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We review the recent efforts in the NNPDF Collaboration towards a new global extraction of
polarized parton distributions functions (pPDF). Polarized PDFs are highly relevant for the in-
terpretation of current and future polarized high-energy experiments, including the upcoming
Electron-Ion Collider (EIC). We present a recent study of the role played by heavy quark effects in
polarized DIS, where we apply the FONLL general-mass variable-flavour-number scheme for the
first time in a polarized setup and demonstrate the significant impact of charm mass corrections,
specifically for the polarized gluon distribution. We show preliminary results (DIS-only) of this
new pPDF release, NNPDFpol2.0, based on the NNPDF4.0 fitting machinery and the associated
new theory prediction pipeline.
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1. Introduction

With the rising certainty that an Electron Ion Collider (EIC) [1, 2] will eventually be built, we
have the chance to unravel more of the internal structure of hadrons and in particular the proton.
As an important goal we may be able to shed more light onto the resolution of the proton spin
puzzle, by measuring a significant number of longitudinally polarized cross-sections and structure
functions with unprecedented precision.

The expected experimental uncertainty will allow us to constrain the polarized parton distribu-
tion functions (pPDF) in a much broader kinematic range than the region which is accessible with
current data. This is particularly relevant for the polarized gluon distribution Δ𝑔 which, despite the
direct connection to the proton spin sum rule, remains poorly constraint.

To match the experimental precision on the theory side pPDF collaborations are challenged
to improve their pPDF determination frameworks. Here, we present the current efforts inside the
NNPDF collaboration towards a new extraction of pPDF, dubbed NNPDFpol2.0, eventually at
next-to-next-to-leading order (NNLO) accuracy.

The rest of the paper proceeds as follows. In Section 2 we review our recent paper [3] where we
explore heavy quark mass effects in polarized deep-inelastic scattering (pDIS) at NNLO using for
the first time a general mass-variable flavor number scheme (GM-VFNS). In Section 3 we highlight
the current, preliminary status of our new extraction based on the currently available data in pDIS.

2. Heavy quarks in polarized deep-inelastic scattering at the electron-ion collider

The precise measurement of the DIS structure functions at HERA [4] established the necessity
for a GM-VFNS, such as the FONLL prescription [5], for unpolarized PDF extractions and we expect
a similar scenario for the polarized case with the EIC. The basic idea of the FONLL prescription
can be summarized by the formula for computing a structure function 𝑔

𝑔FONLL = 𝑔FO + 𝑔RES − 𝑔sub (1)

where 𝑔FO is the fully massive calculation, which retains all heavy quark effects but only contains
a finite amount of collinear logarithms, 𝑔RES is the fully massless calculation, which contains
no power-like heavy quark effects but collects the full tower of collinear resummation, and 𝑔sub

accounts for the double-counting between the two calculations. While the FONLL prescription [5]
was formulated first for unpolarized PDFs the prescription can equally well be applied to the
polarized case as it is indeed spin independent.

In fact, the only remaining step is to provide an actual implementation to compute structure
functions in the various flavor number schemes (FNS) that serve as ingredients to the FONLL
prescription. Using the EKO [6] and yadism [7] libraries we are able to do so at NNLO accuracy
and, moreover, since both of them are integrated into the pineline framework [8] we are able to
provide the FONLL predictions at basically no additional cost.

Next, we turn to the phenomenological impact by studying the single-spin charm asymmetry
𝐴𝑐

1 given by

𝐴𝑐
1 (𝑥, 𝑄

2) =
𝑔𝑐1 (𝑥, 𝑄

2)
𝐹𝑐

1 (𝑥, 𝑄2)
(2)
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Figure 1: Theory predictions for the single-spin charm asymmetry 𝐴𝑐
1 using ZM-VFNS (crosses) or FONLL

(dots) for several proposed kinematics at the EIC [1] (left) or EicC [2] (right). The indicated error bar
corresponds to the projected experimental uncertainty [13, 14].

using the (polarized) structure function 𝐹𝑐
1 (and 𝑔𝑐1 ). In Fig. 1 we compare theory predictions for

𝐴𝑐
1 using NNPDFpol1.1 [9] for several proposed kinematics at the EIC [1] and EicC [2]. We show

predictions using the FONLL scheme, as proposed in Ref. [3], and the zero mass-variable flavor
number scheme (ZM-VFNS), which neglects all heavy quark mass effects and which was used in all
pPDF extractions so far [9–12]. Comparing with the projected experimental uncertainties [13, 14]
we conclude that we will be able to resolve heavy quark mass effects at the EIC.

