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Helicity-dependent PDFs and the proton spin
The densities of partons with spin (↑) or (↓) w.r.t. the parent nucleon

∆f(x) ≡ f↑(x)− f↓(x) , f = u, ū, d, d̄, s, s̄, g

∆q(x) =
1

4π

∫
dy−e−ixP

+y− 〈h(P, S)|ψ̄(0, y−,0⊥)γ+γ5ψ(0)|h(P, S)〉

∆g(x) =
1

4πxP+

∫
dy−e−ixP

+y− 〈h(P, S)|G+α(0, y−,0⊥)G̃+
α (0)|h(P, S)〉

Gαµν = ∂µA
a
ν − ∂νAaµ + fabcAbµA

c
ν

A realisation of the total proton angular momentum decomposition

S(µ2) =
∑
f

〈
P ;S|Ĵzf (µ2)|P ;S

〉
=

1

2
=

1

2
∆Σ(µ2) + ∆G(µ2) + Lq(µ2) + Lg(µ2)

∆Σ(µ2) =
∑

q=u,d,s

∫ 1

0
[∆q(x, µ2) + ∆q̄(x, µ2)] ∆G(µ2) =

∫ 1

0
dx∆g(x, µ2)

a0 =
〈
P ;S|ĴzΣ(µ2)|P ;S

〉
naive p.m.−−−−−−−→ 2〈Sq+q̄z 〉 ' 1 EMC 1988 a0 = 0.098± 0.076± 0.113

a0 =
〈
P ;S|ĴzΣ(µ2)|P ;S

〉
MS
= ∆Σ(µ2)− nf

αs(µ2)

2π
∆G(µ2) ∆G(µ2) ∝

[
αs(µ

2)
]−1
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Looking back at 1988 with hindsight
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Experimental probes
Process Reaction Subprocess PDFs probed x Q2/p2

T /M
2 [GeV2]

`±{p, d, n} → `±X γ∗q → q
∆q + ∆q̄

0.003 . x . 0.8 1 . Q2 . 70
∆g

`±{p, d} → `±hX γ∗q → q
∆u ∆ū

0.005 . x . 0.5 1 . Q2 . 60∆d ∆d̄
∆g

`±{p, d} → `±DX γ∗g → cc̄ ∆g 0.06 . x . 0.2 ∼ 10

−→p−→p → jet(s)X
gg → qg

∆g 0.05 . x . 0.2 30 . p2
T . 800

qg → qg

−→p p→ W±X
uLd̄R → W+ ∆u ∆ū

0.05 . x . 0.4 ∼ M2
WdLūR → W− ∆d ∆d̄

−→p−→p → πX
gg → qg

∆g 0.05 . x . 0.4 1 . p2
T . 200

qg → qg

DIS : g1 =

∑nf
q e2q

2nf

(
CNS ⊗∆qNS + CS ⊗∆Σ + 2nfCg ⊗∆g

)
SIDIS : gh1 =

∑
q,q̄

e2q

[
∆q ⊗ C1,h

qq ⊗Dhq + ∆q ⊗ C1,h
gq ⊗Dhg + ∆g ⊗ C1,h

qg ⊗Dhq
]

pp : ∆σ = σ(+)+ − σ(+)− =
∑
a,b,(c)

∆fa ⊗ (∆)fb(⊗Dhc )⊗∆σ̂
(c)
ab

Dependence of PDFs on µ is determined by DGLAP equations
[See S. Moch’s, F. Petriello, and I. Pedron’s talks on perturbative accuracy of coefficient and splitting functions]
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1. Where we stand: global QCD analyses
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Recent determinations of polarised PDFs
DSSV NNPDF JAM

DIS 2� 2� 2�
SIDIS 2� 4 2�
pp 2� (jets,π0) 2� (jets,W±) 2�

statistical Lagr. mult. ∆χ2/χ2 = 2%
Monte Carlo Monte Carlo

treatment Monte Carlo

parametrization
polynomial neural network polynomial
(23 pars) (259 pars) (10 pars)

features global fit
minimally large-x
biased fit simultaneus fit

latest updates
DSSV08 PRD 80 (2009) 034030 NNPDFpol1.0 NPB 874 (2013) 36 JAM17 PRL 119 (2017) 132001
DSSV14 PRL 113 (2014) 012001 NNPDFpol1.1 NPB 887 (2014) 276 +. . . [See N. Sato’s talk]

A prescription to propagate uncertainties

E[O] =

∫
D∆fP(∆f |data)O(∆f)

V [O] =

∫
D∆fP(∆f |data)[O(∆f)− E[O]]2

P(∆f |data) −→ {∆fk}
E[O] ≈ 1

N

∑
k O(∆fk)

