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We present the first simultaneous global QCD analysis of spin-dependent parton distribution functions
alongside their spin-averaged counterparts and pion, kaon, and unidentified hadron fragmentation
functions. This analysis includes all data relevant for constraining the polarized light quark sea asymmetry
Δū − Δd̄, in particular the latest polarizedW-lepton production data from the STAR Collaboration at RHIC
and semi-inclusive deep inelastic scattering data from COMPASS, allowing the most robust extraction
available with minimal theoretical assumptions. We also extract a self-consistent set of antiquark
polarization ratios Δū=ū and Δd̄=d̄ and determine the signs of the truncated contributions to the proton
spin from the light antiquarks.
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I. INTRODUCTION

Understanding the detailed decomposition of the pro-
ton spin into its constituent quark and gluon helicity and
orbital angular momentum components promises to be one
of the most significant accomplishments in nuclear and
particle physics of this generation [1–3]. While the total
light quark contributions to the helicity are well determined
from polarized inclusive deep-inelastic scattering (DIS)
data [4–17], and jet production in polarized pp collisions
[18–25] provides constraints on the gluon helicity [26,27],
far less is known about the polarization of the antiquark
sea. There have been some intriguing hints of a polarized
antiquark asymmetry,Δū − Δd̄, from polarized semi-inclu-
sive DIS (SIDIS) measurements [28–32], in analogy with
the spin-averaged ū − d̄ asymmetry inferred from unpolar-
ized DIS and Drell-Yan measurements [33–37]. Various
nonperturbative model calculations have also been per-
formed [38–42], some of which predict [40–42] large
positive Δū − Δd̄ asymmetries.
Recently more probes of antiquark polarization have

been possible throughW-lepton production in polarized pp
collisions. In particular, the STAR [43–45] and PHENIX
[46,47] Collaborations at RHIC have used polarized pp

collisions at center of mass energy
ffiffiffi
s

p ¼ 510 GeV to
measure the longitudinal single-spin asymmetry AL ¼
ðσþ − σ−Þ=ðσþ þ σ−Þ, where σþ (σ−) is the cross section
for positive (negative) proton helicity, for the leptonic
decay channels Wþ → eþν and W− → e−ν̄. At leading
order, these can be written as

AWþ
L ∝

Δd̄ðx1Þuðx2Þ − Δuðx1Þd̄ðx2Þ
d̄ðx1Þuðx2Þ þ uðx1Þd̄ðx2Þ

; ð1aÞ

AW−

L ∝
Δūðx1Þdðx2Þ − Δdðx1Þūðx2Þ
ūðx1Þdðx2Þ þ dðx1Þūðx2Þ

; ð1bÞ

where Δf (f) represents a polarized (unpolarized) parton
distribution function (PDF) evaluated at momentum
fraction x1 (x2) carried by the parton in the polarized
(unpolarized) proton. Combined with DIS observables,
these asymmetries provide a vital new handle on the
extraction of the polarized antiquark PDFs Δū and Δd̄.
Previous global analyses [26,48–50] have sought to

extract the Δū − Δd̄ asymmetry under various assumptions
and with different methods for estimating uncertainties. De
Florian et al. (DSSV) [48] extracted a positive Δū − Δd̄
from spin-dependent data with fixed input for unpolarized
PDFs and fragmentation functions (FFs), assuming PDF
positivity and SU(3) symmetry for axial-vector charges
within errors. The Monte Carlo analysis by the NNPDF
Collaboration [50] generated prior samples from the DSSV
fit [48], thus inheriting the corresponding assumptions.
The NNPDF analysis also used a reweighting procedure

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 106, L031502 (2022)
Letter

2470-0010=2022=106(3)=L031502(6) L031502-1 Published by the American Physical Society

https://orcid.org/0000-0002-9521-5973
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.106.L031502&domain=pdf&date_stamp=2022-08-23
https://doi.org/10.1103/PhysRevD.106.L031502
https://doi.org/10.1103/PhysRevD.106.L031502
https://doi.org/10.1103/PhysRevD.106.L031502
https://doi.org/10.1103/PhysRevD.106.L031502
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


involving χ2-based weights, which is inconsistent with
the Gaussian likelihood used in the generation of the
replicas [51].
Instead of relying on reweighting prescriptions and

assumptions about PDF positivity or flavor symmetry, here
we present a new simultaneous global QCD analysis of
unpolarized and polarized PDFs and FFs, including for the
first time STAR AW

L data, along with data on inclusive and
semi-inclusive polarized lepton-nucleon DIS, unpolarized
SIDIS, and jet production in polarized pp collisions [27].
The simultaneous Monte Carlo analysis allows us to more
reliably quantify the uncertainties on all distributions and
examine the interplay between the sea asymmetry and
parametrizations of FFs. The simultaneous determination
of both types of PDFs also provides the first self-consistent
extraction of the antiquark polarization ratios Δū=ū
and Δd̄=d̄.

