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We present a global QCD analysis of spin-dependent parton distribution functions (PDFs) that
includes the latest polarized W -lepton production data from the STAR collaboration at RHIC. These
data allow the first data-driven extraction of a nonzero polarized light quark sea asymmetry ∆ū−∆d̄
within a global QCD framework with minimal theoretical assumptions. Within our simultaneous
extraction of polarized PDFs, unpolarized PDFs, and pion and kaon fragmentation functions, we
also extract a self-consistent set of antiquark polarization ratios ∆ū/ū and ∆d̄/d̄.

Introduction.— Understanding the detailed decompo-
sition of the proton spin into its constituent quark and
gluon helicity and orbital angular momentum compo-
nents promises to be one of the most significant ac-
complishments in nuclear and particle physics of this
generation [1–3]. While the total light quark contri-
butions to the helicity are well determined from polar-
ized inclusive deep-inelastic scattering (DIS) data [4–17],
and jet production in polarized pp collisions [18–25] pro-
vides 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, ∆ū−∆d̄, from polarized semi-inclusive DIS
(SIDIS) measurements [28–31], in analogy with the spin-
averaged ū− d̄ asymmetry inferred from unpolarized DIS
and Drell-Yan measurements [32–36]. Various nonpertur-
bative model calculations have also been performed [37–
41], some of which predict [39–41] large positive ∆ū−∆d̄
asymmetries.

Recently more probes of antiquark polarization have
been possible through W -lepton production in polar-
ized pp collisions. In particular, the STAR [42–44] and
PHENIX [45, 46] collaborations at RHIC have used po-
larized pp collisions at center of mass energy

√
s =

510 GeV to measure the longitudinal single–spin asym-
metry AL = (σ+ − σ−)/(σ+ + σ−), where σ+ (σ−) is the
cross section for positive (negative) proton helicity, for
the leptonic decay channels W+ → e+ν and W− → e−ν̄.
At leading order, these can be written as

AW
+

L ∝ ∆d̄(x1)u(x2)−∆u(x1)d̄(x2)

d̄(x1)u(x2) + u(x1)d̄(x2)
, (1a)

AW
−

L ∝ ∆ū(x1)d(x2)−∆d(x1)ū(x2)

ū(x1)d(x2) + d(x1)ū(x2)
, (1b)

where ∆f (f) represents a polarized (unpolarized) PDF
evaluated at momentum fraction x1 (x2) carried by the
parton in the polarized (unpolarized) proton. Combined
with the DIS observables, these asymmetries provide a
vital new handle on the extraction of the polarized anti-
quark distributions ∆ū and ∆d̄.

Previous global analyses [26, 47–49] have sought to ex-
tract the asymmetry under various assumptions and with
different methods for estimating uncertainties. De Flo-
rian et al. (DSSV) [47] extracted a positive ∆ū − ∆d̄
asymmetry 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 impact of the latter
assumptions was examined in a simultaneous analysis of
spin PDFs and FFs by the JAM collaboration [50], who
found polarized light antiquark and strange PDFs con-
sistent with zero when the constraints were relaxed. The
Monte Carlo analysis by the NNPDF collaboration [49]
generated prior samples from the DSSV fit [47], thus in-
heriting the corresponding biases. The NNPDF analy-
sis also used a reweighting procedure involving χ2-based
weights, which, however, is inconsistent with the Gaus-
sian likelihood used in the generation of the replicas [51].

Instead of relying on reweighting prescriptions and as-
sumptions 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 AWL data, along with data on inclu-
sive and semi-inclusive polarized lepton-nucleon DIS and
jet production in polarized pp collisions [27]. The Monte
Carlo analysis allows us to more reliably quantify the
uncertainties on all distributions, and examine the inter-
play 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 ∆ū/ū and ∆d̄/d̄.

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 produc-
tion in hadronic collisions. The single-spin asymmetry
AWL has unique sensitivity to both unpolarized and po-
larized PDFs, giving further motivation for performing
a simultaneous analysis of both types of PDFs. The
cross section for this process can be written as differ-
ential in the lepton pseudorapidity, η`, and its trans-
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verse momentum, p`T . The renormalization and factor-
ization scales are chosen to be the mass of the W boson,
µR = µF = MW , and the NLO expressions for the hard
scattering kernels are found in Ref. [52].

