 for 3 bins in Q2 to illustrate
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BONuS12 with CLAS12 (Run Group F in 2020)

RTPC

spectator 

d(e,e’ps)X

pS = E S ,
pS( ) ; αS =

ES −
pS ⋅ q̂

MD / 2

D(e,e’ps)X:  Cts vs. W*

D(e,e’)X:  Cts vs. W

F2n/F2p through spectator tagging
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Preliminary BONuS12 Results
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Parton Distribution Functions

• Large  at low  due to 
LHC data 

•  well constrained, except at 
very high  

• Suppressed , enhanced 
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A1n in Jefferson Lab’s Hall C
E12-06-110 in Hall C: 1/12/2020 – 3/13/2020; 10.4 GeV polarized electrons on polarized 3He

William Henry 2022 Jefferson Lab Users Organization Annual Meeting

JLUO 2022 Users Group Meeting Neutron Spin Structure

Polarized Helium 3 as an effective polarized neutron target

8

Slide Credit: Mingyu Chen

JLUO 2022 Users Group Meeting Neutron Spin Structure9

12 GeV Polarized Helium 3 Target

• Target Chamber length: 40 cm

• Luminosity:  ~ 2.2 x 1036cm-2s-1


• Convection cell as opposed to 6 GeV diffusion cell


• GEn-II in Hall A will expects another factor of two 
increase in FOM

JLUO 2022 Users Group Meeting Neutron Spin Structure

E12-06-110 in Hall C: Experimental Setup

10

• Experiment ran from January 12th 
to March 13th, 2020


•  Polarized Helium-3 gas target

• 10.4 GeV Polarized e- beam

• Inclusive measurement, detected 

scattered e- 

• SHMS: 30°; PCentral=2.6 & 3.4 GeV 

• HMS: 30 °; PCentral=2.9 & 3.5 GeV  

• Elastic and Δ(1232) asymmetry 

measured to check sign of 
PBeamPTarget

JLUO 2022 Users Group Meeting Neutron Spin Structure

Preliminary A1 (3He) Result

15

Slide Credit: Xiaochao Zheng
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RG-C with CLAS12
❏ Measure DIS inclusive spin structure functions (A1, g1) of the proton and deuteron.

❏ Include tagging with π, K SIDIS to extract flavor-separated Dq

❏ Measure spin- and transverse momentum-dependent (TMD) PDFs (SIDIS).

❏ Deeply Virtual Compton Scattering (DVCS) to access Generalized Parton Distributions 
(GPDs) - Measure target single and beam/target double spin asymmetries in proton and 
neutron DVCS.

• Scheduled from June 2022 through March 2023 (240 Calendar Days)

• 10.6 GeV, 10 nA polarized electrons on 3 g/cm2 polarized NH3 / ND3 (L = 1035 )

• Dynamic Nuclear Polarization at 1 K, 5 T with 140 GHz µwave on irradiated ammonia

Polarized target “APOLLO”



Longitudinally Polarized Target for CLAS12

Liquid Helium

5T Magnet

Microwaves

Refrigerator

NMR

Electronics

Refrigerator Pumps

13	November	2018
CLAS	Collaboration	Meeting

12

1 K Refrigerator

TargetGroup

Photos courtesy of J. Brock



First (VERY preliminary) data

Proton DVCS from FTon period
ND3 target polarization from 
quasi-elastic scattering

Credit: Maxime Defurne, Noémie Pilleux and Silvia Niccolai

Relative polarizations for +/- Tpols

H. Avakian, JLab, Aug 8 21

For TPOL use
80% for positive (filled circles) and 
70% for negative (open circles)

Consistent with theory/MC expectations

A|| in DIS on proton

Credit: H
arut Avakian

Based on a few % of data set collected so far; near-online analysis



Predicted Data from CLAS12 - DIS
Proton DeuteronW > 2; Q2 > 1

PRECISE DETERMINATION OF THE DEUTERON SPIN . . . PHYSICAL REVIEW C 92, 055201 (2015)

1.5 2 2.5

-0.5
0

0.5
1

2 = 1.3-1.6 GeV2Q

1.5 2 2.5

2 = 4.5-5.4 GeV2Q

-0.5
0

0.5
1

2 = 1.1-1.3 GeV2Q 2 = 3.8-4.5 GeV2Q

-0.5

0

0.5

2 = 0.92-1.1 GeV2Q 2 = 3.2-3.8 GeV2Q

-0.5

0

0.5

2 = 0.77-0.92 GeV2Q 2 = 2.7-3.2 GeV2Q

-0.5

0

0.5

2 = 0.64-0.77 GeV2Q 2 = 2.2-2.7 GeV2Q

-0.5

0

0.5

2 = 0.54-0.64 GeV2Q 2 = 1.9-2.2 GeV2Q

-0.5

0

0.5

2 = 0.45-0.54 GeV2Q 2 = 1.6-1.9 GeV2Q

 (GeV)W

d
1A

FIG. 11. (Color online) Continuation of Fig. 10 for the remaining
Q2 bins. In addition to our data and the SLAC data (see above), we
also show the data from the Jefferson Lab RSS experiment [14,84]
(blue open circles).

(light blue) band. Two different curves (labeled BBS) are
based on pQCD models, one under the assumption of pure
quark-hadron helicity conservation [33] and a second one
including the effect of a possible nonzero orbital angular
momentum (BBS + OAM [35]). Finally, we show two recent
NLO parametrizations of the world data (by Soffer et al. [86]
and by Leader, Stamenov, and Sidorov (LSS) [87]).

We note that, on average, the world data including our
own indicate a rise of Ad

1 beyond the SU(6) limit at very
large x, but much slower than expected from pQCD without
the inclusion of orbital angular momenta. Taking a possible
Q2 dependence and systematic uncertainties into account,
our data agree best with the BBS model including orbital
angular momenta [35] and are also compatible with the lower
edge of the range of predictions from the hyperfine-perturbed
quark model [32]. Overall, no firm conclusion can be drawn
yet about the transition of the down quark polarization from
negative values below x ≈ 0.5 to the limit of +1 expected

x
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

d 1
A
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SU(6)

Soffer
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HF Perturbed QM

BBS
BBS+OAM

Eg1b
Eg1-DVCS 
SMC (1992)
E143 (1994)
HERMES (1996)
E155 (1997)

FIG. 12. (Color online) Ad
1 versus x in the DIS region (Q2 >

1 GeV2 and W > 2 GeV) from EG1b and several other experiments:
EG1-dvcs at Jefferson Lab [21], SMC at CERN [85], E143 and
E155 at SLAC [15,17,83], and HERMES at DESY [18]. Statistical
uncertainties are indicated by error bars, and EG1b systematic
uncertainties are shown by the shaded band at the bottom. Various
theoretical predictions and parametrizations are shown as lines and
shaded band and are discussed in the text.

from pQCD. A similar conclusion comes from measurements
on 3He [12,88].

