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Spin is a unique probe to unravel the internal structure and QCD dy-
namics of nucleons. The exploration of the spin structure of nucleons is
based on the complementarity of lepton scattering processes and purely
hadronic probes. One of the main questions that physicists have been trying
to address in spin experiments involving different interactions and probes
is: how does the spin of the nucleon originate from its quark, anti-quark,
and gluon constituents and their dynamics? These proceedings provide a
snapshot of selected recent experimental results probing the longitudinal
spin structure of nucleons utilizing both lepton scattering processes and
hadron–hadron interactions, such as Deep Inelastic Scattering experiments
in Jefferson Lab, CERN, and DESY, as well as the RHIC spin program
with pp collisions. The future opportunities at the Electron–Ion Collider
are also briefly described.
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1. Introduction

The distribution of the spin of the proton among its quark, anti-quark,
and gluon constituents has been a fundamental challenge for strong interac-
tion physics. Decades of polarized Deep Inelastic Scattering experiments at
SLAC, CERN, DESY, and JLab have studied the polarized DIS cross sec-
tion that encodes information about the helicity structure of quarks inside
the proton [1–17]. These experiments have shown that only about 25–30%
of the proton’s spin comes from the spins of quarks and anti-quarks [18–29].
The rest must originate from the spins of the gluons and the orbital angular
momenta of the quarks and gluons which can be expressed, e.g., using the
Jaffe–Manohar spin sum rule
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1
2 = 1

2

∑
q

∆q +∆G+ Lq + Lg , (1)

where ∆q is the spin carried by each quark flavor, ∆G is the spin car-
ried by the gluons, Lq is the quark orbital angular momentum, and Lg is
the gluon orbital angular momentum. The sum runs over all quark fla-
vors in the proton. This has motivated extensive research to understand
the longitudinal spin structure of the proton. Semi-inclusive polarized DIS
(SIDIS) experiments [3, 30–36] and measurements of polarized hadropro-
duction of W -bosons at RHIC [37–42] have shed light on the quark and
anti-quark spin contributions by flavor and have revealed an asymmetry in
the polarized light quark sea [42, 43]. In addition to these experiments,
measurements of the spin-dependent rates of production of jets [44–50], di-
jets [48–52], π0s and charged pions [53–61], and direct photons [62] produced
in polarized pp collisions at RHIC provide evidence for positive gluon po-
larization with a strong constraint from the jet data at a center-of-mass
energy of

√
s = 200 GeV [18, 20]. Perturbative QCD analyses [18–20, 63] of

the world data at next-to-leading order (NLO) precision suggest that gluon
spins could contribute ≃ 40% to the spin of the proton for gluon fractional
momenta x > 0.05 at a scale of Q2 = 10 GeV2.

In this paper, an overview of selected recent experimental results on the
longitudinal spin structure of the proton and discussion of the prospects
for future measurements at the upcoming Electron–Ion Collider (EIC) are
provided. The EIC is expected to provide unprecedented precision measure-
ments of the longitudinal spin structure of the proton.

2. Selected results

This section includes a brief description of recent experimental results
on the longitudinal spin structure of nucleons including data sensitive to the
gluon helicity, as well as valence and quark-sea asymmetries.

2.1. Gluon helicity

The Solenoidal Tracker at Relativistic Heavy Ion Collider (STAR) and
Pioneering High Energy Nuclear Interaction eXperiment (PHENIX) at RHIC
address the fundamental question about the origin of the proton spin using
collisions of high-energy polarized protons. Since gluon–gluon and gluon–
quark scatterings dominate jet production at

√
s = 200 GeV and

√
s =

510 GeV at STAR, measurements of the double-spin asymmetries, ALL, of
inclusive jet and dijet production in longitudinally polarized proton collisions
provide access to the gluon spin contribution to the proton spin. Results
for dijet production provide better determination of the functional form of
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∆g(x), compared to inclusive observables, due to better constraints on the
underlying kinematics [19]. Moreover, direct photons, measured recently at
PHENIX, are produced from the initial partonic hard scattering and do not
interact via the strong force. Therefore, the direct photon ALL measurement
presented in the right panel of Fig. 1 provides clean and direct access to the
gluons in the polarized proton.
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Fig. 1. (Color online) Left: Recent STAR results on inclusive jet ALL versus xT at√
s = 200 GeV [47, 49] and 510 GeV [48, 50] at mid-rapidity from data collected in

years 2009–2015, and evaluations from DSSV14 [18] and NNPDFpol1.1 [20] global
analyses. The vertical lines are statistical uncertainties. The boxes show the size
of the estimated systematic uncertainties. Source: [50]. Right: PHENIX double-
helicity asymmetry ALL vs. pT for isolated direct-photon production in polarized
pp collisions at

√
s = 510 GeV at midrapidity [62]. DSSV14 calculation is plotted

as the black curve with the 1σ uncertainty band marked in light blue/gray.