II. THEORETICAL FRAMEWORK

Our theoretical framework is based on fixed-order
collinear factorization for high-energy scattering processes,
including DIS, Drell-Yan lepton-pair production, and weak
boson and jet production in hadronic collisions. The single-
spin asymmetry AW

L has unique sensitivity to both unpo-
larized and polarized PDFs, giving further motivation for
performing a simultaneous analysis of both types of PDFs.
The cross section for this process can be written as
differential in the lepton pseudorapidity, ηl, and its trans-
verse momentum, pl

T . The renormalization and factoriza-
tion scales are chosen to be the mass of the W boson,
μR ¼ μF ¼ MW , and the NLO expressions for the hard
scattering kernels are found in Ref. [52].
The scale dependence of the PDFs is determined accord-

ing to the DGLAP evolution equations [53–55], with the
PDFs and αs evolved at next-to-leading logarithmic accuracy
with the boundary condition αsðMZÞ ¼ 0.118. For light as
well as heavy quarks the PDFs are evolved using the zero-
mass variable flavor number scheme. Thevalues of the heavy
quark mass thresholds for the evolution are taken from the
PDG as mc ¼ 1.28 GeV and mb ¼ 4.18 GeV in the MS
scheme [56].
Our PDF extraction procedure is based on Bayesian

inference using the Monte Carlo techniques developed in
previous JAM analyses [57–61]. The parametrization of the
unpolarized PDFs is discussed in Ref. [62], while for the
polarized PDFs and FFs at the input scale μ0 ¼ mc we use
the form,

fðx; μ0Þ ¼ Nxαð1 − xÞβð1þ ηxÞ; ð2Þ

where N, α, β, and η are fit parameters. The polarized light
quark PDFs Δu and Δd are parametrized as a sum of a
valence and a sea component. For the sea quarkΔū,Δd̄,Δs,
and Δs̄ PDFs we use two functions of the form (2), one of

which is unique to each flavor while the other describes the
low-x region and is shared between all four distributions.
The same template (2) is used for FFs, but with x replaced

by the momentum fraction z of the parton carried by the
hadron, and with η ¼ 0. For the πþ FFs, we assume charge
symmetry, Dπþ

u ¼ Dπþ
d̄
, Dπþ

d ¼ Dπþ
ū , as well as Dπþ

q ¼ Dπþ
q̄

for heavier quarks q ¼ s, c, b, while for theKþ FFs we take
DKþ

d ¼ DKþ
ū ¼ DKþ

d̄
and DKþ

q ¼ DKþ
q̄ for q ¼ c, b, but

allow the favored DKþ
u and DKþ

s̄ FFs to differ. The FFs

for negatively charged mesons are related by Dπ−=K−

q ¼
Dπþ=Kþ

q̄ for all flavors.We use two shapes each forDπþ
u ,Dπþ

d ,

DKþ
u , and DKþ

d , and one shape for all other quark and
gluon FFs. The parametrizations for the unidentified
hadron FFs are identical to those in Ref. [61]. We tested
that adding further flexibility to the FFs, such as η ≠ 0,
does not affect the quality of the fit nor the extracted
distributions. Overall, 35 leading-twist PDFs and FFs are
fitted with a total of 146 parameters. Including parameters
for higher-twist and off-shell corrections to structure func-
tions, plus data normalizations, brings the number of
parameters to 227.
Recently the question of PDF positivity beyond leading

order in αs in the MS scheme has been debated [63,64].
Such a constraint would require jΔfðx;Q2Þj ≤ fðx;Q2Þ to
hold for all flavors at all x and Q2. To explore this question
phenomenologically, we perform analyses with and with-
out the positivity constraints. The baseline analysis,
referred to in the following as “JAM”, does not enforce
positivity; however, when included, the positivity con-
straints are enforced approximately on each Monte Carlo
replica by imposing a penalty on the χ2 function when the
bounds are violated [65].