C. The spin structure function g1

In addition to extracting A1, we can also use the measured
asymmetry A|| to extract the spin structure function gd

1
according to Eq. (11). As a first step, we extract the ratio
gd

1 /F d
1 , which is less sensitive to various model inputs.

Figure 13 shows the resulting data, plotted for several x bins
(all with a bin width of !x = 0.05) versus the photon virtuality
Q2. Again, we also show world data for the same quantity.
Our data agree reasonably well with those from E143 [15,83]
within statistical uncertainties, but are somewhat lower than
the very precise data from the recently published follow-up
experiment EG1-dvcs [21]. The difference between these two
experiments is consistent with the known uncertainty on their
overall normalization, which is up to 14% for EG1b and
around 8.5% for EG1-dvcs. These normalization uncertainties
are completely uncorrelated between the two experiments,
because they are dominated by the statistical uncertainties
on the measured values of the product of target and beam
polarization (see Sec. IV D 2).

The Q2 dependence of gd
1 /F d

1 at lower Q2 reflects the effect
of nucleon resonances at W < 2 GeV, while beyond this limit
(indicated by arrows on the x axis) this dependence is mild
but still rising, indicating a smooth but not necessarily fast
transition to the scaling region. We indicate the results for
g1/F1 at Q2 = 5 GeV2 from a recent NLO fit of the world
data [87] for comparison.

We then use models for the unpolarized structure function
F1 (see next section) to convert these ratios to g1. The results
for the product xgd

1 versus Bjorken x for each of our Q2

055201-13

R. G. FERSCH et al. PHYSICAL REVIEW C 96, 065208 (2017)
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FIG. 31. A
p
1 vs x for DIS events, W > 2 GeV, compared to world

data. Curves and models are discussed in the text. The difference
between EG1b data and higher energy data is discussed in the main
text. The hatched region at the bottom represents the systematic
uncertainty on the EG1b data.

by the maximum JLab electron energy. The results obtained
with this restriction are compared to world DIS data for A

p
1

in Fig. 31. This plot also displays several predictions and fits
of the x dependence of A

p
1 : a “statistical” model for quark

distribution functions by Soffer et al. [120], an NLO fit to
the world data without constraint at x = 1 by Leader et al.
[121], a range of predictions from a relativistic quark model
with hyperfine interactions due to one-gluon exchange [24],
and two different models based on pQCD expectations, one
without (BBS [25]) and one with (BBS+OAM [27]) quark
orbital angular momentum.

Several features are obvious. Our data tend to lie lower
than the EG1-dvcs data, not because of large discrepancies (as
can be seen in Fig. 33), but due to the significantly different
kinematics between these two data sets, which affects the Q2

range over which we average, and the impact of various models
(in particular, A

p
2 ). Our model fit confirms that indeed even in

the DIS region, A
p
1 (x,Q2) is not completely Q2 independent

(scaling), but rather increases as Q2 increases. Taking this
effect into account, our data are in good agreement with
the world data set. At moderately high x, our data show an
unambiguous increase, as expected, beyond the naive SU(6)
quark model prediction of A

p
1 = 5/9.

E. The spin structure function g p
1

Analogous to the case for A
p
1 , the most precise results

for g
p
1 can be extracted from our measurement of A|| using

models for all unmeasured structure functions, including A
p
2

[see Eq. (19)]. Over most of our kinematics |γ − η| " |η|,
which ensures that the uncertainty in our A

p
2 model is even less

important in the extraction of g
p
1 /F

p
1 than for the extraction of

A
p
1 . Consequently, the uncertainties on g

p
1 /F

p
1 are primarily

statistical.
Our complete data set for the quantity xg

p
1 (x,Q2) is shown

in Fig. 32, together with a sample of world data. One can see
a clear transition from the resonance-dominated behavior at

low Q2 with the prominent negative peak in the # resonance
region toward the smooth behavior at high Q2, where most of
the data lie in the DIS region. At intermediate Q2, one can
discern an x dependence that still has some prominent peaks
and dips, but approaches, on average, the smooth DIS curve at
the highest Q2. This is a qualitative indication of quark-hadron
duality, which is discussed below (see Sec. V H).

Plots of g
p
1 /F

p
1 as a function of Q2 for various x bins are

shown in Fig. 33. For comparison, these plots also show data
from the SLAC E143 and E155 experiments. The solid line on
each plot shows the result of our model at the median value
of each bin. The systematic uncertainty is shown as the green
region near the bottom of each plot. Again, a dramatic Q2

dependence at low Q2 (where the low-W region dominates for
fixed x) makes way to the smooth approach toward the DIS
limit at higher Q2. The remaining Q2 dependence at the upper
end of each plot hints at scaling violations of g

p
1 /F

p
1 due to

pQCD evolution.
The quantity g

p
1 was derived for all values of A||/D over

the entire kinematic range using Eq. (19), with model values
used for A

p
2 and F

p
1 . The complete coverage of g

p
1 over the

EG1b kinematic range is displayed in Fig. 34.

F. Moments of g p
1

As discussed in Sec. II G, moments of g
p
1 and g

p
2 with

powers of x play an important role in the theory of nucleon
structure in the form of sum rules and for the determination of
matrix elements within the OPE. The nth moment of a structure
function S is defined by

∫ 1
0 xn−1S(x,Q2) dx. Experimental

data do not cover the complete range in x for each Q2 bin
(see Fig. 34), but the moments can be approximated using a
combination of our data along with a model for low x and high
x. Thus, the calculation can be expressed as

∫ 1

xhigh

xn−1S(x,Q2)model dx +
∫ xhigh

xlow

xn−1S(x,Q2)data dx

+
∫ xlow

0.001
xn−1S(x,Q2)model dx. (59)

At very low values of x, uncertainties in the model become
so large that we have chosen to truncate the lower limit at
x = 0.001. Ignoring the interval [0,0.001] is expected to have
little effect, especially for n > 1.