3. Towards NNPDFpol2.0

Following the recent progress inside the NNPDF collaboration on methodological matters,
which culminated in the NNPDF4.0 release [15, 16], and the newly established pineline frame-
work [8] for theory predictions we are working toward a new pPDF extraction, dubbed NNPDFpol2.0.
Based on the work in Ref. [3] we show preliminary results based on the currently available pDIS
data [17–30]. As we only have cross-section using neutral current (NC) interactions between the
electron and the proton available, we have limited sensitivity to the flavor decomposition and, thus,

3
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we choose to parametrize

Δ𝑔, ΔΣ, Δ𝑇3 = Δ𝑢+ − Δ𝑑+, Δ𝑇8 = Δ𝑢+ + Δ𝑑+ − 2Δ𝑠+ (3)

at our parametrization scale 𝑄0 = 1 GeV.
In addition to the experimental constraints we also impose in addition three theory constraints:

1. the absolute value of the pPDF have to be bound by their unpolarized counterpart (here
NNPDF4.0 [15]) at 𝑄2 = 5 GeV2 [31, 32]��Δ 𝑓 (𝑄2 = 5 GeV2)

�� < 𝑓 (𝑄2 = 5 GeV2) (4)

2. the first moment of Δ𝑇3 and Δ𝑇8 is constrained by baryon decays [33]

1∫
0

𝑑𝑥Δ𝑇3(𝑥, 𝑄2) = 𝑎3,

1∫
0

𝑑𝑥Δ𝑇8(𝑥, 𝑄2) = 𝑎8 (5)

3. the first moment of Δ𝑔 and ΔΣ is finite

1∫
0

𝑑𝑥Δ𝑔(𝑥, 𝑄2 = 1 GeV2) < ∞,

1∫
0

𝑑𝑥ΔΣ(𝑥, 𝑄2 = 1 GeV2) < ∞ (6)

With this setup established we perform a first preliminary pPDF determination at next-to-
leading (NLO) and NNLO accuracy and we show the resulting pPDFs in Fig. 2. We observe that
the obtained results match the expected pattern: while we can indeed already constrain the quark
pPDFs to a certain degree, as they may couple directly to the exchanged boson, the gluon pPDF
still remains fairly unconstrained. Recall that the gluon only enters via higher order corrections, i.e.
𝑂 (𝛼𝑠) and above, or scaling violations, i.e. via the DGLAP equations, into DIS cross-sections. We
also note a relevant difference between the NLO and NNLO determination of Δ𝑔, which might be
related to the FONLL prescription, as there we have a higher sensitivity to the gluon distribution as
we retain the fully massive calculation, which at leading order (LO) is given by photon-gluon-fusion.

Moving forward towards a full-fledged pPDF release we are planning to include more diverse
datasets, specifically from purely hadronic collisions such as weak boson production [34] or (di-)jet
production [35–42] at RHIC. This will be particularly helpful to further constrain the polarized gluon
distribution Δ𝑔. We also plan to account for the uncertainty associated to the finite perturbative
knowledge, referred to as Missing Higher Order Uncertainty (MHOU), as was recently demonstrated
for NNPDF4.0 [43].
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Figure 2: Preliminary results for the PDFs of NNPDFpol2.0 as a function of the momentum fraction 𝑥 at
the fitting scale 𝑄0 = 1 GeV. From left to right and top to bottom we show the polarized gluon Δ𝑔, singlet
ΔΣ, singlet-like triplet Δ𝑇3 and singlet-like octet Δ𝑇8 at NLO (orange) and NNLO (green) accuracy.

References

[1] R. Abdul Khalek et al., Science Requirements and Detector Concepts for the Electron-Ion
Collider: EIC Yellow Report, Nucl. Phys. A 1026 (2022) 122447 [2103.05419].

[2] D.P. Anderle et al., Electron-ion collider in China, Front. Phys. (Beĳing) 16 (2021) 64701
[2102.09222].

[3] F. Hekhorn, G. Magni, E.R. Nocera, T.R. Rabemananjara, J. Rojo, A. Schaus et al., Heavy
quarks in polarised deep-inelastic scattering at the electron-ion collider, Eur. Phys. J. C 84
(2024) 189 [2401.10127].

[4] H1, ZEUS collaboration, Combination and QCD analysis of charm and beauty production
cross-section measurements in deep inelastic 𝑒𝑝 scattering at HERA, Eur. Phys. J. C 78
(2018) 473 [1804.01019].

[5] S. Forte, E. Laenen, P. Nason and J. Rojo, Heavy quarks in deep-inelastic scattering, Nucl.
Phys. B 834 (2010) 116 [1001.2312].