III. QUALITY OF FIT

Our analysis includes measurements of the DIS asym-
metries Ak and A1 for the proton, deuteron, and 3He from
EMC [4], SMC [5,6], COMPASS [7–9], SLAC [10–15],
and HERMES [16,17]. To ensure the asymmetries are
dominated by the leading-twist g1 structure function, with
negligible contributions from g2, we restrict the four-
momentum transfer squared to Q2 > m2

c and the hadronic
final state masses toW2 > 10 GeV2. With the same cuts we
include pion, kaon, and unidentified hadron SIDIS mea-
surements on polarized proton, deuteron, and 3He targets
from HERMES [29,30], COMPASS [31,32] and SMC
[28], with the fragmentation variable restricted to 0.2 <
z < 0.8 to ensure the applicability of the leading-power
formalism and avoid threshold corrections [61].
Beyond polarized lepton scattering, we describe jet

production data in polarized pp collisions from STAR
[18–24] and PHENIX [25], with a cut on the jet transverse
momentum of 8 GeV [27]. We also include for the first time
single-spin asymmetry AW

L data from STAR [45] and AW=Z
L
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from PHENIX [46,47], which provide the most direct
constraints on the antiquark polarization. For unpolarized
processes, we use data from inclusive DIS, Drell-Yan
lepton-pair production, and inclusive W�, Z and jet
production in hadronic collisions, as in Ref. [66]. To
further constrain the FFs we also utilize SIA and unpolar-
ized SIDIS data on pions, kaons, and unidentified hadrons,
as in Ref. [61].
The quality of our global analysis is summarized in

Table I, which shows a global χ2=Ndat ¼ 1.08 for Ndat ¼
7215 data points (697 for polarized, 5954 for unpolarized,
and 564 for SIA). The χ2=Ndat for each experiment is
generally stable whether PDF positivity constraints are
imposed or not. When enforcing Δū ¼ Δd̄, there are
significant increases in χ2=Ndat for the STAR W data
(from 0.65 to 3.00), PHENIX W=Z data at mid rapidity
(0.21 to 2.23), COMPASS Aπ−

1p data (1.19 to 1.60, as
observed in Ref. [57]), and SMC Ah−

1p data (1.10 to 1.53).
The STAR AW

L data are compared with the JAM fit in Fig. 1
versus the pseudorapidity ηl. When the asymmetry is
forced to vanish, the quality of the fit suffers the most
for AW−

L at low ηl. This can be understood from Eq. (1),
which shows that the asymmetries are most sensitive to Δū
and Δd̄ at backward rapidity, where the first terms
dominate due to x2 being large and thus qðx2Þ ≫ q̄ðx2Þ
for q ¼ u, d.

IV. QCD ANALYSIS

The extracted unpolarized PDFs are nearly identical to
those from the recent unpolarized JAM analyses [62,66],
while the FFs are consistentwith those fromRef. [61]. In this
work we focus on the polarized PDFs, extracted from an
analysis of over 1,000 Monte Carlo samples. The polarized
antiquark asymmetry is shown in Fig. 2 and indicates a clear
nonzero sea asymmetry for 0.01 < x < 0.3. The inclusion of
positivity constraints significantly reduces the uncertainties
at x≳ 0.2, since the polarized sea quarks are restricted by the
size of the unpolarized sea quarks. In contrast to the final

FIG. 1. Single-spin asymmetries AW
L versus pseudorapidity ηl

from STAR [45] (black circles) at
ffiffiffi
s

p ¼ 510 GeV and integrated
over pl

T > 25 GeV, compared with the full JAM fit (red solid
lines and 1σ uncertainty bands) and with a fit where Δū is set
equal to Δd̄ (green dashed lines).

TABLE I. Summary of χ2 values per number of points Ndat for
the various datasets used in this analysis.

Process Ndat χ2=Ndat

Polarized
Inclusive DIS 365 0.95
SIDIS (πþ; π−) 64 1.05
SIDIS (Kþ; K−) 57 0.42
SIDIS (hþ; h−) 110 0.95
Inclusive jets 83 0.84
STAR W� 12 0.65
PHENIX W�=Z 6 0.50
Total 697 0.89

Unpolarized
Inclusive DIS 3908 1.17
SIDIS (πþ; π−) 498 0.94
SIDIS (Kþ; K−) 494 1.31
SIDIS (hþ; h−) 498 0.71
Inclusive jets 198 1.28
Drell-Yan 205 1.21
W=Z production 153 1.01
Total 5954 1.12

SIA (π�) 231 0.91
SIA (K�) 213 0.70
SIA (h�) 120 1.07

Total 7215 1.08

FIG. 2. Polarized sea quark asymmetry xðΔū − Δd̄Þ from JAM
(red 1σ bands) at Q2 ¼ 10 GeV2 compared with: [top panel] fit
without RHIC W=Z data (yellow band) and the result with
positivity constraints (hatched band), and [bottom panel] the
NNPDFpol1.1 [50] and DSSV08 [48] analyses.
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result, the results without the RHIC W data are consistent
with zero for x≳ 0.07, illustrating the importance of the
STAR W data for the extraction of the polarized antiquark
asymmetry in the intermediate-x region.
In Fig. 2 we also compare our results to the asymmetries

