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Helicity-dependent PDFs and the proton spin

The densities of partons with spin (7) or (*) w.r.t. the parent nucleon

Af(z) = fT(@) = fH(), f=umdds g
Ag(a) = e > - Qﬁ Ag(z) = @ﬂ - @ﬂ
M) = o [y e T RSB0y, 0,07 O (P S)
Mge) = o [ e T P 8)IGH 0,57, 0.)GE O S))

G, = 0, AL — 0, A% + foPeAb A

A realisation of the total proton angular momentum decomposition

S(%) = Y (PiSIF; ()P S) = § = ARG + AGG2) + L4 (1) + Ly ()
f 1 1
ax) = 3 [bg@at) + adwat) AGER) = [ dedglen?)

g=u,d,s

ao = (P; S|J5(12)|P;S)

naive p.m.

2(59T%) ~ 1  EMC 1988 ag = 0.098 £ 0.076 £ 0.113
2
22 MS Qs -1
ao = (P; S|J2(u?)|P; S ) "2 AS(u?) fnf$AG(u2) AG(12) [ (12)]
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Looking back at 1988 with hindsight
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Experimental probes

Process Reaction Subprocess PDFs probed x Q? /p% /M? [GeV?]

.
2 F{p,d,n} > *X g —gq Aqggb“j 0003<2<08 1<Q%<70
N X

. ¢ Au Au
. (E{p,d} - (ThX ~*q = q Ad Ad  0.005 S @ <05 1<Q%2<e60
% Ag
X

. tE{p,d} 5 TDX  ~4*g > cc Ag 0.06 <z <02 ~ 10
“ N BT — jet(s)X gg - gg Ag 0.05 Sz <02 305 p2 < 800
h 7 + _
4+ urdrp - W Au Au P
Tp—- WEX dyinm — W=  AdAd 0.05<z <04 ~ Mg,
I x PP =X ZZ - gg Ag 0.05<2<04  15p2 <200
RS g2
DIS : g1 = Tq (CNS®AqNs+Cs®AE+2nng®Ag)
f
SIDIS:  gf =) €2 [Aq ®CLMeDl+Aqe Cy @Dl + Age Cl)t ® Df;]
9,9
pp : Ag =Mt _ g(H)— = Z Afa ® (A)fp(@DM) @ A6 (c)

a,b,(c)
Dependence of PDFs on p is determined by DGLAP equations
[ ]
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1. Where we stand: global QCD analyses
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Recent determinations of polarised PDFs

DSSV NNPDF JAM
DIS val v val
sipis val X val
pp E (jets,ﬂ'o) m (jets,Wi) E
statistical Lagr. mult. AXQ/X2 =2%
treatment Monte Carlo Monte Carlo Monte Carlo
. polynomial neural network polynomial
parametrization (23 pars) (259 pars) (10 pars)
. minimally large-x
features global fit biased fit simultaneus fit
latest updates DSSV08 NNPDFpol1.0 JAM17
up DSSV14 NNPDFpoll.1 +.0 ]

A set of theoretical constraints

A prescription to propagate uncertainties
/dz[Au+ —Adt] =as3

E[0] = /DAfP(Aﬂdata)(’)(Af)

Vo] = /DAfP(Af\data)[O(Af) - E[0])? /dz[Au+ + Adt —2AsT] = as
P(Afldata) — {Afr} from SU(2) and SU(3) symmetries
with a3 and ag determined from baryon decays

E[O] ~ 4 ¥, O(A ) e

VO] = % Y RlOAf) — E[O]]2 from LO positivity
15t August 2022 6/32
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Gluon helicity

High-pr jet production
first evidence of a sizeable, positive
gluon polarisation in the proton

XAg
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[777) NNPDFpol1.2
DSSV14

— positivity bound

102 107
X

(x1,2) ~ 21’7;6*77/2 ~ [0.05,0.2]
NNPDF and DSSV results well compatible

El
3

.01
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High-pr di-jets [ ]
confirm a positive
gluon polarisation in the proton

[sign(ny)=sign(n,)]
0.08 | 5=200 GeV n ,I<0.8
0.04

0.08 | p2jets
AL

0.02

NNPDFpoli.1
NNPDFpol1.1 (rw)
-0.02 STAR (2009) ——

0.08 2jets

AL
0.06
0.04

[sign(n,)=sign(n,)]

0.02

10 20 30 40 50 60 70 80
M [Gev]
(w1,2) ~ %(eiminz) ~[0.01,0.2]
x sensitivity extended down to z ~ 0.01