Recent STAR results [48–50] and preliminary results [64–66] on longitu-
dinal double-spin asymmetries of inclusive jet and dijet production at center-
of-mass energies of 200 GeV and 510 GeV at mid- and intermediate rapidity
complement and improve the precision of previous STAR measurements.
The left panel of Fig. 1 shows recent STAR results on inclusive jet ALL ver-
sus xT = 2pT/

√
s at

√
s = 200 GeV and 510 GeV at mid-rapidity from data

collected in years 2009–2015, and evaluations from the DSSV14 [18] and
NNPDFpol1.1 [20] global analyses. The overall impact of the recent jet and
dijet [48–50, 52, 65], pion [59, 61], and W [67, 68] data on the x-dependence
of the gluon helicity distribution at Q2 = 10 GeV2 based on the global fit by
the DSSV group is presented in Fig. 2. The truncated moment of the gluon
helicity from the new preliminary DSSV evaluations [69] at Q2 = 10 GeV2

integrated with the range x ∈ (0.001, 0.05) is 0.173(156) and in the range
x ∈ (0.05, 1) is 0.218(27) (at 68% C.L.). The truncated moment of the gluon
helicity integrated from x = 0.0071 to 1 at Q2 = 10 GeV2 from the recent
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JAM global QCD analysis [63] including a subset of RHIC data, i.e., STAR
inclusive jet results, and assuming the SU(3) flavor symmetry and PDF pos-
itivity is 0.39(9). RHIC concluded data taking with longitudinally polarized
protons in 2015, and the results are expected to provide the most precise
insights on ∆G until the EIC data become available.
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Fig. 2. (Color online) The impact of the recent jet and dijet [48–50, 52, 65], pion [59,
61], and W [39, 40, 42] data on the x-dependence of the gluon helicity distribution
at Q2 = 10 GeV2 based on the global fit by the DSSV group. The black curve
with the 1σ uncertainty light blue band illustrates the DSSV14 results [18], while
the blue curve with 1σ uncertainty band in dark blue shows the preliminary results
after the inclusion of the new data from [69].

2.2. Valence and sea-quark helicities
2.2.1. Legacy SIDIS data

The quark helicities ∆q in the valence region have been thoroughly inves-
tigated in (SI)DIS with longitudinally polarized protons. Figure 3 presents
an example of extracted helicity distributions for valence quarks based on
a comprehensive collection of results on longitudinal double-spin asymme-
tries from SIDIS at HERMES [36] measured with electron and positron
beams and proton and deuteron targets. The red dots indicate the re-
sults obtained through direct extraction from the pion charge-difference
asymmetries, Aπ+−π−

1 , assuming leading-order, leading-twist QCD, charge-
conjugation symmetry, and isospin symmetry in fragmentation functions to
ensure a clean factorization process, allowing fragmentation without any
memory of the target configuration. Alongside these results, the figure dis-
plays the same quantities computed using inclusive, A1, and semi-inclusive
asymmetries for the production of negative and positive pions, Aπ+/−

1 ,
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through the HERMES purity extraction method [32], which involves the
conditional probability of a hadron originating from a struck quark of fla-
vor q, and depends on a fragmentation model.

Fig. 3. (color online) The plot compares helicity distributions of valence quarks
from the HERMES SIDIS data on pion charge-difference asymmetries [36] with
purity extraction [32]. Error bars represent statistical uncertainties, while filled
(open) bands show systematic uncertainties from the difference-asymmetry (purity)
extraction. Source: [36].