from the DSSV [48] and NNPDF [50] groups. The DSSV
fit [48] is qualitatively similar to our result without the
RHICW data, as expected, with significantly smaller errors
at high x due to the inclusion of positivity constraints. The
differences in the shape at x≲ 0.1may be attributable to the
propagation of FF uncertainties and polarized PDF para-
metrization choice.
The NNPDF result [50], on the other hand, shows only a

slight deviation from zero at high values of x. This is
consistent with this fit taking the DSSV result [48] as the
prior for Δū and Δd̄, but with 4σ uncertainty, and including
the older STAR W data [44] in their reweighting analysis.
Our analysis is thus the first extraction of a nonzero
polarized antiquark asymmetry in the intermediate-x
region, where model calculations generally indicate the
largest effects [40–42].
The results for the light quark polarization ratios Δq=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 positivity
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 Δq=q as x → 1 [67–69],
our simultaneous extraction of unpolarized and helicity
PDFs including the W-lepton data provides the most
reliable determination of the ratios to date.

The inclusion of the latest W data also provides
unambiguous signs for Δū and Δd̄, leading to a positive
Δū=ū and a negative Δd̄=d̄, matching their quark counter-
parts. Without (with) positivity constraints, Δū=ū can be
distinguished from zero up to values of x ≈ 0.35 (x ≈ 0.40),
while for Δd̄=d̄ it can be distinguished from zero up to
x ≈ 0.35 (x ≈ 0.45). As with the asymmetry, the inclusion
of positivity constraints makes little difference below
x ¼ 0.1 for both the quarks and antiquarks but reduces
the uncertainties at larger x.
Finally, in Fig. 4 we show the truncated integralR

1
0.01 dxΔqðxÞ at Q2 ¼ 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 in the
uncertainties for Δuþ and Δdþ of roughly 30%, while Δū
sees an improvement of roughly 40% and Δd̄ an improve-
ment of roughly 20%. While prior to the inclusion of the
RHIC W data the sign of the Δū contribution to the proton
spin was consistent with zero, after including these data we
find that Δū provides a small but unambiguously positive
contribution to the proton spin. Prior to the inclusion of the
RHIC data, the result for Δū depends heavily on the
inclusion of positivity constraints. When the RHIC data are
included, however, this dependence is significantly
reduced, allowing for an extraction that is far less depen-
dent on theoretical assumptions.
Our truncated moments for Δuþ and Δdþ, with values

0.771(25) and −0.363ð23Þ, respectively, are only slightly
smaller in magnitude than the corresponding full moments
from lattice QCD calculations, which find 0.864(16) for
Δuþ and −0.426ð16Þ for Δdþ [70]. This comparison
suggests that the contributions to the light quark moments
below x ¼ 0.01 are small. We find nonzero truncated
moments for Δd̄ and, for the first time, Δū, which was
found to be consistent with zero in both the NNPDFpol1.1
and DSSV08 analyses. Interestingly, the contributions from
Δū [þ0.044ð17Þ] and Δd̄ [−0.056ð24Þ] approximately
cancel in the sum.

FIG. 3. Light sea quark polarization ratios Δq=q at
Q2 ¼ 10 GeV2: [top panel] u and d (coral and skyblue 1σ
bands), [bottom panel] ū and d̄ (red and blue 1σ bands),
compared with results with positivity constraints (hatched bands).

FIG. 4. Truncated integrals
R
1
0.01 dxΔqðxÞ at Q2 ¼ 4 GeV2 for

Δuþ, −Δdþ, Δū and −Δd̄ from this analysis (red rectangles)
compared with the fit without the RHIC W=Z data (cyan) and
with positivity constraints (small hatched squares without RHIC
and black squares with RHIC). For the antiquarks, NNPDFpol1.1
(green points) and DSSV08 (blue points) are also shown. The
vertical height of the bands represents 1σ uncertainty.
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V. OUTLOOK

Our analysis provides the first data-driven extraction of a
nonzero polarized sea asymmetry at intermediate x using
the latestW-lepton data from RHIC, within a simultaneous
global QCD analysis of polarized PDFs, unpolarized PDFs,
and pion, kaon, and unidentified hadron FFs. It also
provides the first self-consistent extraction of the light
quark polarizations and shows a nonzero contribution to the
proton’s spin from Δū.
With the Jefferson Lab 12 GeV upgrade and the

Electron-Ion Collider (EIC), future experiments will access
new information on the spin structure of the proton [71,72].
In particular, the high-luminosity CLAS12 SIDIS experi-
ment using K production [73] will provide precise SIDIS
data to complement the W-lepton production data from
RHIC. The EIC should bring forth new information on
all polarized PDFs, in particular the strange and gluon
PDFs [74], while also extending the kinematic coverage of
polarized DIS to lower x and higher Q2.
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