The scale dependence of the PDFs is determined ac-
cording to the DGLAP evolution equations [53–55], with
the PDFs and αs evolved at next-to-leading logarithmic
accuracy with the boundary condition αs(MZ) = 0.118.
For light as well as heavy quarks the PDFs are evolved
using the zero-mass variable flavor number scheme. The
values of the heavy quark mass thresholds for the evo-
lution are taken from the PDG as mc = 1.28 GeV and
mb = 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 [50, 57–60]. The parameteriza-
tion of the unpolarized PDFs is discussed in Ref. [61],
while for the polarized PDFs and FFs at the input scale
µ0 = mc we use the form

f(x, µ0) = Nxα(1− x)β(1 + ηx), (2)

where N , α, β, and η are fit parameters. The polarized
light quark PDFs ∆u and ∆d are parameterized as a sum
of a valence and a sea component. For the sea quark
∆ū, ∆d̄, ∆s, and ∆s̄ 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 car-
ried by the hadron, and with η = 0. For the π+ FFs,
we assume charge symmetry, Dπ+

u = Dπ+

d̄
, Dπ+

d = Dπ+

ū ,

as well as Dπ+

q = Dπ+

q̄ for heavier quarks q = s, c, b,

while for the K+ FFs we take DK+

d = DK+

ū = DK+

d̄
and

DK+

q = DK+

q̄ for q = c, b, but allow the favored DK+

u

and DK+

s̄ FFs to differ. The FFs for negatively charged

mesons are related by D
π−/K−

q = D
π+/K+

q̄ for all flavors.

We use two shapes each for Dπ+

u , Dπ+

d , DK+

u , and DK+

d ,
while one shape for all other quark and gluon FFs.

The flexibility in the FF parametrization is necessary
to avoid underestimating uncertainties on the polarized
sea asymmetry. For example, with this flexibility we do
not find any evidence for a nonzero asymmetry with DIS
and SIDIS alone, while a positive asymmetry can be man-
ufactured by removing the second shape for Dπ+

u and as-
suming symmetric unfavored FFs for s, s̄, ū and d quarks.
It is thus vital to assess the correlations between the FF
parametrizations and the polarized PDF uncertainties.
Adding further flexibility, however, such as η 6= 0, does
not significantly impact the extracted PDFs. Overall, 30
leading twist PDFs and FFs are fitted with a total of
130 parameters. Including parameters for higher twist
and off-shell corrections to structure functions, plus data
normalizations, brings the number of parameters to 199.

Recently the question of PDF positivity beyond lead-
ing order in αs in the MS scheme has been debated [62,
63]. Such a constraint would require |∆f(x,Q2)| ≤
f(x,Q2) to hold for all flavors at all x and Q2. To ex-
plore this question phenomenologically, we perform anal-
yses with and without the positivity constraints. The
baseline analysis, referred to in the following as “JAM”,
does not enforce positivity; however, when included, the
positivity constraints are enforced approximately on each
Monte Carlo replica by imposing a penalty on the χ2

function when the bounds are violated [64].

Quality of fit.— Our analysis includes measurements of
the DIS asymmetries A‖ 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 struc-
ture function, with negligible contributions from g2, we
restrict the four-momentum transfer squared to Q2 > m2

c

and the hadronic final state masses to W 2 > 10 GeV2.
With the same cuts we include pion and kaon SIDIS mea-
surements on polarized proton and deuteron targets from
HERMES [29] and COMPASS [30, 31], with the fragmen-
tation variable restricted to 0.2 < zh < 0.8 to ensure the
applicability of the leading power formalism and avoid
threshold corrections [60].

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 AWL data from

STAR [44] and A
W/Z
L from PHENIX [45, 46], which pro-

vide the most direct constraints on the antiquark po-
larization. For unpolarized processes, we use data from
inclusive DIS, Drell-Yan lepton-pair production, and in-

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 0.93
inclusive jets 83 0.81
SIDIS (π+, π−) 64 0.93
SIDIS (K+,K−) 57 0.36
STAR W± 12 0.53
PHENIX W±/Z 6 0.63
total 587 0.85

unpolarized
inclusive DIS 3908 1.11
inclusive jets 198 1.11
Drell-Yan 205 1.19
W/Z production 153 0.99
total 4464 1.11

SIA (π±) 231 0.85
SIA (K±) 213 0.49
total 5495 1.05
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FIG. 1. Single-spin asymmetries AW
L versus pseudorapidity

η` from STAR [44] (black circles) at
√
s = 510 GeV and in-

tegrated over p`T > 25 GeV, compared with the full JAM fit
(red solid lines and 1σ uncertainty bands) and with a fit where
∆ū is set equal to ∆d̄ (green dashed lines).

clusive W±, Z and jet production in hadronic collisions,
as in Ref. [65]. The FFs are constrained mainly by semi-
inclusive pion and kaon production data in e+e− scatter-
ing, as discussed recently in Ref. [60].

