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Foreword: parton distributions on the light cone

@ The momentum densities of partons with spin () or (*) w.r.t. the nucleon
Af(@) = fT(@) = f*(), f=ut,dds5g

s - @ - @ )= S -

@ Allow for a proper field-theoretic definition as matrix elements of bilocal operators
parton
collinear transition
xP of a massles proton h
into a massless parton 4
with fractional momentum x
| local OPE = lattice formulation

proton

1 _ iy~ zPt - —
Aqw) = 4 [y I RS0y, 0,07 P OIPS)
1 — —iy~zPTt a - ~
Age) = o [ eI R SIG R 0, 00GE )| S)

with light-cone coordinates and QCD field-strength tensor G (A1 = 0 gauge)
y=@ "y .y, vt =00Hy)/V2 T =00 -y /V2, v = ()
e a a abc Ab pc
GS, = OuAL — 9, AL + fabeAb AC
@ All these definitions have ultraviolet divergences which must be renormalized
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Experimental probes

Process Reaction Subprocess PDFs probed o Qz/p% /M? [GeV?]
3 £
; (F{p,d,n} 5 XX  ATq—gq AqA"'gA”Z 0.003<z<08  1<Q2<70
N X
‘ ¢ Au Au

! (E{p,d} - ¢ErXx g = g Ad Ad  0.005 S @< 0.5 1<Q2<60

Z, Ag
v 3 tE{p,dt > tEDX  ~*g > ce Ag 0.06 <z <0.2 ~ 10
.. BT — jet(s)X g;’ :: gg X Ag 0.05 Sz <0.2 30 < p2 < 800
+ urdp — W Au Au < g < ~ M2
Pp—-> WEX dyin W~ AdAd 0.05 <z 0.4 M3,
s ' PP = X gg : gg Ag 0.05< 3 <0.4 1< p2 <200
Zf 2
DIS: g1 = ? (Cns ® Agns + Cs ® AX +2n5Cy ® Ag)
SIDIS:  gf =) €2 [Aq ®CLM@Dl+ Aqe Cyr @Dl + Age )t ® Df;]
9,9
pp : Ao =gt — - = Z Afa ® (A)fo(®D)) ® Ab (8)
a,b,(c)
Cs: NNLO for DIS | 1; NLO for SIDIS and pp
Ps: NNLO [ ]
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Recent determinations of polarised PDFs

DSSV NNPDF JAM
DIS | | v
SIDIS v X val
pp @ (jets,‘lro) @ (jets,Wi) X
statistical Lagr. mult. Ax2/x? = 2%
treatment Monte Carlo Monte Carlo Monte Carlo
N polynomial neural network polynomial
parametrization (23 pars) (259 pars) (10 pars)
. minimally large-a
features global fit biased fit effects
latest updates DSSV08 NNPDFpol1.0 JAM15
P DSSV14 NNPDFpoll.1 JAM17

+ simultaneous determination of PDF uncertainties (data, theory, methodology)

A matematically ill-posed problem: determine a set of functions from a finite set of data

E[O] :/DAfP(Af\dam)O(Af) Vo] :/DAf7>(Af|azmea)[(Q(Af)—E[O]]2

Monte Carlo (JAM, NNPDF, DSSV) Maximum likelihood (DSSV, LSS, BB)
P(Afldata) — {Afx} P(Af|data) —s Afo
EO] % 5 Xk O(Afk) E[0] ~ O(Afo)

V[O] ~ % >k lO(Afr) — E[O])? V[0] = Hessian, Ax2envelope, . ..
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Polarised PDFs: NNPDFpoll.x |

104, T T \IHHl T T \\HH] T T TTTTTH Py
F 7 N,
Foemc + compass-oc® ® ° @ = ] EXPERIMENT Nyat 1.0X /l_{jat 1.2
e T STARW ] EMC 10 044 043 043
STARjet: : : :
oSMClowx = Jets | SMC 24 093 090 092
*E142 * PHENIX-jets . SMClowx 16 097 097 094
10°LeE 143 i, = E142 8 0.67 066 0.55
FE1ss . 3 E143 50 0.64 0.67 0.63
o - E154 11 040 045 034
~E155 o ] E155 40 089 085 0.98
€ [-courassp - COMPASS-D 15 065 070 0.57
© COMPASS.P - COMPASS-P 15 131 138 0.93
S - HERMESO7 8 034 034 023
oy 10°*COMPASS-P15 . N HERMES 56 079 082 0.69
& “COMPASS-D17 " e ]
g [ *HERMES97 * ': N A.? £ new COMPASS-P-15 51 0.98* 0.99* 0.65
S oHERMES  u oot ] new COMPASS-D-17 15 1.32*% 1.32*% 0.80
N TRt new JLAB-E93-009 148 1.26% 1.23* 0.94
+JLAB-E06-014 ol B new JLAB-EG1-DVCS 18  0.45* 0.59* 0.29
10| "LAB-EG1-DVCS ) ‘o X x *D ol | new JLAB-E06-014 2 2.81* 3.20*% 1.33
o JLAB-EQ3- S o4
FoJLAB-E93-009 , PO NN COMPASS (OC) 45 122% 122 1.22
r Y STAR (jets) 41 —  1.05 1.06
L R 50y u:‘.’; ] PHENIX (jets) 6 — 024 024
s, a XOeued o w*
- PSR e . STAR-AW™ (2012) 24 — 105 1.05
L JE DU ZE.'."# | STAR-AY, 12— 095 094
C 1111 \Hl 1 L1 11 HIJ . 1 1111119 new STAR_ALWj: (2013) 8 _ 276* 134
10° 10?2 10" 1 new STAR (dijets) 14 —  1.34* 1.00
X TOTAL 0.77 1.05 1.01
* data set not included in the corresponding fit
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Gluon polarisation