0.2

0.2
/ dx Ag(z,Q? = 10 GeV?) = +0.23+0.15 / dx Ag(z,Q? = 10 GeV?) = +0.32+0.13
0 0

.01
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Gluon helicity

High-pr di-jets [PrD 100 (2019) 114027] High-pr jets (unp & pol) [PrRD 105 (2022) 074022]
2 o 1 "" Xiea
Aggpw / Agye (xQ7=10 GeV?) pata Mo i@ sue  su@iee
2 Unpolarized DIS 2080 | 120030 120530 120
5 Drell-Yan (pp, pD) 250 | 10650 106{}5) 110
L Jets
. DO (p5) 1o | 08905 oSty oss
CDF (pp) ) LUl Lufl)
0s STAR 2003 (pp) 3| o01h)  ootlell oot
: MC-average STAR 2004 (pp) of 1os(te)  1osfv 106
STAR 2009 mid-central dijet impact 5 i | 109092 o002 .
0 Hg“(':f) ::‘g‘ng) Polarized DTS 365 | 0020 002l 096
sign(n) # sign(ny) Jets in polarized 57
and o comous STAR [ om0 oali s
0.01 003 0.1 03 05 PHENIX 2| 03l oasihi o
X Total 3576 114 1.14 1.15
25 T T T
Aggew ! deyie (1Q7=10 GeV?) 04 SU2) — SU(3) — SU(3)+pos
2 MC-average £ :
15 0.2
q@'}
1
0.0
8
05
—0.2
0 west bartelendeap
e ontus —0.4 . .
001 003 0.1 03 05 0.01 0.1 0.5
X T
Slight distortion of the central value, Simultaneous analysis of unp & pol jets
consistent with a positive polarisation consistent with a positive polarisation
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Total up and down helicities
Mostly from DIS | ]

_ af ]
035 - x(Au+Au) B 0 SU@2)
2 2 I 5U@3)
025 | @106V 03 SU(3)+pos

0.2
0.15

0.05

-0.05
005 - x(Ad+Ad) .

-0.05 u
—0.05

DSSV14 ===

0,15 |Land 68% C.L.contours i —~0.10

MC-replicas . 7

MC-average == —0.15F NS / 4
025 |LNNPDFpoll.1 =+ | xAdt

: and 1-6 contours 0.20k Seee |
1 1 —V. 1 1 1
0.001 0.01 . 0.1 1 0.01 0.1 0.5
€

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 [

]

Ad*/d*(x,QP=4 GeV?)

Y

15[~ ---Avakian etal. [ZJNNPDFpol1.1
-~ Statistical [INNPDFpol1.2
1 --- LSS (BBS) [C]DSSV08 Ax*=1
—NJL -
05

----- Su(6)-breaking

/i

-0.

@

IR B

Beyond leading-twist factorisation

Fit of higher twist terms (up to 7 = 4)

in JAM15 | ]
— zD,

0.10} (=1 Dy
— zH,

005t (= zH,

E 1 0.00
- ]
151 E —0.05
Gl b benn b b b Nvebeeecll 14l " L .
01 02 03 04 l;.(S 06 07 08 09 102 102 01 03 05 0.7 z
T=3 T=4 _ 2

Model Adt/dT Model Adt/dt 91"« Dand g7=% = H/Q

su(e) —1/3  NIL —0.25

RCQM —1/3 DSE (realistic)y  —0.26 nonzero twist-3

QHD (o /2) 1 DSE (contact) —0.33 — .

QHD (v,) _1/3  pQacb 1 quark distributions
NNPDFpoll.1 (z = 0.9) —0.74 + 3.57 twist-4 quark distributions
NNPDFpoll.2 (z = 0.9) —0.23 £+ 1.06 compatible with zero
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Quark singlet

Astl(@?)

helicity at small x ]

How small is z¢?