The quality of our global analysis is summarized in Ta-
ble I, which shows a global χ2/Ndat = 1.05 for Ndat =
5495 data points (587 for polarized, 4464 for unpolarized,
and 444 for SIA). The χ2/Ndat for each experiment is
generally stable whether PDF positivity constraints are
imposed or not. When enforcing ∆ū = ∆d̄, there are
significant increases in χ2/Ndat for the STAR W data
(from 0.53 to 2.51), PHENIX W/Z data at mid rapidity

(0.18 to 1.49), and for the COMPASS Aπ
−

1p data (0.72

to 1.40, as observed in Ref. [50]). The STAR AWL mea-
surement is compared with the JAM fit in Fig. 1 versus
the pseudorapidity η`. When the asymmetry is forced to
vanish, the quality of the fit suffers the most for AW

−

L

at low η`. This can be understood from Eq. (1), which
shows that the asymmetries are most sensitive to ∆ū and
∆d̄ at backward rapidity, where the first terms dominate
due to x2 being large and thus q(x2)� q̄(x2) for q = u, d.

QCD analysis.— The extracted unpolarized PDFs are
nearly identical to those from the recent unpolarized
JAM analyses [61, 65], while the pion and kaon FFs are
consistent with those from Ref. [50]. In this work we
focus on the polarized PDFs, extracted from ananalysis
of over 900 Monte Carlo samples. The polarized anti-
quark asymmetry is shown in Fig. 2 and indicates a clear
nonzero sea asymmetry for 0.01 < x < 0.3. The in-
clusion of positivity constraints significantly reduces the
uncertainties at x & 0.1, since the polarized sea quarks

0.01 0.1

0

0.04

0.08
x(∆ū−∆d̄)

Q2 = 10 GeV2

0.3 x

JAM

NNPDFpol1.1

DSSV08

FIG. 2. Polarized sea quark asymmetry x(∆ū − ∆d̄) from
JAM (red 1σ bands) at Q2 = 10 GeV2 compared with: [top
panel] fit without RHIC W/Z data (yellow band), the result
with positivity constraints (hatched band), and a “DSSV-
like” analysis (see text) (green band), and [bottom panel] the
NNPDFpol1.1 [49] and DSSV08 [47] analyses.

are restricted by the size of the unpolarized sea quarks.
Compared to the results without the RHIC W data, our
analysis shows that ∆ū − ∆d̄ constrained by polarized
DIS and SIDIS data alone is consistent with zero, as pre-
viously found in Ref. [50]. This further emphasizes the
importance of the STAR W data for the extraction of
the polarized antiquark asymmetry.

In Fig. 2 we also compare our results to the asymme-
tries from the DSSV [47] and NNPDF [49] groups. Inter-
estingly, the DSSV analysis [47], which included SIDIS
data, found a positive asymmetry for x . 0.1. We find
that such an extraction depends strongly on positivity
constraints, as well as on the propagation of FF un-
certainties, and polarized PDF parametrization choice.
To demonstrate this, we have carried out a “DSSV-like”
analysis that excludes RHIC W/Z data, imposes positiv-
ity constraints and SU(3) symmetry, fixes the FFs to the
DSS fit [66], and uses the polarized PDF parametrization
from Ref. [47]. These choices, none of which involve the
addition of data, greatly reduce the uncertainties on the
asymmetry and generate a positive ∆ū−∆d̄ for x below
≈ 0.1, suggesting that the asymmetry from the DSSV
analysis [47] may be driven by parametrization bias and
theory assumptions rather than by data.

The NNPDF result [49], on the other hand, shows only
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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 1σ bands),
[bottom panel] ū and d̄ (red and blue 1σ 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 4σ 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 difference below
x = 0.1 for both the quarks and antiquarks but reduces

FIG. 4. Truncated integrals
∫ 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 1σ uncertainty.

the uncertainties at larger x.