G. Moments of g p
1

The nth x-weighted moment of g
p
1 was determined from

our data as follows. For each Q2 bin, the data were binned in
W with #W = 10 MeV, so that

Idata(Q2) =
∑

W

xn−1
avg S(Q2,W )|xa − xb|, (60)

where xavg is the average value of x for the events contributing
to each bin, and xa and xb are the lower and upper limits
of the W bin. The statistical uncertainty for each bin was
added in quadrature to obtain the statistical uncertainty on
the integral. Bins with a statistical uncertainty for A‖ greater
than 0.6 were excluded. In kinematic regions where data were

065208-26



Other SF experiments

• g2 on proton and neutron
( E12-06-121)

• Tensor structure function b1
(E12-11-110)

• Unpolarized structure function F2N, R; PVDIS, …
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Figure 7: Top: Projected statistical errors for the tensor asymmetry Azz with 30 days of beam
time. Bottom: Projected statistical errors for the tensor structure function b1. Data at different Q2

are combined with an x-binning that varies slightly per point, but is approximately ±0.05. Also
shown are the HERMES data [10], and the calculations from Kumano [13], Miller [14, 15], and
Sargsian [18].
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Figure 2: x2gn2(x) vs. x presenting the statistical errors expected from the proposed measurement (col-

ored circles). Existing world data are also shown. Note: The points associated with the present mea-

surement are distributed along different horizontal lines, each representing a common < Q2 > value.

This is in marked contrast to the existing world data for gn2 for Q2 > 1 GeV2/c2 which were measured

over Q2 values ranging from 1—15 GeV2/c2 and were “evolved” to a common Q2 prior to computing

d2.
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EMC effect
• Fundamental question: How does 

nuclear binding modify the high-x 
structure function of the nucleon?

• Relevant for the extraction of neutron 
structure functions from experimental 
data on d, 3He, 3H

• Many models: mean field, Short 
range correlations (SRC), Light-Front 
Holography (LFHQCD), …

LIGHT-FRONT HOLOGRAPHY MODEL OF THE EMC … PHYSICAL REVIEW C 106, 055202 (2022)
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p 2
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FIG. 2. Deuterium EMC ratio comparisons between the
LFHQCD model (red line) and published experimental data
(removed isoscalar corrections) obtained from BONuS data (filled
stars). The red bands display 1σ uncertainties for the LFHQCD
EMC model. The number in parentheses next to the experiment
name in the legend is the normalization factor that multiplies all the
data points ηexp in Eq. (61).

nuclear medium can be thought of as the potential due to the
nuclear force. As a result, the modification to the effective
potential due to a nuclear medium is small; the same is true for
Pq

N (↑↓) by similar reasoning. In this study, we will only con-
sider the consequences of nuclear mediums breaking SU(6)
symmetry, i.e., modifying Pq

N (↑↓).
Motivated by np dominance in SRCs, we expect the nu-

clear potential to depend on whether one introduces a proton
or neutron into the nucleus. For example, we expect the proton
to feel a stronger attraction to a nucleus if there are an abun-
dance of neutrons and vice versa. We apply medium effects
by introducing two free parameters (which both depend on
mass and atomic numbers A and Z , respectively) δrp(A, Z )
and δrn(A, Z ). With these two phenomenological parameters,
we parametrize the effective charges in Eq. (27) as

g̃p
+ = 1 − δrp(A, Z ), g̃p

− = δrp(A, Z ),

g̃n
+ = − 1

2 − δrn(A, Z ), g̃n
− = 1

2
+ δrn(A, Z ). (38)

The A and Z dependencies in δrp and δrp are dropped
from now on and are implied. The signs in front of δrp
and δrn are motivated by the suppression of the PLC from
the two-component model. We will soon see that the above
parametrization leads to a suppression of the PLC, q3(x).
Notice that if there is no nuclear medium, δrp = δrn = 0, and
the free nucleon effective charges are regained.

With Eq. (38), Eqs. (28) and (29) now become

F̃ p
1 (Q2) = (1 − δrp)Fτ=3(Q2) + δrpFτ=4(Q2), (39)

F̃ n
1 (Q2) = −

( 1
2 + δrn

)
Fτ=3(Q2) +

( 1
2 + δrn

)
Fτ=4(Q2). (40)

Care must be taken in obtaining the modified nucleon u and
d valence PDFs. For N $= Z , one cannot use Eq. (31) as the
nuclear medium modifies protons and neutrons differently.
However, one can use Eq. (31) for N = Z . We can thus obtain

FIG. 3. EMC ratio comparisons between the LFHQCD model
(red line) and published experimental data (removed isoscalar cor-
rections) obtained from JLab (solid points) and MARATHON (solid
triangles). The red bands display 1σ uncertainties for the LFHQCD
EMC model. The number in parentheses next to the experiment name
in the legend is the normalization factor that multiplies all the data
points ηexp in Eq. (61).

the expressions of modified nucleon valence PDFs for N = Z
and use their forms to intuit expressions for what the valence
PDFs should be for arbitrary N and Z . This process gives us
the following medium modified proton valence PDFs:

ũp =
( 3

2 − 3δrp
)
q3(x) +

( 1
2 + 3δrp

)
q4(x), (41)

d̃ p = (−3δrp)q3(x) + (1 + 3δrp)q4(x) (42)

and the following modified neutron valence PDFs:

ũn = (−3δrn)q3(x) + (1 + 3δrn)q4(x), (43)

d̃n =
( 3

2 − 3δrn
)
q3(x) +

( 1
2 + 3δrn

)
q4(x). (44)

One can check that the above expressions for the modified
PDFs, using Eqs. (30) and (32), give Eqs. (39) and (40).
Again, notice that the above modified PDFs are expressed as
a superposition quark degrees of freedom qτ . Further, notice
that we have a suppression of the PLC contribution to the
above modified nucleon valence PDFs.

It is important to note that Eqs. (41)–(44) are not quantities
constrained by data, the quantities that experimental DIS data
constrain are the nuclear PDFs f A. Motivated by Ref. [25], we
will define the nuclear PDFs as

f A = Z f̃ p + N f̃ n, (45)

where f denotes the quark flavor, Z is the atomic number, N
is the number of neutrons, and f̃ p ( f̃ n) is the modified proton
(neutron) PDF in nucleus A.