—— DSsV14

- — - This work (x=0.03)

— — This work (x,=0.01)

- - - This work (xp=0.001)

Xmin

107 107 1072

[ ]
[ ]

Small-z evolution equations for g1
based on the dipole model
resum powers of as In?(1/x)
become closed for N¢, ny large
a solution for the flavor-singlet is

asN¢o
27

1\ @n
g1~AE~<f ,  ap ~231
x

Potential solid amount of spin at small x
attach A% (z, Q?) = Nz—“hat z¢ to DSSV

Should be tested at an EIC

Helicity PDF:
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Sea quark helicity A, = Au — Ad | ]

W* boson production
first evidence of broken flavor symmetry
for polarised light sea quarks

New 2013 data | 1
A - +
Lt p+p->W+ X set+ X
r Vs =510 GeV 25 ¢ ES < 50 GeV
0.5
0
I w*
-0.5[- & STAR2011-2013
r BS15 CHE NLO
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-~ =- DSSV14 RHICBOS
I e NNPDFpol1.1 CHE NLO
<%%#:%< NNPDFpol1.1rw CHE NLO
1 3.3% beam pol scale uncertainty not shown
| P B B
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Sea Asymmetry
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[ ---== NNPDFpol1.1
_0.04 %25 NNPDFpoll.irw

102 107! 1

(w1,2) ~ Mwem/? x [0.04,0.4]
AT > 0> Ad, |Ad] > |Adg]

0.4

dz As(z, Q% = 10 GeV?) = +0.06 + 0.03
0.04

— +0.07 £0.01
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0.08- ™ JAM ]

0.08r

0.04
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Sea quark helicity A, = Au — Ad

VVi boson product|on + SIDIS

noW [ “DSSV- hke”

) +pos

N JAM
NNPDFpoll.1 J
1 DSSV08

x(Au—Ad)

Q% =10 GeV?
0.01 0.1 0.3 x

Significant impact of W measurements
Fair compatibility with DSSV08 (SIDIS)

process Naat X°/Naat
polarized
inclusive DIS 365 0.93
inclusive jets 83 0.81
SIDIS (7, 77) 64 0.93
SIDIS (KT, K™) 57 0.36
STAR W#* 12 0.53
PHENIX W*/Z 6 0.63
total 587 0.85
unpolarized
inclusive DIS 3908 111
inclusive jets 198 1.11
Drell-Yan 205 1.19
W /Z production 153 0.99
total 4464 1.11
SIA (n%) 231 0.85
SIA (K7) 213 0.49
total 5495 1.05
Com no W/Z +pos 7
| JAM +pos H
0.5
| dzA
Jo.on dzAq —
0 Cw
-
0.5 p 3
Aut Ad* An Ad
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Strange heI|C|ty DIS vs SIDIS

NNPDFpol1.0 | ] ooaf- N E
. AS+AS] 02 1 G V2 ] dlrectl from SIDIS Kaon data
S dz[As + A5 = —0.13 % 0.09 a5 it G ] y
0.06]- [7] NNPDFpol1.0 B
. [ZZ) pssvos ax?=1 ]
lLattlce [ ] 004 [ BB10 Ay \)1‘ 7
Jo dz[As + A5] = —0.020(10)(1) [] AACOB ay=1 1— N
0925 ___ positivity bound ]

First moment constrained by _¢ o
az = [} dz[Aut — AdT) :
= 1.2701 £ 0.0025

|nd|rect|y from DIS + SU(3)
ag = [y de[AuT +AdT —2As7T)

:ﬂ ;
= 0.585 + 0.025 o0 1 )

10° 10? 10" 1
x

All PDF determinations based only on DIS data (+ SU(3)) find a negative As™
PDF determinations based on DIS+SIDIS data (+SU(3)) find a negative or a positive Ast
depending on the K FF set | 11 1
Tension between DIS and SIDIS data can be ficticious

SU(3) may be broken [ ], but how much?
— in NNPDFpol, the nominal uncertainty on ag in inflated by 30% of its value to allow for a
SU(3) symmetry violation (ag = 0.585 £ 0.025 — ag = 0.585 + 0.176)

— but e.g. lattice finds a larger SU(3) symmetry violation | ]

Opportunities at an EIC
one could study kaon multiplicities in SIDIS — further constraint on kaon FFs
one could study CC charm production W+s — ¢ in DIS — direct handle on s, 5
(handle on s-5 asymmetry also from three-loop evolution | )]
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Strange helicity: DIS vs SIDIS [PRL 110 (2017) 13200

JAMIT + SU(3)
04F
004 Ast DSSV09

0.02F JAML15

N X et
0 I

—0.02 BRI h
—0.04+ N X

107 102 10T 04 03

xZ B SUG

process target Naat x? 1@
DIS p,d, He 854 854.8 E
SIA (n%, K¥) 850 997.1 2
SIDIS (%)