Finally, in Fig. 4 we show the truncated integral∫ 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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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 experiment 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 experiments to
lower x and higher Q2.
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[3] E. Leader and C. Lorcé, Phys. Rep. 541, 163 (2014).
[4] J. Ashman et al., Nucl. Phys. B328, 1 (1989).
[5] B. Adeva et al., Phys. Rev. D 58, 112001 (1998).
[6] B. Adeva et al., Phys. Rev. D 60, 072004 (1999) [Erra-

tum: Phys. Rev. D 62, 079902 (2000)].
[7] V. Y. Alexakhin et al., Phys. Lett. B 647, 8 (2007).
[8] M. G. Alekseev et al., Phys. Lett. B 690, 466 (2010).
[9] C. Adolph et al., Phys. Lett. B 753, 573 (2016).

[10] G. Baum et al. Phys. Rev. Lett. 51, 1135 (1983).
[11] P. L. Anthony et al., Phys. Rev. D 54, 6620 (1996).
[12] K. Abe et al., Phys. Rev. Lett. 79, 26 (1997).
[13] K. Abe et al., Phys. Rev. D 58, 112003 (1998).
[14] P. L. Anthony et al., Phys. Lett. B 463, 339 (1999).

[15] P. L. Anthony et al., Phys. Lett. B 493, 19 (2000).
[16] K. Ackerstaff et al., Phys. Lett. B 404, 383 (1997).
[17] A. Airapetian et al., Phys. Rev. D 75, 012007 (2007).
[18] B. I. Abelev et al., Phys. Rev. Lett. 97, 252001 (2006).
[19] B. I. Abelev et al., Phys. Rev. Lett. 100, 232003 (2008).
[20] L. Adamczyk et al., Phys. Rev. D 86, 032006 (2012).
[21] L. Adamczyk et al., Phys. Rev. Lett. 115, 092002 (2015).
[22] J. Adam et al., Phys. Rev. D 100, 052005 (2019).
[23] M. S. Abdallah et al., arXiv:2110.11020 [hep-ph].
[24] M.S. Abdallah et al., Phys. Rev. D 103, L091103 (2021).
[25] A. Adare et al., Phys. Rev. D 84, 012006 (2011).
[26] D. de Florian, R. Sassot, M. Stratmann and W. Vogel-

sang, Phys. Rev. Lett. 113, 012001 (2014).
[27] Y. Zhou, N. Sato and W. Melnitchouk, arXiv:2201.02075

[hep-ph].
[28] B. Adeva et al., Phys. Lett. B 420, 180 (1998).
[29] A. Airapetian et al., Phys. Rev. D 71, 012003 (2005).
[30] M. Alekseev et al., Phys. Lett. B 680, 217 (2009).
[31] M. G. Alekseev et al., Phys. Lett. B 693, 466 (2010).
[32] P. Amaudruz et al., Phys. Rev. Lett. 66, 2712 (1991).
[33] M. Arneodo et al., Phys. Rev. D 50, R1(R) (1994).
[34] R. S. Towell et al., Phys. Rev. D 64, 052002 (2001).
[35] E. A. Hawker et al., Phys. Rev. Lett. 80, 3715 (1998).
[36] J. Dove et al., Nature 590, 561 (2021).
[37] A. W. Schreiber, A. I. Signal and A. W. Thomas, Phys.

Rev. D 44, 2653 (1991).
[38] F. G. Cao and A. I. Signal, Phys. Rev. D 68, 074002

(2003).
[39] D. Diakonov, V. Y. Petrov, P. V. Pobylitsa,

M. V. Polyakov and C. Weiss, Phys. Rev. D 56, 4069
(1997).

[40] M. Wakamatsu and T. Watabe, Phys. Rev. D 62, 017506
(2000).

[41] C. Bourrely and J. Soffer, Nucl. Phys. A941, 307 (2015).
[42] M. M. Aggarwal et al., Phys. Rev. Lett. 106, 062002

(2011).
[43] L. Adamczyk et al., Phys. Rev. Lett. 113, 072301 (2014).
[44] J. Adam et al., Phys. Rev. D 99, 051102 (2019).
[45] A. Adare et al., Phys. Rev. D 93, 051103 (2016).
[46] A. Adare et al., Phys. Rev. D 98, 032007 (2018).
[47] D. de Florian, R. Sassot, M. Stratmann and W. Vogel-

sang, Phys. Rev. D 80, 034030 (2009).
[48] D. De Florian, G. A. Lucero, R. Sassot, M. Stratmann

and W. Vogelsang, Phys. Rev. D 100, 114027 (2019).
[49] E. R. Nocera et al., Nucl. Phys. B887, 276 (2014).
[50] J. J. Ethier, N. Sato and W. Melnitchouk, Phys. Rev.