Lastly, the squares of the modified proton and neutron
wave functions are characterized by

%̃2
p ∼ ũp + d̃ p =

( 3
2 − 6δrp

)
q3(x) +

( 3
2 + 6δrp

)
q4(x), (46)

%̃2
n ∼ ũn + d̃n =

( 3
2 − 6δrn

)
q3(x) +

( 3
2 + 6δrn

)
q4(x), (47)

where even though we ignored the effects of the nuclear
medium on %±, the wave functions still get modified due to
modifications in the effective charges. Normalizing Eqs. (46)
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nuclear medium can be thought of as the potential due to the
nuclear force. As a result, the modification to the effective
potential due to a nuclear medium is small; the same is true for
Pq

N (↑↓) by similar reasoning. In this study, we will only con-
sider the consequences of nuclear mediums breaking SU(6)
symmetry, i.e., modifying Pq

N (↑↓).
Motivated by np dominance in SRCs, we expect the nu-

clear potential to depend on whether one introduces a proton
or neutron into the nucleus. For example, we expect the proton
to feel a stronger attraction to a nucleus if there are an abun-
dance of neutrons and vice versa. We apply medium effects
by introducing two free parameters (which both depend on
mass and atomic numbers A and Z , respectively) δrp(A, Z )
and δrn(A, Z ). With these two phenomenological parameters,
we parametrize the effective charges in Eq. (27) as

g̃p
+ = 1 − δrp(A, Z ), g̃p

− = δrp(A, Z ),

g̃n
+ = − 1

2 − δrn(A, Z ), g̃n
− = 1

2
+ δrn(A, Z ). (38)

The A and Z dependencies in δrp and δrp are dropped
from now on and are implied. The signs in front of δrp
and δrn are motivated by the suppression of the PLC from
the two-component model. We will soon see that the above
parametrization leads to a suppression of the PLC, q3(x).
Notice that if there is no nuclear medium, δrp = δrn = 0, and
the free nucleon effective charges are regained.

With Eq. (38), Eqs. (28) and (29) now become

F̃ p
1 (Q2) = (1 − δrp)Fτ=3(Q2) + δrpFτ=4(Q2), (39)

F̃ n
1 (Q2) = −

( 1
2 + δrn

)
Fτ=3(Q2) +

( 1
2 + δrn

)
Fτ=4(Q2). (40)

Care must be taken in obtaining the modified nucleon u and
d valence PDFs. For N $= Z , one cannot use Eq. (31) as the
nuclear medium modifies protons and neutrons differently.
However, one can use Eq. (31) for N = Z . We can thus obtain

FIG. 3. EMC ratio comparisons between the LFHQCD model
(red line) and published experimental data (removed isoscalar cor-
rections) obtained from JLab (solid points) and MARATHON (solid
triangles). The red bands display 1σ uncertainties for the LFHQCD
EMC model. The number in parentheses next to the experiment name
in the legend is the normalization factor that multiplies all the data
points ηexp in Eq. (61).

the expressions of modified nucleon valence PDFs for N = Z
and use their forms to intuit expressions for what the valence
PDFs should be for arbitrary N and Z . This process gives us
the following medium modified proton valence PDFs:

ũp =
( 3

2 − 3δrp
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q3(x) +

( 1
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)
q4(x), (41)

d̃ p = (−3δrp)q3(x) + (1 + 3δrp)q4(x) (42)

and the following modified neutron valence PDFs:

ũn = (−3δrn)q3(x) + (1 + 3δrn)q4(x), (43)

d̃n =
( 3

2 − 3δrn
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q3(x) +

( 1
2 + 3δrn

)
q4(x). (44)

One can check that the above expressions for the modified
PDFs, using Eqs. (30) and (32), give Eqs. (39) and (40).
Again, notice that the above modified PDFs are expressed as
a superposition quark degrees of freedom qτ . Further, notice
that we have a suppression of the PLC contribution to the
above modified nucleon valence PDFs.

It is important to note that Eqs. (41)–(44) are not quantities
constrained by data, the quantities that experimental DIS data
constrain are the nuclear PDFs f A. Motivated by Ref. [25], we
will define the nuclear PDFs as

f A = Z f̃ p + N f̃ n, (45)

where f denotes the quark flavor, Z is the atomic number, N
is the number of neutrons, and f̃ p ( f̃ n) is the modified proton
(neutron) PDF in nucleus A.

Lastly, the squares of the modified proton and neutron
wave functions are characterized by

%̃2
p ∼ ũp + d̃ p =

( 3
2 − 6δrp

)
q3(x) +
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q4(x), (46)
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)
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where even though we ignored the effects of the nuclear
medium on %±, the wave functions still get modified due to
modifications in the effective charges. Normalizing Eqs. (46)
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nuclear medium can be thought of as the potential due to the
nuclear force. As a result, the modification to the effective
potential due to a nuclear medium is small; the same is true for
Pq

N (↑↓) by similar reasoning. In this study, we will only con-
sider the consequences of nuclear mediums breaking SU(6)
symmetry, i.e., modifying Pq

N (↑↓).
Motivated by np dominance in SRCs, we expect the nu-

clear potential to depend on whether one introduces a proton
or neutron into the nucleus. For example, we expect the proton
to feel a stronger attraction to a nucleus if there are an abun-
dance of neutrons and vice versa. We apply medium effects
by introducing two free parameters (which both depend on
mass and atomic numbers A and Z , respectively) δrp(A, Z )
and δrn(A, Z ). With these two phenomenological parameters,
we parametrize the effective charges in Eq. (27) as

g̃p
+ = 1 − δrp(A, Z ), g̃p

− = δrp(A, Z ),
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+ = − 1

2 − δrn(A, Z ), g̃n
− = 1

2
+ δrn(A, Z ). (38)

The A and Z dependencies in δrp and δrp are dropped
from now on and are implied. The signs in front of δrp
and δrn are motivated by the suppression of the PLC from
the two-component model. We will soon see that the above
parametrization leads to a suppression of the PLC, q3(x).
Notice that if there is no nuclear medium, δrp = δrn = 0, and
the free nucleon effective charges are regained.