HERMES d 18 28.1 =

HERMES » 18 142 = AuAd

COMPASS d 20 8.0 3

COMPASS  p 214 182 g
SIDIS (K*) z

HERMES d 27 18.3

COMPASS d 20 18.7

COMPASS » 94 19.3 ga =1.244£0.04 ag = 0.46 + 0.21
Total: 1855  1969.7 confirmation of SU(2) symmetry to ~ 2%

~ 20% SU(3) breaking £20%
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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 g? at NLO,

[ 1
0.04 [ ! i ! T 1 0.04 [ ! ! ! T 1
- best.fit . Reshfit
0.03 ~.\ minAg - - -] o.osf\\ min Ag - - - - |
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0.01 '_\".‘x=0.001. Q2=10GeV?2 x=0.001, Q2=10GeV? 1
0.00 =
001 -7
-0.02 |
-0.03 - S -0.03 "~
2_02 2 2y el 2 -2 2 2 .~
w0a | LO p2=0Q%+4(m? +prf) el w0a | LO p2=Q% +4(m? + pr?) o
004 [ : : T T T 004 [ : : : T T .
‘\. ‘\.
003 s 0.03 | s, 1
by Y
0.02 N, 0.02 |- N, 1
\
0.01 N, 0.01 | b 1
N e
0.00 — e 000 e
0.01 - e K 0.01 - . e E
’ . . '~
0.02 - el 002 - el §
0.03 F e 0.03 T
-0.04 NLO‘ . N N ) -0.04 NLO L L L L 1
NN ' " NLO/LO] TR ‘ " NLO/LO]
1__/_):‘ T T T T T ey
1/4 £ . . . . . | . =]
0 1 2 3 4 5 6 3 4 5 6
pr [GeV] pr [GeV]
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Progress on NNLO computations

| mDATA [FINLO ENNLO EINLO PDF 1 VVi boson production [PLB 817 (2021) 136333]
05l 25<p, <50 GeV 1 computation based on
“t 1 the N-jettiness method
| 1 [See talk by F. Petriello]
Fol ] DIS+jet [PrL 125 (2020) 082001]
r 1 computation based on
s 1 the Projection-to-Born method
[ | See talk by I. Pedron
70.55 (5=510 GeV 7] [ :
| p(pol)+p(unpol.) | SIDIS [PRD 104 (2021) 094046]
el b b b b b o H H
B s e T s approximate corrections
y from threshold resummation
101 POLDIS 003
3 4002
=~ ~
< <
10-2 ep = jet +e+X 0.01
V5 = 140GeV
0.00
5125 %1 5125
g S
& 100 & 1.00— ey E—
075 . . 075 . . . . .
10 20 -1 0 1 2 3
pr[GeV] n
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The spin budget at NNLO and beyond

[ ] 10251 AZ(Q)/AZ(Qy)  (Qo=1 GeV)
Splitting functions known at NNLO
1.000
Computation of the evolution of \ Lo
AY at N3LO and of AG at NNLO 0975 - ]
“Static” solutions for AG 0.950 - » 4
at every perturbative order T, NLO
that tend to an asymptotic limit (~ 0.1) 0925 NSLO\\\\NIEUSQ\W 3
NNLO perturbative evolution predicts 0.900 5 - — -
As — A5 < 0, 1% of the total As+ A3 10 10 10 10 10
Q(GeV)
oF ] 0.00000
AC Eﬁo AG(Qq)=1 \ Asy (Qo=1 GeV)
,,,,,, ~0.00025 |, e
1 R
2G(Qp)=0.1 ~0.00050 - b
0E==== B
~0.00075 |- 1
AG(Qp)=-1 el
-1 ~0.00100 |- B
1 I Levbeen il - - — -
05 o7 1o 2.0 1 5 10 50 100 500
Q(GeV) Q(GeV)
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Comparing lattice QCD and global PDF fits: moments