Lett. 119, 132001 (2017).
[51] N. Sato, J. F. Owens and H. Prosper, Phys. Rev. D 89,

114020 (2014).
[52] F. Ringer, W. Vogelsang, Phys. Rev. D 91, 094033

(2015).
[53] V. N. Gribov and L. N. Lipatov, Sov. J. Nucl. Phys. 15,

438 (1972).
[54] Y. L. Dokshitzer, Sov. Phys. JETP 46, 641 (1977).
[55] G. Altarelli and G. Parisi, Nucl. Phys. B126, 298 (1977).
[56] M. Tanabashi et al. (Particle Data Group), Phys. Rev.

D 98, 030001 (2018) and 2019 update.
[57] N. Sato, W. Melnitchouk, S. E. Kuhn, J. J. Ethier and

A. Accardi, Phys. Rev. D 93, 074005 (2016).
[58] N. Sato, J. J. Ethier, W. Melnitchouk, M. Hirai, S. Ku-

mano and A. Accardi, Phys. Rev. D 94, 114004 (2016).
[59] N. Sato, C. Andres, J. J. Ethier and W. Melnitchouk,

Phys. Rev. D 101, 074020 (2020).
[60] E. Moffat, W. Melnitchouk, T. Rogers and N. Sato, Phys.

http://doi.org/10.1103/RevModPhys.85.655
http://doi.org/10.1088/0954-3899/40/9/093102
http://doi.org/10.1016/j.physrep.2014.02.010
https://doi.org/10.1016/0550-3213(89)90089-8
https://doi.org/10.1103/PhysRevD.58.112001
https://doi.org/10.1103/PhysRevD.60.072004
https://doi.org/10.1103/PhysRevD.62.079902
https://doi.org/10.1016/j.physletb.2006.12.076
https://doi.org/10.1016/j.physletb.2010.05.069
https://doi.org/10.1016/j.physletb.2015.12.035
https://doi.org/10.1103/PhysRevLett.51.1135
https://doi.org/10.1103/PhysRevD.54.6620
https://doi.org/10.1103/PhysRevLett.79.26
https://doi.org/10.1103/PhysRevD.58.112003
https://doi.org/10.1016/S0370-2693(99)00940-5
https://doi.org/10.1016/S0370-2693(00)01014-5
https://doi.org/10.1016/S0370-2693(97)00611-4
https://doi.org/10.1103/PhysRevD.75.012007
https://doi.org/10.1103/PhysRevLett.97.252001
https://doi.org/10.1103/PhysRevLett.100.232003
https://doi.org/10.1103/PhysRevD.86.032006
http://doi.org/10.1103/PhysRevLett.115.092002
https://doi.org/10.1103/PhysRevD.100.052005
https://arxiv.org/abs/2110.11020
https://doi.org/10.1103/PhysRevD.103.L091103
https://doi.org/10.1103/PhysRevD.84.012006
http://doi.org/10.1103/PhysRevLett.113.012001
https://arxiv.org/abs/2201.02075
https://arxiv.org/abs/2201.02075
https://doi.org/10.1016/S0370-2693(97)01546-3
https://doi.org/10.1103/PhysRevD.71.012003
https://doi.org/10.1016/j.physletb.2009.08.065
https://doi.org/10.1016/j.physletb.2010.08.034
http://doi.org/10.1103/PhysRevLett.66.2712
http://doi.org/10.1103/PhysRevD.50.R1
https://doi.org/10.1103/PhysRevD.64.052002
https://doi.org/10.1103/PhysRevLett.80.3715
https://doi.org/10.1038/s41586-021-03282-z
https://doi.org/10.1103/PhysRevD.44.2653
https://doi.org/10.1103/PhysRevD.44.2653
https://doi.org/10.1103/PhysRevD.68.074002
https://doi.org/10.1103/PhysRevD.68.074002
https://doi.org/10.1103/PhysRevD.56.4069
https://doi.org/10.1103/PhysRevD.56.4069
https://doi.org/10.1103/PhysRevD.62.017506
https://doi.org/10.1103/PhysRevD.62.017506
https://doi.org/10.1016/j.nuclphysa.2015.06.018
https://doi.org/10.1103/PhysRevLett.106.062002
https://doi.org/10.1103/PhysRevLett.106.062002
https://doi.org/10.1103/PhysRevLett.113.072301
https://doi.org/10.1103/PhysRevD.99.051102
https://doi.org/10.1103/PhysRevD.93.051103
https://doi.org/10.1103/PhysRevD.98.032007
http://doi.org/10.1103/PhysRevD.80.034030
http://doi.org/10.1103/PhysRevD.100.114027
https://doi.org/10.1016/j.nuclphysb.2014.08.008
http://doi.org/10.1103/PhysRevLett.119.132001
http://doi.org/10.1103/PhysRevLett.119.132001
https://doi.org/10.1103/PhysRevD.89.114020
https://doi.org/10.1103/PhysRevD.89.114020
https://doi.org/10.1103/PhysRevD.91.094033
https://doi.org/10.1103/PhysRevD.91.094033
https://inspirehep.net/literature/73449
https://inspirehep.net/literature/73449
https://inspirehep.net/literature/126153
https://doi.org/10.1016/0550-3213(77)90384-4
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
http://doi.org/10.1103/PhysRevD.93.074005
http://doi.org/10.1103/PhysRevD.94.114004
http://doi.org/10.1103/PhysRevD.101.074020
http://doi.org/10.1103/PhysRevD.104.016015