With Eq. (38), Eqs. (28) and (29) now become

F̃ p
1 (Q2) = (1 − δrp)Fτ=3(Q2) + δrpFτ=4(Q2), (39)

F̃ n
1 (Q2) = −

( 1
2 + δrn

)
Fτ=3(Q2) +

( 1
2 + δrn

)
Fτ=4(Q2). (40)

Care must be taken in obtaining the modified nucleon u and
d valence PDFs. For N $= Z , one cannot use Eq. (31) as the
nuclear medium modifies protons and neutrons differently.
However, one can use Eq. (31) for N = Z . We can thus obtain

FIG. 3. EMC ratio comparisons between the LFHQCD model
(red line) and published experimental data (removed isoscalar cor-
rections) obtained from JLab (solid points) and MARATHON (solid
triangles). The red bands display 1σ uncertainties for the LFHQCD
EMC model. The number in parentheses next to the experiment name
in the legend is the normalization factor that multiplies all the data
points ηexp in Eq. (61).

the expressions of modified nucleon valence PDFs for N = Z
and use their forms to intuit expressions for what the valence
PDFs should be for arbitrary N and Z . This process gives us
the following medium modified proton valence PDFs:

ũp =
( 3

2 − 3δrp
)
q3(x) +

( 1
2 + 3δrp

)
q4(x), (41)

d̃ p = (−3δrp)q3(x) + (1 + 3δrp)q4(x) (42)

and the following modified neutron valence PDFs:

ũn = (−3δrn)q3(x) + (1 + 3δrn)q4(x), (43)

d̃n =
( 3

2 − 3δrn
)
q3(x) +

( 1
2 + 3δrn

)
q4(x). (44)

One can check that the above expressions for the modified
PDFs, using Eqs. (30) and (32), give Eqs. (39) and (40).
Again, notice that the above modified PDFs are expressed as
a superposition quark degrees of freedom qτ . Further, notice
that we have a suppression of the PLC contribution to the
above modified nucleon valence PDFs.

It is important to note that Eqs. (41)–(44) are not quantities
constrained by data, the quantities that experimental DIS data
constrain are the nuclear PDFs f A. Motivated by Ref. [25], we
will define the nuclear PDFs as

f A = Z f̃ p + N f̃ n, (45)

where f denotes the quark flavor, Z is the atomic number, N
is the number of neutrons, and f̃ p ( f̃ n) is the modified proton
(neutron) PDF in nucleus A.

Lastly, the squares of the modified proton and neutron
wave functions are characterized by

%̃2
p ∼ ũp + d̃ p =

( 3
2 − 6δrp

)
q3(x) +

( 3
2 + 6δrp

)
q4(x), (46)

%̃2
n ∼ ũn + d̃n =

( 3
2 − 6δrn

)
q3(x) +

( 3
2 + 6δrn

)
q4(x), (47)

where even though we ignored the effects of the nuclear
medium on %±, the wave functions still get modified due to
modifications in the effective charges. Normalizing Eqs. (46)
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A new two-component model of the EMC effect based on light-front holographic QCD (LFHQCD) is
presented. The model suggests the EMC effect is the result of the nuclear potential breaking SU(6) symmetry.
The model separates the F A

2 nuclear structure function into two parts: a free contribution, involving the addition
of proton and neutron structure functions, weighted by the number of protons and neutrons respectively, and
a nuclear/medium modified contribution that involves a nucleus-independent universal function. Further, the
model displays a correlation between the size of the EMC effect and the SRC pair density a2, extracted from
kinematic plateaus at around x > 1 in inclusive quasielastic (QE) scattering.

DOI: 10.1103/PhysRevC.106.055202

I. INTRODUCTION

Deep inelastic lepton-nucleus scattering experiments, in-
volving squares of four-momentum transfers (Q2) between
10 and hundreds of GeV2, have shown that nuclear struc-
ture functions (per nucleon) are different than those of free
nucleons. This phenomenon is known as the EMC effect,
named after the European Muon Collaboration where it was
first observed; see, e.g., the review [1] and the original work
[2,3]. This was a shocking result as it was assumed that
deep inelastic scattering (DIS) off a nucleus A was the same
as scattering off A nucleons. This experimental observation
taught us quark interactions in nuclei are important, and that
parton distribution functions (PDFs) depend on the nuclear
environment.

The EMC effect is not large, of order 10%–15%, but is of
fundamental interest because it involves the influence of nu-
clear properties on scales that resolve the nucleon size. How-
ever, scales larger than the nucleon size are relevant because
modifications of nucleon structure must be caused by interac-
tions with nearby nucleons. Indeed, after the nucleon size, the
next largest length is the internucleon separation length d; this
is the scale associated with short range correlations (SRCs)
between nucleons. Therefore, the EMC effect is naturally con-
nected with SRCs between nucleons. On the other hand, the
internucleon separation is not much smaller than that of the
nuclear size. This means that effects involving the entire nu-
cleus cannot be disregarded. Such effects are known as mean-
field effects in which each nucleon moves in the mean field
provided by other nucleons. Thus, an explanation of the EMC
effect should involve physics at all three length scales [4].

The contents of this paper are as follows: In Sec. II, we
will discuss the role of virtuality in motivating the use of
quark degrees of freedom, as well as aid us in identifying
the dominant interactions in the EMC effect. In Sec. III we
will present a two-component model of the nucleon that will
guide our intuition throughout this paper. Furthermore, this
model of the nucleon will give us a relationship between

virtuality and the nuclear potential. In Sec. IV we will present
our construction of a new model of the EMC effect using
light-front holographic QCD. We will first summarize results
from Refs. [5,6], giving a framework in obtaining free nucleon
parton distribution functions (PDFs) from free nucleon elastic
form factors. Then, we will introduce the effects of a nuclear
medium, allowing one to obtain the modified nucleon PDFs.
In Sec. V we will present the model’s expressions for the
EMC ratios and present the model’s results for EMC ratios
for a variety of nuclei. Section VI will present an argument
that identifies the dominant interaction in the EMC effect,
mean field or SRC. Lastly, Sec. VII will provide a check of
the change in the electric charge radius of a nucleon inside a
nucleus. Our concluding remarks are given in Sec. VIII.