[6] A. Candido, F. Hekhorn and G. Magni, EKO: evolution kernel operators, Eur. Phys. J. C 82
(2022) 976 [2202.02338].

5

https://doi.org/10.1016/j.nuclphysa.2022.122447
https://arxiv.org/abs/2103.05419
https://doi.org/10.1007/s11467-021-1062-0
https://arxiv.org/abs/2102.09222
https://doi.org/10.1140/epjc/s10052-024-12524-z
https://doi.org/10.1140/epjc/s10052-024-12524-z
https://arxiv.org/abs/2401.10127
https://doi.org/10.1140/epjc/s10052-018-5848-3
https://doi.org/10.1140/epjc/s10052-018-5848-3
https://arxiv.org/abs/1804.01019
https://doi.org/10.1016/j.nuclphysb.2010.03.014
https://doi.org/10.1016/j.nuclphysb.2010.03.014
https://arxiv.org/abs/1001.2312
https://doi.org/10.1140/epjc/s10052-022-10878-w
https://doi.org/10.1140/epjc/s10052-022-10878-w
https://arxiv.org/abs/2202.02338


P
o
S
(
D
I
S
2
0
2
4
)
2
0
4

Towards NNPDFpol2.0 Felix Hekhorn

[7] A. Candido, F. Hekhorn, G. Magni, T.R. Rabemananjara and R. Stegeman, Yadism: Yet
Another Deep-Inelastic Scattering Module, 2401.15187.

[8] A. Barontini, A. Candido, J.M. Cruz-Martinez, F. Hekhorn and C. Schwan, Pineline:
Industrialization of high-energy theory predictions, Comput. Phys. Commun. 297 (2024)
109061 [2302.12124].

[9] NNPDF collaboration, A first unbiased global determination of polarized PDFs and their
uncertainties, Nucl. Phys. B 887 (2014) 276 [1406.5539].

[10] D. de Florian, R. Sassot, M. Stratmann and W. Vogelsang, Evidence for polarization of
gluons in the proton, Phys. Rev. Lett. 113 (2014) 012001 [1404.4293].

[11] J.J. Ethier, N. Sato and W. Melnitchouk, First simultaneous extraction of spin-dependent
parton distributions and fragmentation functions from a global QCD analysis, Phys. Rev.
Lett. 119 (2017) 132001 [1705.05889].

[12] MAP collaboration, Helicity-dependent parton distribution functions at
next-to-next-to-leading order accuracy from inclusive and semi-inclusive deep-inelastic
scattering data, 2404.04712.

[13] D.P. Anderle, X. Dong, F. Hekhorn, M. Kelsey, S. Radhakrishnan, E. Sichtermann et al.,
Probing gluon helicity with heavy flavor at the Electron-Ion Collider, Phys. Rev. D 104
(2021) 114039 [2110.04489].

[14] D.P. Anderle, A. Guo, F. Hekhorn, Y. Liang, Y. Ma, L. Xia et al., Probing gluon distributions
with D0 production at the EicC, Phys. Rev. D 109 (2024) 034021 [2307.16135].

[15] NNPDF collaboration, The path to proton structure at 1% accuracy, Eur. Phys. J. C 82
(2022) 428 [2109.02653].

[16] NNPDF collaboration, An open-source machine learning framework for global analyses of
parton distributions, Eur. Phys. J. C 81 (2021) 958 [2109.02671].

[17] European Muon collaboration, An Investigation of the Spin Structure of the Proton in Deep
Inelastic Scattering of Polarized Muons on Polarized Protons, Nucl. Phys. B 328 (1989) 1.

[18] Spin Muon collaboration, Spin asymmetries A(1) of the proton and the deuteron in the low x
and low Q**2 region from polarized high-energy muon scattering, Phys. Rev. D 60 (1999)
072004.

[19] E142 collaboration, Deep inelastic scattering of polarized electrons by polarized He-3 and
the study of the neutron spin structure, Phys. Rev. D 54 (1996) 6620 [hep-ex/9610007].

[20] E143 collaboration, Measurements of the proton and deuteron spin structure functions g(1)
and g(2), Phys. Rev. D 58 (1998) 112003 [hep-ph/9802357].

[21] E154 collaboration, Precision determination of the neutron spin structure function g1(n),
Phys. Rev. Lett. 79 (1997) 26 [hep-ex/9705012].