V [O] ≈ 1
N

∑
k[O(∆fk)− E[O]]2

A set of theoretical constraints∫
dx[∆u+ −∆d+] = a3∫

dx[∆u+ + ∆d+ − 2∆s+] = a8

from SU(2) and SU(3) symmetries
with a3 and a8 determined from baryon decays

|∆f | ≤ f
from LO positivity
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Gluon helicity
High-pT jet production

first evidence of a sizeable, positive
gluon polarisation in the proton

x

­3
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­2
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­0.6

­0.4

­0.2

0

0.2

0.4

0.6

0.8 g∆x

NNPDFpol1.2

DSSV14

positivity bound

2=10 GeV2Q

〈x1,2〉 ' 2pT√
s
e−η/2 ≈ [0.05, 0.2]

NNPDF and DSSV results well compatible∫ 0.2

0.01
dx∆g(x,Q2 = 10 GeV2) = +0.23±0.15

High-pT di-jets [PRD 95 (2017) 071103]

confirm a positive
gluon polarisation in the proton

-0.02

 0

 0.02

 0.04

 0.06

 0.08 A
2jets
LL    [sign(η1)=sign(η2)]

√s=200 GeV  |η1,2|<0.8

NNPDFpol1.1

NNPDFpol1.1 (rw)

STAR (2009)

-0.02
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 0.06

 0.08
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M
2jets

 [GeV]

A
2jets
LL    [sign(η1)≠sign(η2)]

〈x1,2〉 ' pT√
s
(e±η1±η2 ) ≈ [0.01, 0.2]

x sensitivity extended down to x ∼ 0.01∫ 0.2

0.01
dx∆g(x,Q2 = 10 GeV2) = +0.32±0.13
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Gluon helicity
High-pT di-jets [PRD 100 (2019) 114027]

Slight distortion of the central value,
consistent with a positive polarisation

High-pT jets (unp & pol) [PRD 105 (2022) 074022]

Simultaneous analysis of unp & pol jets
consistent with a positive polarisation
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Total up and down helicities
Mostly from DIS [PRD 100 (2019) 114027; PRD 105 (2022) 074022; NPB 887 (2014) 276]

Overall good agreement across DSSV, JAM and NNPDF parton sets
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Total up and down helicities at large x
Playground for models [PLB 742 (2015) 117]

x

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

­1.5

­1

­0.5

0

0.5

1

1.5

2
)2=4 GeV2(x,Q+/d+d∆

Avakian et al.

Statistical

LSS (BBS)

NJL

Su(6)­breaking

NNPDFpol1.1

NNPDFpol1.2

=12χ∆DSSV08 

Model ∆d+/d+ Model ∆d+/d+

SU(6) −1/3 NJL −0.25
RCQM −1/3 DSE (realistic) −0.26
QHD (σ1/2) 1 DSE (contact) −0.33

QHD (ψρ) −1/3 pQCD 1

NNPDFpol1.1 (x = 0.9) −0.74± 3.57
NNPDFpol1.2 (x = 0.9) −0.23± 1.06

Beyond leading-twist factorisation

Fit of higher twist terms (up to τ = 4)
in JAM15 [PRD 93 (2016) 074005]

gτ=3
1 ∝ D and gτ=4

1 = H/Q2

nonzero twist-3
quark distributions

twist-4 quark distributions
compatible with zero
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Quark singlet helicity at small x [See talk by Y. Kovchegov]

[JHEP 1601 (2016) 072; PRL 118 (2017) 052001]
[PLB 772 (2017) 136; JHEP 2207 (2022) 095]

Small-x evolution equations for g1

based on the dipole model

resum powers of αs ln2(1/x)

become closed for NC , nf large

a solution for the flavor-singlet is

g1 ∼ ∆Σ ∼
(

1

x

)αh
, αh ∼ 2.31

√
αsNC

2π

Potential solid amount of spin at small x
attach ∆Σ̂(x,Q2) = Nx−αhat x0 to DSSV

Should be tested at an EIC

How small is x0?

Which precision to test small x?