2.2.2. High-x data from Jefferson Lab

Nucleon spin structure in the far valence domain has been also recently
studied at Jefferson Lab. For example, the Hall C E12-06-110 experiment
with polarized 3He target aims at studying the virtual-photon–nucleon asym-
metry A1 for neutron in the large x region 0.3 < x < 0.77 and 3 < Q2 <
10 GeV2 [70]. The experiment will provide first precision data in the va-
lence quark region above x > 0.61. Furthermore, when this data is com-
bined with the existing world proton data and the projected proton data
from CLAS12 [71], it will result in precise determination of the ratios of
polarized-to-unpolarized PDFs, namely ∆u/u and ∆d/d. These outcomes
will serve to test a variety of predictions for the behavior of the asymmetry
and PDF ratios at x → 1, such as those from the relativistic constituent
quark model, leading-order perturbative QCD, and the latest pQCD calcu-
lations that incorporate quark orbital angular momentum [72, 73]. Since in
the high-x region sea effects are negligible, these experiments will shed light
on how much of a role the orbital angular momentum of quarks Lq plays in
forming the nucleon spin and to what extent are valence quark spins aligned
with the nucleon spin.
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In the left panel of Fig. 4, the collected world data on A1 for the neu-
tron [74–79] using a polarized 3He target is presented alongside predictions
from various models such as the relativistic constituent quark model [80],
statistical models [26, 81], Nambu–Jona-Lasinio model [82], and two Dyson–
Schwinger-equations-based approaches (where the dressed-quark propagator
that is momentum-dependent and -independent, respectively, is used in con-
structing the Faddeev equation) [83]. The pQCD model marked with a blue
dashed line assumes the absence of quark orbital angular momentum [84],
while the one marked with a pink dotted line explicitly allows for it [85].
The right panel of Fig. 4 shows the preliminary results of the asymmetry A1

for 3He with statistical uncertainties only. The preliminary results do not
include radiative corrections and nuclear corrections to extract the neutron
asymmetry from the measured asymmetry on the nuclear target [72, 73].

Fig. 4. (Color online) Left: Comparison of current world data on A1 for neutrons
measured using a polarized 3He target with predictions from different models, in-
cluding the relativistic constituent quark model, statistical and NJL models, and
two DSE-based approaches as well as two pQCD models with and without orbital
angular momentum (see the text). Right: Preliminary results for the asymmetry
A1 for 3He with statistical uncertainties only. Note that the preliminary results do
not include radiative corrections and nuclear corrections. Source: [72, 73].

2.2.3. Quark-sea helicities from RHIC

Quark helicities in the quark-sea region have been studied in proton–
proton collisions. The STAR and PHENIX collaborations have concluded
measurements of the parity-violating spin asymmetry in weak boson pro-
duction from collisions with a longitudinally polarized proton beam [37–42]
in 510 GeV proton–proton collisions at RHIC. W+ bosons are mainly pro-
duced from u quarks and d̄ anti-quarks, while W− bosons are produced
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from d quarks and ū anti-quarks. Measurements of the longitudinal single-
spin asymmetry, AL, for the decay positrons provide information on the u
quark and d̄ helicities, while the decay electrons provide information on the
d and ū helicities. Together, these measurements enable the flavor-sensitive
determination of light quark and anti-quark polarizations in the proton.

The data, shown in the left panel of Fig. 5, are the final results from
STAR and PHENIX on this topic that combine all the published data ob-
tained in 2011, 2012, and 2013. The STAR 2013 data [68] were used in the
reweighting procedure with the publicly available NNPDFpol1.1 PDFs [20].
The results from this reweighting, taking into account the total uncertainties
of the STAR 2013 data and their correlations, are shown in the right panel
of Fig. 5 as blue (dark gray) hatched bands. The NNPDFpol1.1 uncertain-
ties are shown as green (light gray) bands for comparison. As seen from the
plot, the data have now reached a level of precision that makes it possible,
for the first time, to conclude that there is a clear asymmetry between the
helicity distribution of ū and d̄, and that it has the opposite sign from the
d̄/ū flavor asymmetry in the unpolarized sea.
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Fig. 5. (Color online) Left: Longitudinal single-spin asymmetries, AL, for W pro-
duction as a function of the lepton pseudorapidity, ηlepton, for the combined STAR
and PHENIX data samples [39–42]. Right: The difference of ū and d̄ polarizations
as a function of x at a scale of Q2 = 10 GeV2 before and after NNPDFpol1.1 [20]
reweighting with STAR 2013 W AL [68]. The green (light gray) band shows the
NNPDFpol1.1 results [20] and the blue (dark gray) hatched band shows the corre-
sponding distribution after the STAR 2013 W data are included by reweighting.