PDFLattice studies [ ]
ga ETMCH9  rame <1554+ - <Ispgt | | <Toaet o e XA Ad
CalLat18 HH
PNDME18 —a— J—— e N2+ 11 - —=— PNDME20
LHPC19 ——
Mainz19 — ——
PACS19 —— . a—
xQCD18 —— —e— = N=2+1 =]
ETMC19 [ N2
PDFLattice17 L] —e —t —_—— —_—
JAM17 —— ] —_— —_— —_——
=2 GeV
1 1.1 1.2 13 07 08 09 1 -05 -04 03 -02 -0.2 -0.1 0 015 02 025 03
Moment Tattice QCD Global Fit JAM17
1
1179-1.309° _ — + + 2
& 1.202-1.314° 1.258(28) 1.240(41) 9gA = <1>Au+—Ad+ = / dx [Au — Ad ] (z, Q%)
1.268(36)°¢ 0
0.738-0875°
(M 0810-1.001° 0813(25) 0812(22) 1 N R
—0.473——0.403° <1>Aq+ = dz Aq™ (z, Q%)
(M) aar 04310278 —0.462(29) —0.428(31) Jo
—0.0538-—0.0379" 1 _ _ 2
(1 ~0.0035(9)" —0.114(43) ~0.038(96) (T) pu— —Ad— = / zdx [Au — Ad ] (z, Q%)
- 0
[y g:;;‘l‘(%ﬁz)ﬁ 0.199(16) 0.241(26)

Ny =24+1+1. "Ny =2+ 1. °N; =2. YSingle lattice result.
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Comparing lattice QCD and global PDF fits: PDFs

PDFLattice studies [ ]

T T T T T T T T 2.0 T T T T T T T
4 W LP3'18, |Prax| =3.0GeV 1 M LP3'18, |Ppax| = 3.0 GeV
B ETMC'18, |Prax| = 1.4 GeV 15 B ETMC'18, [Prax| = 1.4 GeV
3 B NNPDFpol1.1 ] 10 I NNPDFpoll.1 ]
~ W JAM'17 < M JAM'17
3 W DSSV'08 <4 W DSSV'08
[y I 05
1 I3
< <
1k
0
. I . I . I . I .
0.2 0.4 0.6 0.8 1.0
X X
Ref. Sea quarks Valence quarks Nay method Prax (GeV) a(fm) My (MeV) ML
ETMC'20  2f twisted mass  twisted mass 4 pseudo-PDF 1.38 0.09 130 3.0
JLab/W&M 241 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 24+1+1f HISQ clover 2 quasi-PDF 13 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 NNPDFpoll.1 central values for
94 = (Dawt—aat: (Dawts Daat: (Dast: (T)au——aa-

Assume percentage uncertainties according to three scenarios

scenario g4 (W) a,+ Dagt Wast (Bau—_ag—

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 NNPDFpoll.1 with lattice pseudodata and look at the impact

0.08 0.08 ey
FAbsolute PDF uncertainty E E 3
0025 & g Jattice —— E 0.025 £ E
Escenario A - E E E
0.02 L scenario B 3 002 F E
"7 E scenario C el E
0.015 EQ?=4 GeV? E 0.015 F E
E 3 0.01 £ 3
0.005 £ : 0005 F .- E
ExAU*(x,.Q%) ‘ ‘ \ Exas*(x,Q%) ‘ ‘ 3
o B2 VO L R, o VN L i -
10° 102 107 10° 10° 102 107" 10°
X X
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What if one includes lattice data in a global fit?

Use pseudo-pdf pseudodata [ | Observable Not X, (exp) X2, (explat)
Define the matrix elements M on the light-cone 2
. . DIS (AD%) 651 1.1 —
Relate them to light-front PDFs using LaMET
ETMC ReM A, 31 — 05
R Au—Ad
ReMau—ad =CaA%_aq ® T3 ETMC ImMa s ng 30 — 03
ImMpay_ad =CH_ L, ®V3 Total (exp+lat) 712 — 1.0

1.5

Re Mau-ad

I exp
I oxp+lat

(IX0132 £ X EXEETPETPETPETPRN ‘CEPRRTPETPRIVRRITS 3 F

I oxp
5-0.2r HEEE cxp+lat
[ Jlat (DFT)
—10 0 10 1072 1071
z/a x
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3. Where we aim to get: opportunities at the EIC
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EIC measurements

Kinematic coverage
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EIC measurements

Experimental precision
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Impact of neutral-current inclusive DIS

On 3He | ]
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Impact of neutral-current inclusive DIS

Quark, gluon and orbital angolar momenta [Proas (2013) 114025)
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Impact of charged-current DIS

On proton | ]
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Impact of semi-inclusive DIS

With charged pions and kaons [ ]
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Impact of DIS+jets

EIC inclusive jet production EIC inclusive jet production
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4. In summary
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Looking ahead in light of 30 years of experience
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Looking ahead in light of 30 years of experience
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[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-1. Tomonaga, The story of spin 2nd ed., University of Chicago Press (1998) [from the preface]

Thank you
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