II. VIRTUALITY: A SMALL-DISTANCE SCALE

Bound nucleons of four-momentum p do not obey the
standard Einstein relation: pµ pµ = p2 = M2, and are thus
said to be off their mass shell. By examining the intermediate
nucleons in nucleon-nucleon scattering, we can gain insight
into why bound nucleons do not obey Einstein’s relation. In
the Blankenbecler-Sugar [7] and Thompson reductions [8] of
the Bethe-Salpeter equation [9], one nucleon emits a meson
of zero energy and nonzero momentum, while the other nu-
cleon absorbs the meson. Since the momenta of the nucleons
have changed, but their energies have not, p2 != M2, meaning
the intermediate nucleons are off their mass shell. In other
reductions of the Bethe-Salpeter equation [10], one nucleon
is on the mass shell, and the other is not. This means that the
nuclear wave function, treated relativistically, contains nucle-
ons that are off their mass shell. Such nucleons must undergo
interactions before they can be observed, and are thus de-
noted as virtual, with difference p2 − M2 being proportional
to the virtuality V [11]. Experiments [12–14] using leptonic
probes at large values of Bjorken x interrogate the virtuality
of the bound nucleons. Plateaus, kinematically corresponding
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An even more direct way of quantifying this effect is to
compare the PDFs in the proton bound in 3He and in 3H,
defining the quantity

Δq
3 ≡

qp=3H − qp=3He
qp=3H þ qp=3He

; ð11Þ

which measures the strength of the isovector EMC effect
for q ¼ u and d quarks. Since 3He and 3H are mirror nuclei,
the ratio Δq

3 would vanish if the nuclear corrections were
purely isoscalar. Instead, the behavior in Fig. 3 indicates
some deviations from zero for Δd

3 at x≳ 0.4 and for Δu
3 at

x≳ 0.6. The fact that the Δq
3 are nonzero and of opposite

sign for u and d quarks suggests the presence of an
isovector component to the EMC effect. This effect is
not taken into account in standard nuclear PDF analyses
[65–68] which assume up=A ¼ dn=A, and thus may impact
not only all nuclear PDF fits, but also numerical calcu-
lations that utilize nuclear PDFs in quark-gluon plasma
simulations in heavy-ion collisions or neutrino-nucleus
interactions in high-energy astrophysics.
Outlook.—Our findings are the first indication of an

isovector effect in nuclear structure functions, and demon-
strate the power of combining the MARATHON 3He=3H
data with a global QCD analysis to provide simultaneous
information on PDFs and nuclear effects in A ≤ 3 nuclei.
Additional information on the nuclear EMC effects in 3He
and 3H separately will come from 3He=D and 3H=D ratios
measured by MARATHON, which are expected to be
analyzed in the near future.
Beyond this, constraints on neutron structure, and the

d=u PDF ratio at large x, will come from the BONuS
experiment at Jefferson Lab, which tags spectator protons
in semi-inclusive DIS from the deuteron. Future data on
DIS from asymmetric nuclei may also provide further
information on the isospin dependence of nuclear effects on
structure functions.
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FIG. 3. Ratio of off-shell to on-shell PDFs δq=q (left) and the
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malized to the sum, Δq

3 (right), for valence u (red bands) and d
(blue bands) quarks, at Q2 ¼ 10 GeV2.
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data with a global QCD analysis to provide simultaneous
information on PDFs and nuclear effects in A ≤ 3 nuclei.
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measured by MARATHON, which are expected to be
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FIG. 3. Ratio of off-shell to on-shell PDFs δq=q (left) and the
difference between proton valence quarks in 3He and 3H nor-
malized to the sum, Δq

3 (right), for valence u (red bands) and d
(blue bands) quarks, at Q2 ¼ 10 GeV2.
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C. Cocuzza et al.,
QCD analysis.—The final results of our extraction based

on over 1,000 Monte Carlo samples are illustrated in Fig. 2.
For the superratioR, our analysis shows that it is consistent
with unity until x ≈ 0.7, at which point it dips and reaches a
mean value of 0.96 at x ¼ 0.825. The uncertainties on the
superratio range from "0.4% at low x up to "3.5% at the
highest x. Without the MARATHON data the uncertainties
on R (not shown in Fig. 2) vary between 1.3% and 6.5%.
This improvement demonstrates that the 3He=3H data
provide a significant amount of information on the super-
ratio. Our results disagree with the KP model [15], which
predicts a rise to R ¼ 1.01 at x ¼ 0.825 [14]. They also
suggest that the uncertainties from the KP model, which are
an order of magnitude smaller than our extraction even after
the inclusion of the MARATHON data, are significantly
underestimated.

Related to the disagreements in the superratio, we also
find differences between our result for Fn

2=F
p
2 and the

extraction in Ref. [14] based on the KP model. We find that
while the MARATHON data lowers the central value at low
x for the n=p ratio, the central value is still well above the
KP model extraction. At high x values the disagreements
are smaller and the inclusion of the MARATHON data
brings our result slightly closer to the KP model extraction.
The impact on the d=u ratio from the inclusion of the

MARATHON data is seen to be very small. The small
changes for d=u at high x combined with the large
differences between the on-shell and off-shell fits at high
x (see Fig. 1) illustrate an important point: Due to the strong
constraints placed on the d=u ratio by vector boson
production data, and in particular the W asymmetry data
from CDF [52] and D0 [53], the high-x MARATHON data
primarily provide new information on nuclear effects, such
as the off-shell corrections, which are most relevant in that
region.
For the deuteron EMC ratio RðDÞ, in the intermediate-x

region our result is generally in agreement with the CJ15
extraction [5], while at high x it is between the CJ15 the
AKP17 [6] fits. Notably, we do not see a strong indication
for a unity crossing at x ¼ 0.31, as was assumed in
Ref. [14]. The inclusion of the MARATHON D=p data
reduces the ratio in the range 0.2 < x < 0.4.
The impact of the MARATHON data on the off-shell

corrections δu and δd is shown in Fig. 3. In particular,
whereas in the KP model [14,15] the proton and neutron
off-shell effects are set equal, in our analysis we allow
flavor dependence of the effects to be determined from the
global fit. Indeed, we find that while the δu=u ratio is
consistent with zero, for the d quark the δd=d ratio is
enhanced at large values of x.

FIG. 1. Ratios FD
2 =F

p
2 (left) and F

3He
2 =F

3H
2 (right) from

MARATHON [14] (black circles) at the experimental kinematics
Q2 ¼ 14x GeV2 compared with the full JAM fit (red solid lines
and 1σ uncertainty bands) and with an on-shell fit (green dashed
lines) which sets the off-shell corrections to zero.

FIG. 2. Results from the present JAM analysis including
MARATHON data (red bands) for the superratio R (top left),
Fn
2=F

p
2 ratio (top right), deuteron EMC ratio RðDÞ (bottom left),

and the d=u ratio (bottom right), compared with those without the
MARATHON data (yellow bands). The superratioR is compared
with the KP model input (gray band) used to extract the Fn

2=F
p
2

ratio in [14]. The deuteron EMC ratio RðDÞ is also compared with
that from CJ15 [5] (green band) and AKP17 [6] (light blue band).