High-pr jet production High-pr di-jets [ ]
first evidence of a sizeable, positive confirm a positive
gluon polarization in the proton gluon polarization in the proton

XAg
Q%=10 GeV?

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

0.

@

0.08 | p2jets
AL

; =4
@
YT T T

0.04
0.02
0 NNPDFpol1.1 SSXY
NNPDFpol1.1 (rw;
-0.02 STAR (2009) —=—
1 098 | AZE® [sign(n,)=sign(n,)]
1 0.06
E 0.04
] 0.02
E 0
0.8 — Positivity bound 7 0.02
10° 107 107" 1 10 20 30 40 50 60 70 80
X MZES [GeV]
~ 20T —1/2 ~ ~ PT (oM =+ ~
(w1,2) = P2 % [0.05,02] (w1,2) = BE(e¥mFm2) = [0.01,0.2]
NNPDF and DSSV results well compatible 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
0.01 0.01

Emanuele R. Nocera (Nikhef) Helicity PDFs: status and prospects 24th August 2019 6 /22



0.01

Gluon polarisation

STAR 2009 mid-central dijet i

Aggew / Agye (xQ7=10 Gev?)

MC-average ===

sign(n)) = sign(n,)
sign(n,) # sign(n,)

and 1-G contours.

Aggew ! e (.Q7=10 GeV?)

MC-average B

STAR 2009 forward dijet impact
cast barrel-endcap
west barrel-endcap
endcap-endcap
and 1-6 contours

0.1
X

0.3

0.5 0.01 0.03 0.1 0.3 0.5
X

New Monte Carlo version of the DSSV analysis [2:¢y 1002 10545]

Effect of STAR high-pr dijets at /s = 200 GeV similar to that observed in NNPDF

Uncertainty almost unaffected

Slight distortion of the central value,

Emanuele R. Nocera (Nikhef)
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More data available:

More data to come:

Deep insight:

best fit prefers
AG of about 0.36
70-75% of 1/2

but large
uncertainties

Gluon polarisation

PHENIX 70 run 12-13 at 510 GeV |
STAR jets and dijets run 12 at 510 GeV |
STAR dijets run 12-13 at 510 GeV, STAR jets run 12-13 at 510 GeV

a high-energy polarised Electron-lon Collider |

~ 1.5
o

9 [
Ko

1 L
4 L
x_ 1
IR

0.5

UNELLL L R
DIS + SIDIS data
no pp data in fit

RHIC spin
projected data up to 2015

LB e R L e R L

—— DSSV 2014
with 90% C.L. band

EIC projections:
. Vs=77.5GeV
Vs = 1227 GeV
B+ s = 1414 GeV

PRI SN [T S T R SR

0 T . .. ......cocerieccanneemnnnnnae s cmnannenaanns
' Q’=10GeV? .
0.5 NN, ol )
10°% 107 10* 107 107 10 1
min

Small-z behaviour can be modified by small-z evolution |
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including jet and 7°
RHIC data < 2015

510 GeV forward
rapidity data
will have sensitivity
down to few z
10—3

]
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Gluon polarisation and charm
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Total up and down polarisations | I

T
xAd*(x,Q%=10 GeV?)
[:]NNPDFpol1.0

NNPDFpol1.2
— positivity bound

T
XAU*(x,Q%=10 GeV?)
DNNPDFpoH .0

NNPDFpol1.2
— positivity bound

of ‘ 02 ‘
o3 e e Y £ opasE——— i v
003 O, x,QP=10 GeV?) E 0o G, +(x,Q°=10 GeV?)
0.025] = 0.025E- X -
0.02E7 """~ E 00257 77Tl 5
0.015] - S 0.015E - NS
0O — o — Il - N 00IE T — s eI T
0.005 0.005 N\
10° 10 10 10° 10 10

@ Improved accuracy at small z: new COMPASS data
(+ improved unpolarized Fr, and F» from NNPDF3.1)
@ Improved accuracy at large z: new JLAB data
(also note that the positivity bound is slightly different)
@ A lower cut on W2 will allow for exploiting the full potential of JLAB data

(if we replace W2 > 6.25 GeV? with W2 > 4.00 GeV? the x2 deteriorates significantly)
(need to include and fit dynamic higher twists, in progress)
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Total up and down at large x | ]