[PRD 104 (2021) L031501]
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Sea quark helicity ∆s = ∆ū− ∆d̄ [arXiv:1702.05077]

W± boson production
first evidence of broken flavor symmetry

for polarised light sea quarks

New 2013 data [PRD 99 (2019) 51102]

〈x1,2〉 ' MW√
s
e−ηl/2 ≈ [0.04, 0.4]

∆ū > 0 > ∆d̄, |∆d̄| > |∆ū|∫ 0.4

0.04
dx∆s(x,Q

2 = 10 GeV2) = +0.06± 0.03

→ +0.07± 0.01
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Sea quark helicity ∆s = ∆ū− ∆d̄ [arXiv:2202.03372]

W± boson production + SIDIS

Significant impact of W measurements

Fair compatibility with DSSV08 (SIDIS)
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Strange helicity: DIS vs SIDIS

�

NNPDFpol1.0 [NPB 874 (2013) 36]∫ 1
0 dx[∆s + ∆s̄] = −0.13± 0.09

Lattice [PRL 108 (2012) 222001]∫ 1
0 dx[∆s + ∆s̄] = −0.020(10)(1)

First moment constrained by

a3 =
∫ 1
0 dx[∆u+ −∆d+]

= 1.2701± 0.0025

a8 =
∫ 1
0 dx[∆u+ +∆d+−2∆s+]

= 0.585± 0.025

x
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0.08

)2=1 GeV2

0
](x,Qs∆s+∆x[

NNPDFpol1.0

=12χ∆DSSV08 

=12χ∆BB10 

=12χ∆AAC08 

positivity bound

directly from SIDIS Kaon data

-

indirectly from DIS + SU(3)

-

All PDF determinations based only on DIS data (+ SU(3)) find a negative ∆s+

PDF determinations based on DIS+SIDIS data (+SU(3)) find a negative or a positive ∆s+

depending on the K FF set [PRD 91 (2015) 054017] [See R. Sassot’s and I. Borsa’s talks on FFs]

Tension between DIS and SIDIS data can be ficticious

SU(3) may be broken [PRD 58 (1998) 094028, Ann.Rev.Nucl.Part.Sci. 53 (2003) 39], but how much?
−→ in NNPDFpol, the nominal uncertainty on a8 in inflated by 30% of its value to allow for a

SU(3) symmetry violation (a8 = 0.585± 0.025 −→ a8 = 0.585± 0.176)
−→ but e.g. lattice finds a larger SU(3) symmetry violation [PRL 108 (2012) 222001]

Opportunities at an EIC

one could study kaon multiplicities in SIDIS −→ further constraint on kaon FFs
one could study CC charm production W+s→ c in DIS −→ direct handle on s, s̄

(handle on s-s̄ asymmetry also from three-loop evolution [PRD 99 (2019) 054001])
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Strange helicity: DIS vs SIDIS [PRL 119 (2017) 132001]

gA = 1.24± 0.04 a8 = 0.46± 0.21
confirmation of SU(2) symmetry to ∼ 2%

∼ 20% SU(3) breaking ±20%

∆s+ = −0.03± 0.09

∆Σ = 0.36±0.09 ∆u−∆d = 0.05±0.08
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2. Where we are going: the theory front
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Heavy flavour production at NLO
First calculation of the heavy flavor contribution to the differential gQ1 at NLO,

[PRD 98 (2018) 014018; ibid. 104 (2021) 016033]
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Progress on NNLO computations
W± boson production [PLB 817 (2021) 136333]

computation based on

the N -jettiness method

[See talk by F. Petriello]

DIS+jet [PRL 125 (2020) 082001]

computation based on

the Projection-to-Born method

[See talk by I. Pedron]

SIDIS [PRD 104 (2021) 094046]

approximate corrections

from threshold resummation
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The spin budget at NNLO and beyond
[PRD 99 (2019) 054001]

Splitting functions known at NNLO

Computation of the evolution of
∆Σ at N3LO and of ∆G at NNLO

“Static” solutions for ∆G
at every perturbative order

that tend to an asymptotic limit (' 0.1)

NNLO perturbative evolution predicts
∆s−∆s̄ < 0, 1% of the total ∆s+ ∆s̄
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Comparing lattice QCD and global PDF fits: moments
PDFLattice studies [Prog.Part.Nucl.Phys. 100 (2018) 107; ibid. 121 (2021) 103908]

gA = 〈1〉
∆u+−∆d+ =

∫ 1

0
dx
[
∆u

+ −∆d
+
]

(x,Q
2
)

〈1〉
∆q+

=

∫ 1

0
dx∆q

+
(x,Q

2
)

〈x〉
∆u−−∆d− =

∫ 1

0
xdx

[
∆u

− −∆d
−
]

(x,Q
2
)
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Comparing lattice QCD and global PDF fits: PDFs
PDFLattice studies [Prog.Part.Nucl.Phys. 100 (2018) 107; ibid. 121 (2021) 103908]