6

Rev. D 104, 016015 (2021).
[61] C. Cocuzza, W. Melnitchouk, A. Metz and N. Sato, Phys.

Rev. D 104, 074031 (2021).
[62] A. Candido, S. Forte and F. Hekhorn, JHEP 11, 129

(2020).
[63] J. Collins, T. C. Rogers and N. Sato, arXiv:2111.01170

[hep-ph].
[64] R. D. Ball et al., Nucl. Phys. B874, 36 (2013).
[65] C. Cocuzza, C. E. Keppel, H. Liu, W. Melnitchouk,

A. Metz, N. Sato and A. W. Thomas, Phys. Rev. Lett.
127, 242001 (2021).

[66] D. de Florian, R. Sassot and M. Stratmann, Phys. Rev.
D 75, 114010 (2007).

[67] S. J. Brodsky, M. Burkardt and I. Schmidt, Nucl. Phys.
B441, 197 (1995).

[68] P. Jimenez-Delgado, A. Accardi and W. Melnitchouk,

Phys. Rev. D 89, 034025 (2014).
[69] P. Jimenez-Delgado, H. Avakian and W. Melnitchouk,

Phys. Lett. B 738, 263 (2014).
[70] C. Alexandrou, S. Bacchio, M. Constantinou, J. Finken-

rath, K. Hadjiyiannakou, K. Jansen, G. Koutsou,
H. Panagopoulos and G. Spanoudes, Phys. Rev. D 101,
094513 (2020).

[71] W. C. Chang and J. C. Peng, Prog. Part. Nucl. Phys.
79, 95 (2014).

[72] D. F. Geesaman and P. E. Reimer, Rept. Prog. Phys. 82,
046301 (2019).

[73] K. Hafidi et al., “Studies of partonic distributions using
semi-inclusive production of kaons,” Jefferson Lab exper-
iment E12-09-007.

[74] Y. Zhou, C. Cocuzza, F. Delcarro, W. Melnitchouk,
A. Metz and N. Sato, Phys. Rev. D 104, 034028 (2021).

http://doi.org/10.1103/PhysRevD.104.016015
http://doi.org/10.1103/PhysRevD.104.074031
http://doi.org/10.1103/PhysRevD.104.074031
https://doi.org/10.1007/JHEP11(2020)129
https://doi.org/10.1007/JHEP11(2020)129
https://arxiv.org/abs/2111.01170
https://arxiv.org/abs/2111.01170
https://doi.org/10.1016/j.nuclphysb.2013.05.007
http://doi.org/10.1103/PhysRevLett.127.242001
http://doi.org/10.1103/PhysRevLett.127.242001
https://doi.org/10.1103/PhysRevD.75.114010
https://doi.org/10.1103/PhysRevD.75.114010
https://doi.org/10.1016/0550-3213(95)00009-H
https://doi.org/10.1016/0550-3213(95)00009-H
http://doi.org/10.1103/PhysRevD.89.034025
https://doi.org/10.1016/j.physletb.2014.09.049
http://doi.org/10.1103/PhysRevD.101.094513
http://doi.org/10.1103/PhysRevD.101.094513
https://doi.org/10.1016/j.ppnp.2014.08.002
https://doi.org/10.1016/j.ppnp.2014.08.002
https://doi.org/10.1088/1361-6633/ab05a7
https://doi.org/10.1088/1361-6633/ab05a7
http://doi.org/10.1103/PhysRevD.104.034028

	Polarized Antimatter in the Proton from Global QCD Analysis
	Abstract
	Acknowledgments
	References