3. Perspectives from the Electron–Ion Collider

The EIC, being the first polarized lepton–proton/nucleus collider, will
venture into unexplored areas in spin physics utilizing deep inelastic scat-
tering as a probe of the internal structure of nucleons and nuclei. Apart
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from probing the quark sector, the EIC’s broad range of Q2 will allow for
the investigation of the scaling violations in the g1 structure function, which
will provide substantial constraints on the gluon helicity down to momentum
fractions of about x = 10−4. The comparison of the x−Q2 coverage of the
EIC at two different center-of-mass energies with polarized ep experiments
conducted at CERN, DESY, Jefferson Lab, and SLAC, as well as pp exper-
iments at RHIC is presented in the left panel of Fig. 6. The impact of the
projected EIC pseudodata with a total luminosity of 10 fb−1 on the gluon
helicity is presented in the right panel of Fig. 6. The pseudodata at the
center-of-mass energy

√
s = 45 GeV have been included in a new global fit

by the DSSV group with extended flexibility of the helicity parametrization.
The further impact of the

√
s = 140 GeV pseudodata has been evaluated

by reweighting the DSSV14 evaluation with the
√
s = 45 GeV pseudodata

included. The uncertainty on the gluon helicity is significantly reduced rel-
ative to the DSSV14 baseline [19, 86]. In addition to golden channel g1
structure function measurements, the EIC will also give us access to higher-
order processes such as photon–gluon fusion that will provide direct access
to the gluon and serve as an important cross-check to the inclusive result.
These probes include the longitudinal double-spin asymmetries for dijets or
heavy quarks (see, e.g., [87]).

Fig. 6. Left: Comparison of the x−Q2 coverage of the EIC at two different center-
of-mass energies with polarized ep experiments conducted at CERN, DESY, Jef-
ferson Lab, and SLAC, as well as pp experiments at RHIC. Source: [87]. Right:
Impact of the projected EIC DIS pseudodata on the gluon helicity distribution.
The figure displays the uncertainty bands resulting from the fit that includes the√
s = 44.7 GeV DIS pseudodata and the reweighting with

√
s = 141.4 GeV pseu-

dodata, in addition to the DSSV14 estimate [18]. Source: [86, 87].
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Fragmentation functions provide valuable information on the struck par-
ton, which can be used to improve the understanding of the nucleon’s helicity
structure. SIDIS measurements at the EIC that detect pions and kaons in
addition to the scattered lepton will significantly enhance access to sea quark
helicities compared to inclusive DIS measurements. Detailed studies using
the PEPSI polarized Monte Carlo generator [88] and following the DSSV
extractions [18, 19] show that the expected EIC measurements with polar-
ized proton and 3He beams at various collision energies could substantially
reduce the uncertainties associated with all three sea-quark helicities [86].
As seen in Fig. 7, the reduction in the uncertainties of all three sea-quark
helicities, ∆ū, ∆d, ∆s̄, is substantial compared to the current level of un-
derstanding. This reduction in uncertainties is particularly significant at
low-x values for the highest collision energies, while intermediate- to higher-
x values receive the biggest improvements already from the lower collision
energies. In particular, the strange sea polarization’s contribution to the
spin sum rule can be conclusively determined at x > 0.5× 10−5 by the EIC
SIDIS data. Similar studies with pseudodata and reweighting techniques
on the NNPDFpol replicas also indicate that similar improvements to the
sea-quark helicities are achievable [20, 87, 89].

Fig. 7. The anticipated impact of the EIC SIDIS data on the distribution of helicity
in sea quarks. The figure displays the uncertainty bands obtained from a fit that
includes the pseudodata for at center-of-mass energy of

√
s = 44.7 GeV and from

reweighting the SIDIS pseudo-data at
√
s = 44.7 and

√
s = 141.4 GeV. The DSSV14

estimate [18] is also plotted for comparison. Source: [86, 87].
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4. Summary

The nucleon longitudinal spin structure has been extensively studied
over decades using a variety of techniques, including Deep Inelastic Scatter-
ing, Semi-Inclusive Deep Inelastic Scattering, and proton–proton collisions.
Polarized DIS cross-section asymmetries studied at SLAC, CERN, DESY,
and JLab provide crucial information about the helicity structure of valence
quarks inside nucleons. The complementary approach of studying longitu-
dinal spin structure via strong interactions in pp collisions at RHIC pro-
vides access to gluons and the polarized quark sea. The complementarity of
experiments utilizing both lepton scattering processes and hadron–hadron
interactions is crucial in unraveling the complex nucleon spin structure. The
upcoming EIC will provide a deep insight into the longitudinal spin structure
of nucleons over a wide range of x and Q2, which is critical to understanding
the gluon and quark sea contributions to the nucleon spin.

The work is supported by the U.S. Department of Energy, Office of Sci-
ence, Office of Nuclear Physics under contract No. DE-AC02-06CH11357.
The author would like to thank the conveners of the STAR, PHENIX, and
Hall C E12-06-110 collaborations for their valuable comments and feedback.
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