6

https://arxiv.org/abs/2401.15187
https://doi.org/10.1016/j.cpc.2023.109061
https://doi.org/10.1016/j.cpc.2023.109061
https://arxiv.org/abs/2302.12124
https://doi.org/10.1016/j.nuclphysb.2014.08.008
https://arxiv.org/abs/1406.5539
https://doi.org/10.1103/PhysRevLett.113.012001
https://arxiv.org/abs/1404.4293
https://doi.org/10.1103/PhysRevLett.119.132001
https://doi.org/10.1103/PhysRevLett.119.132001
https://arxiv.org/abs/1705.05889
https://arxiv.org/abs/2404.04712
https://doi.org/10.1103/PhysRevD.104.114039
https://doi.org/10.1103/PhysRevD.104.114039
https://arxiv.org/abs/2110.04489
https://doi.org/10.1103/PhysRevD.109.034021
https://arxiv.org/abs/2307.16135
https://doi.org/10.1140/epjc/s10052-022-10328-7
https://doi.org/10.1140/epjc/s10052-022-10328-7
https://arxiv.org/abs/2109.02653
https://doi.org/10.1140/epjc/s10052-021-09747-9
https://arxiv.org/abs/2109.02671
https://doi.org/10.1016/0550-3213(89)90089-8
https://doi.org/10.1103/PhysRevD.60.072004
https://doi.org/10.1103/PhysRevD.60.072004
https://doi.org/10.1103/PhysRevD.54.6620
https://arxiv.org/abs/hep-ex/9610007
https://doi.org/10.1103/PhysRevD.58.112003
https://arxiv.org/abs/hep-ph/9802357
https://doi.org/10.1103/PhysRevLett.79.26
https://arxiv.org/abs/hep-ex/9705012


P
o
S
(
D
I
S
2
0
2
4
)
2
0
4

Towards NNPDFpol2.0 Felix Hekhorn

[22] E155 collaboration, Measurements of the Q**2 dependence of the proton and neutron spin
structure functions g(1)**p and g(1)**n, Phys. Lett. B 493 (2000) 19 [hep-ph/0007248].

[23] Jefferson Lab Hall A collaboration, Measurements of 𝑑𝑛2 and 𝐴𝑛
1 : Probing the neutron

spin structure, Phys. Rev. D 94 (2016) 052003 [1603.03612].

[24] Jefferson Lab E97-103 collaboration, The Search for Higher Twist Effects in the
Spin-Structure Functions of the Neutron, AIP Conf. Proc. 675 (2003) 615.

[25] Jefferson Lab Hall A collaboration, Precision measurement of the neutron spin
asymmetries and spin-dependent structure functions in the valence quark region, Phys. Rev.
C 70 (2004) 065207 [nucl-ex/0405006].

[26] CLAS collaboration, Precision measurements of 𝑔1 of the proton and the deuteron with 6
GeV electrons, Phys. Rev. C 90 (2014) 025212 [1404.6231].

[27] COMPASS collaboration, The Deuteron Spin-dependent Structure Function g1(d) and its
First Moment, Phys. Lett. B 647 (2007) 8 [hep-ex/0609038].

[28] COMPASS collaboration, The Spin-dependent Structure Function of the Proton 𝑔
𝑝

1 and a
Test of the Bjorken Sum Rule, Phys. Lett. B 690 (2010) 466 [1001.4654].

[29] HERMES collaboration, Measurement of the neutron spin structure function g1(n) with a
polarized He-3 internal target, Phys. Lett. B 404 (1997) 383 [hep-ex/9703005].

[30] HERMES collaboration, Precise determination of the spin structure function g(1) of the
proton, deuteron and neutron, Phys. Rev. D 75 (2007) 012007 [hep-ex/0609039].

[31] A. Candido, S. Forte, T. Giani and F. Hekhorn, On the positivity of MS parton distributions,
Eur. Phys. J. C 84 (2024) 335 [2308.00025].

[32] F. Hekhorn, On the positivity of MSbar distributions, in 58th Rencontres de Moriond on
QCD and High Energy Interactions, 5, 2024 [2405.08643].

[33] Particle Data Group collaboration, Review of Particle Physics, PTEP 2022 (2022)
083C01.

[34] STAR collaboration, Measurement of the longitudinal spin asymmetries for weak boson
production in proton-proton collisions at

√
𝑠 = 510 GeV, Phys. Rev. D 99 (2019) 051102

[1812.04817].

[35] PHENIX collaboration, Event Structure and Double Helicity Asymmetry in Jet Production
from Polarized 𝑝 + 𝑝 Collisions at

√
𝑠 = 200~GeV, Phys. Rev. D 84 (2011) 012006

[1009.4921].

[36] STAR collaboration, Longitudinal and transverse spin asymmetries for inclusive jet
production at mid-rapidity in polarized 𝑝 + 𝑝 collisions at

√
𝑠 = 200 GeV, Phys. Rev. D 86

(2012) 032006 [1205.2735].