TABLE I. Summary of the χ2 values per number of points Ndat
for the data used in this analysis. The MARATHON and JLab
E03-103 3He=D are separated from the rest of the fixed target
data, and their fitted normalizations are shown.

Process Ndat χ2=Ndat

Fitted
normalization

DIS
MARATHON 3He=3H 22 0.63 1.007(6)
MARATHON D=p 7 0.95 1.019(4)
JLab E03-103 3He=D 16 0.25 1.006(10)
Other fixed target 2678 1.05
HERA 1185 1.27

Drell-Yan 205 1.20
W-lepton asymmetry 70 0.81
W charge asymmetry 27 1.14
Z rapidity 56 1.04
Jet 200 1.11

Total 4466 1.11
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Polarized EMC effect 
(Approved Experiment RG-G with CLAS12 at Jefferson Lab)
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scheme)   S/AS = Shadowing/Antishadowing (Guzey/Strikman)   CQS = Chiral Quark Soliton (Smith/Miller)
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FIG. 2. Left: The polarized EMC ratio band for 7Li as a function of x in the Modified Sea Scheme (MSS) approach (dotted
curves) from Ref. [8]. The dot-dashed curve corresponds to the calculation in Ref. [11] with the sea contribution included. The
red line at Rpol = 1 was added as a reference, for clarity. An earlier version of the MSS curve was included in Fig. 5 of the
original proposal, prior to its publication in the literature. Right: The prediction from Ref. [12] and Ref. [13].

With the specific choice of Lithium-7 we are taking advantage of the well-established knowledge that the overall spin
polarization of the 7Li nucleus concentrates the majority of its polarization on the unpaired 1p3/2 proton. Detailed
modern calculations [14] give the precise value of 86.6% for the degree of polarization of this proton with respect
to the overall nuclear polarization. This value is quite consistent with the simpler expectations from shell model
calculations. This average proton polarization in 7Li is nearly entirely due to low-momentum (mean-field) protons; in
fact, protons with momenta above 300 MeV/c, which are typical of SRC, carry a polarization of less than 5% [14] due
to the 3S1 !3D1 tensor coupling that dominates SRCs. Hence, as pointed out in recent publications [4, 6], models
that ascribe medium modifications of nucleon structure inside nuclei entirely to SRC would predict no medium
modification of the polarized structure function of 7Li compared to a free proton, in stark contrast to predictions
based on mean-field models [5].

For this reason, measurement of the spin structure function of 7Li is a uniquely sensitive tool to distinguish
between the two leading explanations of the EMC e↵ect: SRC vs. mean field. It is also not excluded to find
dramatically larger e↵ects, as were predicted in an approach that is constrained to satisfy the Bjorken Sum Rule[15].
The high polarizability of 7Li, together with novel techniques for the reduction of systematic uncertainties such as
a two-cell geometry, allow us to sensitively measure the polarized EMC ratio defined in equation 23 of the original
proposal. A much more detailed explanation of the physics goals can be found in the original proposal linked here:
https://www.jlab.org/exp prog/proposals/14/PR12-14-001.pdf.

III. STATUS OF EXPERIMENT PREPARATION

A. CLAS12

CLAS12 has now been in operation for over 2 years for routine data taking and has collected data for four run
groups (RG-A, RG-B, RG-K and RG-F). The achievable luminosity and resolution have been demonstrated to be
close to the design values and are fully su�cient for the requirements of RG-G.

Run Group G will use CLAS12 in the same configuration as RG-C, with all components of the Forward Detector
(FD) and the Central Detector (CD) active. All components of the Forward Tagger (FT) will be removed and the
standard Moller shield replaced by the custom “ELMO” shield designed for RG-C, to minimize detector occupancies
with rastered beam (see Sections III C and III D). The forward microMEGAS tracker (FMT) will be used to optimize
the vertex resolution for forward-scattered particles, for a clean separation between the two target cells. An initial
version of the FMT has been used during RG-A but was found to generate high radiative background due to several
thick metal components used for its construction. A new version of the FMT has been built by the group at Saclay
with much reduced material budget and three (out of a total of 6) layers have been tested successfully during RG-F
(Spring 2020). The group at UTFSM is presently analyzing those data to confirm the predicted vertex resolution
(from realistic simulations) of 3 mm.

QMC prediction

• A large number of experiments is studying 
modifications of bound nucleon structure 
function F2 on a wide range of nuclei – data 
average over ALL nucleons!

• Unique test of EMC models: Measure 
modification of polarized structure function 
g1p on a single valence nucleon!

Expected data for 
g1p(bound)/g1p(free)
with various predictions



Future: JLab at 20+ GeV?

• Halve distance to x = 1, higher Q2: Definite determination of 
asymptotic limit… *)

• …AND to x = 0 => Study “valence” sea quarks (pion cloud)
• Increase Q2 range for all x -> DGLAP => Study “valence” gluon 

helicity
• Even for same x, Q2: higher energy -> higher rates -> better 

statistics
• (Super)Rosenbluth – expand range in e for fixed x, Q2 => R, g2, A2

• Extend flavor tagging with SIDIS to higher x, Q2: 
• Issues: Still need to deal with nuclear uncertainties.

*) Higher Q2: Suppress higher twist, study logarithmic resummation

22-24 GeV CEBAF FFA 
Energy Upgrade

Alex Bogacz J-FUTURE Workshop
Jefferson Lab / Messina University



From 12 to 
24 GeV

A. Signori
U. of Pavia, INFN
J-FUTURE 
Messina 3/28/22

Figure credit: 
HUGS2021
Cameron Cotton (UVA) 
David Flay (JLab)
Thanks to X. Zheng



EIC
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Executive Summary

The fundamental building blocks of ordinary matter in the universe, proton and neutron, together
known as nucleons, have been discovered during the early part of the twenties century [4, 5]. For over
half a century we have known that these nucleons are further composed of quarks and gluons. We also
know that global properties of nucleons and nuclei, such as their mass and spin, and interactions
are the consequences of the underlying physics of quarks and gluons, governed by the theory of
strong interaction, Quantum-Chromo-Dynamics (QCD), whose fifties anniversary we celebrate in
2022. Yet we still do not understand how the properties of nucleons emerge from the fundamental
interaction. This has resulted in the development of a new science of emergent phenomena in the
nuclear medium and the 3D nuclear structure: nuclear femtography. A significant part of the science
program currently at the Je↵erson Laboratory 12 GeV CEBAF facility is aimed at this new science
in the range where valence quarks dominate the internal structure and dynamics; the US Electron
Ion Collider (EIC) in its low-to-medium center-of-mass energy is preferential for studying the region
of xB from 0.01 to 0.1 where non trivial flavor and quark-anti-quark di↵erences are expected from
Chiral Symmetry Breaking.