LP3'18, Pmax  3.0 GeV
ETMC'18, Pmax  1.4 GeV
NNPDFpol1.1
JAM'17
DSSV'08

0.2 0.4 0.6 0.8 1.0

0

1

2

3

4

x

Δ
u
-
Δ
d

LP3'18, Pmax  3.0 GeV
ETMC'18, Pmax  1.4 GeV
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Ref. Sea quarks Valence quarks N∆t method Pmax (GeV) a (fm) Mπ (MeV) MπL

ETMC’20 2f twisted mass twisted mass 4 pseudo-PDF 1.38 0.09 130 3.0
JLab/W&M 2+1 clover clover n/a pseudo-PDF 3.29 0.09 172–358 5.08–5.47

ETMC’18 2f twisted mass twisted mass 4 quasi-PDF 1.38 0.09 130 3.0
LP3’18 2+1+1f HISQ clover 4 quasi-PDF 3 0.09 135 4.0
LP3’17 2+1+1f HISQ clover 2 quasi-PDF 1.3 0.09 135 4.0

ETMC and LP3 determinations are both at the physical pion mass
Lattice determinations are qualitatively similar (among them) and similar to global fits

Nucleon momentum is limited by lattice spacing
Different procedures lead to slightly different behaviour in x
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Which precision shall we require to lattice QCD?
Generate lattice QCD pseudodata assuming NNPDFpol1.1 central values for

gA ≡ 〈1〉∆u+−∆d+ , 〈1〉∆u+ , 〈1〉∆d+ , 〈1〉∆s+ , 〈x〉∆u−−∆d−

Assume percentage uncertainties according to three scenarios

scenario gA 〈1〉
∆u+ 〈1〉

∆d+ 〈1〉
∆s+

〈x〉
∆u−−∆d−

A 5% 5% 10% 100% 70%
B 3% 3% 5% 50% 30%
C 1% 1% 2% 20% 15%

current 3% 3% 5% 70% 65%

Reweight NNPDFpol1.1 with lattice pseudodata and look at the impact
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What if one includes lattice data in a global fit?
Use pseudo-pdf pseudodata [PRD 103 (2021) 016003]

Define the matrix elements M on the light-cone

Relate them to light-front PDFs using LaMET

ReM∆u−∆d = CRe
∆u−∆d ⊗ T3

ImM∆u−∆d = CIm
∆u−∆d ⊗ V3

Observable Npt χ2
pt (exp) χ2

pt (exp+lat)

DIS (A
p,d
1 ) 651 1.1 —

ETMC ReM∆u−∆d 31 — 0.5
ETMC ImM∆u−∆d 30 — 0.3

Total (exp+lat) 712 — 1.0
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3. Where we aim to get: opportunities at the EIC
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EIC measurements

Kinematic coverage

[Figure from PRD 104 (2021) 034028]
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EIC measurements

Experimental precision

[Figure from the EIC Yellow Report arXiv:2103.05419]
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Impact of neutral-current inclusive DIS
On proton [PRD 102 (2020) 094018; PRD 104 (2021) 034028]
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Impact of neutral-current inclusive DIS
On 3He [PRD 102 (2020) 094018; PRD 104 (2021) 034028]
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Impact of neutral-current inclusive DIS
Quark, gluon and orbital angolar momenta [PRD 88 (2013) 114025]
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Impact of neutral-current inclusive DIS
Quark, gluon and orbital angolar momenta [PRD 88 (2013) 114025]
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Impact of charged-current DIS
On proton [PRD 88 (2013) 114025]

χQSM CTEQ6 x(d
–
-u

–
)

DSSV

DSSV+  & EIC 5×100, 5×250

all uncertainties for ∆χ
2
=9

x(∆u
–
 -∆d

–
)
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Impact of semi-inclusive DIS
With charged pions and kaons [PRD 102 (2020)]
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Impact of DIS+jets

[PRD 98 (2018) 054031]

Include all relevant partonic contributions
(direct and resolved photon contributions)

Intermediate-to-high tranverse momenta
are sensitive to the polarised gluon PDF

Find that PDF errors are much larger than
projected statistical errors

[PRD 103 (2021) 014008; ibid. 105 (2022) 074025]

Fully differential NLO corrections
to di-jet production in NC and CC DIS
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4. In summary

Emanuele R. Nocera (U. Torino & INFN) Helicity PDFs: status and prospects 1st August 2022 31 / 32



Looking ahead in light of 30 years of experience
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Looking ahead in light of 30 years of experience

[Spin] is a mysterious beast, and yet its practical effect prevails the whole of science.
The existence of spin, and statistics associated with it, is the most subtle and ingenious

design of Nature - without it the whole Universe would collapse.
S-I. Tomonaga, The story of spin 2nd ed., University of Chicago Press (1998) [from the preface]

Thank you
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