7

https://doi.org/10.1016/S0370-2693(00)01014-5
https://arxiv.org/abs/hep-ph/0007248
https://doi.org/10.1103/PhysRevD.94.052003
https://arxiv.org/abs/1603.03612
https://doi.org/10.1063/1.1607208
https://doi.org/10.1103/PhysRevC.70.065207
https://doi.org/10.1103/PhysRevC.70.065207
https://arxiv.org/abs/nucl-ex/0405006
https://doi.org/10.1103/PhysRevC.90.025212
https://arxiv.org/abs/1404.6231
https://doi.org/10.1016/j.physletb.2006.12.076
https://arxiv.org/abs/hep-ex/0609038
https://doi.org/10.1016/j.physletb.2010.05.069
https://arxiv.org/abs/1001.4654
https://doi.org/10.1016/S0370-2693(97)00611-4
https://arxiv.org/abs/hep-ex/9703005
https://doi.org/10.1103/PhysRevD.75.012007
https://arxiv.org/abs/hep-ex/0609039
https://doi.org/10.1140/epjc/s10052-024-12681-1
https://arxiv.org/abs/2308.00025
https://arxiv.org/abs/2405.08643
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1103/PhysRevD.99.051102
https://arxiv.org/abs/1812.04817
https://doi.org/10.1103/PhysRevD.84.012006
https://arxiv.org/abs/1009.4921
https://doi.org/10.1103/PhysRevD.86.032006
https://doi.org/10.1103/PhysRevD.86.032006
https://arxiv.org/abs/1205.2735


P
o
S
(
D
I
S
2
0
2
4
)
2
0
4

Towards NNPDFpol2.0 Felix Hekhorn

[37] STAR collaboration, Precision Measurement of the Longitudinal Double-spin Asymmetry for
Inclusive Jet Production in Polarized Proton Collisions at

√
𝑠 = 200 GeV, Phys. Rev. Lett.

115 (2015) 092002 [1405.5134].

[38] STAR collaboration, Measurement of the cross section and longitudinal double-spin
asymmetry for di-jet production in polarized 𝑝𝑝 collisions at

√
𝑠 = 200 GeV, Phys. Rev. D 95

(2017) 071103 [1610.06616].

[39] STAR collaboration, Longitudinal double-spin asymmetries for dĳet production at
intermediate pseudorapidity in polarized 𝑝𝑝 collisions at

√
𝑠 = 200 GeV, Phys. Rev. D 98

(2018) 032011 [1805.09742].

[40] STAR collaboration, Longitudinal double-spin asymmetry for inclusive jet and dĳet
production in pp collisions at

√
𝑠 = 510 GeV, Phys. Rev. D 100 (2019) 052005

[1906.02740].

[41] STAR collaboration, Longitudinal double-spin asymmetry for inclusive jet and dĳet
production in polarized proton collisions at

√
𝑠 = 200 GeV, Phys. Rev. D 103 (2021)

L091103 [2103.05571].

[42] STAR collaboration, Longitudinal double-spin asymmetry for inclusive jet and dĳet
production in polarized proton collisions at

√
𝑠 = 510 GeV, Phys. Rev. D 105 (2022) 092011

[2110.11020].

[43] NNPDF collaboration, Determination of the theory uncertainties from missing higher orders
on NNLO parton distributions with percent accuracy, Eur. Phys. J. C 84 (2024) 517
[2401.10319].

8

https://doi.org/10.1103/PhysRevLett.115.092002
https://doi.org/10.1103/PhysRevLett.115.092002
https://arxiv.org/abs/1405.5134
https://doi.org/10.1103/PhysRevD.95.071103
https://doi.org/10.1103/PhysRevD.95.071103
https://arxiv.org/abs/1610.06616
https://doi.org/10.1103/PhysRevD.98.032011
https://doi.org/10.1103/PhysRevD.98.032011
https://arxiv.org/abs/1805.09742
https://doi.org/10.1103/PhysRevD.100.052005
https://arxiv.org/abs/1906.02740
https://doi.org/10.1103/PhysRevD.103.L091103
https://doi.org/10.1103/PhysRevD.103.L091103
https://arxiv.org/abs/2103.05571
https://doi.org/10.1103/PhysRevD.105.092011
https://arxiv.org/abs/2110.11020
https://doi.org/10.1140/epjc/s10052-024-12772-z
https://arxiv.org/abs/2401.10319

	Introduction
	Heavy quarks in polarized deep-inelastic scattering at the electron-ion collider
	Towards NNPDFpol2.0