These capabilities will open the door to the exploration of the three-dimensional distributions in
coordinate space and in momentum space of the quarks and gluons over an unprecedented kinematic
range that connects to the range currently explored at lower energies in fixed-target scattering
experiments. The combined result will be an unparalleled exploration of the way in which the
phenomena of nuclear physics, the mass, and the spin, and the mechanical properties emerge from
the fundamental interactions of the partons, and how these properties are distributed in the confined
space inside nucleons and nuclei.

The EIC in its full range of 20 to 140 GeV center-of-mass energy and featuring high luminosity
operation will be a powerful facility for the exploration of the most intricate secrets of the strong
interaction, and the potential discovery of phenomena not observed before. Much of the compelling
science program has been described in previous documents [6–8].

FIG. 1. The EIC concept at Brookhaven National Laboratory [9]. The electron and the ion beams are clearly identified. There
are several beam intersection points, one at the 6 o’clock (IP6) location and at the 8 o’clock (IP8) location are suitable for
the installation and operation of large scale detector systems. Interaction point IP8 may be most suitable for high-luminosity
optimization at low to intermediate center-of-mass energies as well as for the installation of a secondary focus for forward
processes requiring high momentum resolution. The electron beam energy ranges from 2.5 GeV to 18 GeV, while for protons
the ion beam allows selected energies between 41 GeV and 275 GeV covering a collision center-mass energy from 20 GeV to 140
GeV. The ion beam is circulating counter clockwise, and the new electron ring with electrons circling clockwise. Both beams
will be highly polarized with both electron and proton polarizations greater than 70%. The EIC will benefit from two existing
large detector halls in IP6 and in IR8, both fully equipped with infrastructure.
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FIG. 2. Estimated luminosity versus center-of-mass energies for the operation of one (thick lines) or two (thin lines) interaction
regions. The blue lines show the baseline performance. The green lines show the high luminosity operation for improved
beam optics and cooling. The strong drop in luminosity from the CM energy 44.7 GeV to 28.6 GeV is caused by increased
beam-beam interactions as the proton beam energy is reduced from 100 GeV to 41 GeV while keeping the electron energy of
5 GeV. This problem is still being studied by machine experts. One option might be to keep the proton energy at 100 GeV,
thus avoiding an increase in beam-beam interactions and lower the electron beam energy from 5 GeV to 2.5 GeV, resulting in
31.6 CM energy.

The EIC project scope includes the development of an interaction regions (IR) and day-one detector
at IP6 and the baseline of an interaction region design for a second detector at IP8. A second EIC
detector would be located at IP8 that will include a second focus approximately 50 m downstream
of the collision point at a location with a large dispersion. Such an innovative design would enable a
high-impact and highly complementary physics program to the day-one detector. The second focus
thus makes it possible to move tracking detectors very close to the beam at a location where scattered
particles separate from the beam envelope, thereby providing exceptional near-beam detection. This
in turn creates unique possibilities for detecting all fragments from breakup of nuclei, for measuring
light nuclei from coherent processes down to very low pT , and greatly improves the acceptance
for protons in exclusive reactions - in particular at low x. As such, a second detector at IP8 will
significantly enhance the capabilities of the EIC for di↵ractive physics and open up new opportunities
for physics with nuclear targets.

With this document we highlight the science benefiting from an optimized operation at instanta-
neous luminosity from 0.5⇥1034cm�2s�1 up to 1.0⇥1034 cm�2s�1 is achievable in the center-of-mass
range of 45 to 100 GeV, with significantly lower luminosity at 28 and 140 GeV. Furthermore, with
a projected 107 sec of operation (100% equivalent) annually, the maximal integrated luminosity is
100fb�1.

This White Paper aims at highlighting the important benefits in the science reach of the EIC.
High luminosity operation is generally desirable, as it enables producing and harvesting scientific
results in a shorter time period. It becomes crucial for programs that would require many months • Missing piece to solve the proton spin 

puzzle: Low-x extrapolation, gluon 
contribution

• Include weak IA for flavor separation

• Extend spectator tagging to all
nucleon momenta in the nuclear rest 
frame => Extrapolate to the free 
nucleon pole 

Gluon and quark singlet moments from EICInclusive p ALL, enforce SU(3)

Y. Zhou et al., Phys. Rev. D 104(2021)034028 arXiv:2105.04434v1 

Expected reduction of present SSF uncertainties from EIC

g1, A1
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SUMMARY: COMPLETING 
THE COLLINEAR PICTURE

Ø d/u, Du/u and Dd/d at highest x ?
Ø Nuclear effects on nucleon structure
Ø Understanding the sea – Ds, u - d, Du - Dd
Ø Axial and Tensor charges of the nucleon

Ø Gluon helicity distribution at large x AND at small x? 
What is the integral DG?
Total contribution of parton helicity to proton spin?

Ø What happens at really small x << 0.01?

JLab @ 12 -> 24 GeV

JLab, FNAL, RHIC, AMBER, LHC

JLab + DGLAP, 
RHIC, COMPASS

Q2

x

RHIC

JLab 12

COMPASS, JLab

Enormous Progress on understanding Collinear PDFs 
fueled by large new data sets and sophisticated 
phenomenology. Still, some questions remain:

JLab 24



Conclusions
• Structure functions in the valence region remain of high theoretical 

interest and provide crucial input to precision collider experiments
• Jefferson Lab at 12 GeV is starting to have significant impact on our 

understanding of this region
• Jefferson Lab at 24 GeV can expand the coverage in x from 0.75 to 

0.9 and more than double the range in Q2, thereby minimizing the 
extrapolation to x -> 1.

• Jefferson Lab and EIC together cover the entire kinematic region 
necessary to complete the “spin puzzle”.

• Essential ingredient: Extract neutron (polarized) structure functions 
from measurements on nuclei (d, 3He) => we must understand the 
EMC effect in detail.