Playground for models Beyond leading-twist factorisation
e A L A
2 Ad*/d*(x,Q%=4 GeV?) E Fit of higher twist terms (up to 7 = 4)
15/ -~ Avakian etal. [ZJNNPDFpol1.1 E in JAM15 | ]
[ - - Statistical [[INNPDFpol1.2 ]
1 ---LSs(BBS)  []DSSVO08 AxP=1 -] <D
F—NiL —
0'5; --- Su(6)-breaking 0.10 — xDy
ok — zH,
A 0.05p — zH,
05
F 0.00 h
A
15 1 —0.05
B R Y - T 07 1072 01 03 05 07 .
X
T=3 T=4 __ 2
Model Adt/dT Model Adt/dt 91"« Dand g7=% = H/Q
Su(6) —1/3  NJL —0.25
RCQM —1/3 DSE (realistic)y  —0.26 nonzero twist-3
QHD 1 DSE (contact) ~ —0.33 .
QHD EZJL/)Z) 13 pQCD(m" =) N 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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Small-z asymptotics of the quark helicity

Astmel(@?)

—— DSsV14

- — - This work (x=0.03)

— — This work (x=0.01)

~ - - This work (x,=0.001)

Xmin

107

107

[ ]

Small-z evolution equations for g1
based on the dipole model

resum powers of asIn%(1/x)
become closed for N¢, ny large

a solution for the flavor-singlet is

1\ @h asN
g1 ~ AS ~ <7> YL ap ~ 231y 220C
T 27

Potential solid amount of spin at small =
attach A3 (z, Q?) = Nz~ “hat x9 to DSSV
detailed phenomenology needed

Should be tested at an EIC

Emanuele R. Nocera (Nikhef)
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AR L) m Al AR

aslmintl(2)’

0.6 :
0.4 F ;
0.2 NN :
0 FITT E
02, . FIT2 vzzzza -
04 [ H5=1GeV? FIT3 meeass -
- Lol vl
10°% 10* 10% 102 107 10°
Xmin

[ ]

FIT1: AT3 = 1.2701 4 0.0025
ATg = 0.585 £ 0.176

FIT2: AUT = +1.098 & 0.220
ADT = —0.417 £+ 0.084
AStT = —0.005 £ 0.001

FIT 3 AUt = 41.132 4 0.226
ADt = —0.368 + 0.074

AST =0
FIT1 FIT2 FIT3
2
at 0.74 0.76 0.79

Xd
AY  40.23+0.09 +0.644+0.14 +0.73 £0.16
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Sea quark polarisation A, = At — Ad | ]

W* boson production

) ) 0.08 Sea Asymmetry
first evidence of broken flavor symmetry r X(AT - Ad)
for polarized light sea quarks 0_06}
New 2013 data [ | r
0.04—
AL L = + +
p+p->W +X et + X
r s =510 GeV 25 ¢ ES < 50 GeV
GA
_0.02f- Q°= 10(GeV/c)?
- NNPDFpol1.1
( _o.04al. ##55% NNPDFpolt.1rw
| e ?yes\l\um\ - )
L 102 107! 1
K X
i ' sl W (w1,0) ~ Mm% ~10.04,0.4]
-0.51 o STAR20112013 Al - -
- - BS15 CHE NLO At > 0> Ad, |Ad| > |Ag|
L DSSV14 CHE NLO
- - - - DSSV14 RHICBOS - 0.4
r «=izi2i2:2 NNPDFpol1.1 CHE NLO 2 _ 2\ _
L 44424044 NNPDFpol1.1rw CHE NLO dx As(z, Q° = 10GeV*) = 4+0.06 £ 0.03
- 3.3% beam pol scale uncertainty not shown 0.04
e — +0.07 £ 0.01
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Sea quark polarisation Ay, = Au — Ad

More data available: PHENIX W run 11-13 at 510 GeV [

Deep insight:

]

a high-energy polarised Electron-lon Collider [

accurate determination of A% and Ad through CC DIS and SIDIS

T T T
omE XAu JE xAd

T

B DSSV+ & EIC 5x100, 5250

0.04 N 1
all uncertainties for Ax"=9
. . . .
107? ' o 1 07 10" 1
— e
01k o i
F x(Au -Ad) 1
0.05 - -

DSsV

-0.05 all uncertainties for Ax’=9

(S DSSV+ &EIC 5x100, 5x250

xQSM ---- CTEQ6 x(d-u) 4

107 107 10°

Emanuele R. Nocera (Nikhef)

(o(pr) - 0(pL)) / (o(pR) + o(pL))

L

Helicity PDFs: status and prospects

1.0 T T
AW (A11+Ar ) — (1 —y)*(Ad + A5)
: (utc)+(1-y)*d+5)
W— /n’
05 F
,,7‘/
=
- . =+ - =
00 H=e——
wH N
AW (1- )(Ad + As) — (Aa + Ag)S
05 ° 51*?/)Q(l[+ﬁ)+ﬁﬂ+4:)
10% 102 107
X
+ LO
AW P Au—Ad
y—0 Cutd
AW+,p LO | 4Au—Ad

y=1/2 4u+d

AW+,p LO . Au

y—1 w

+— for AZV

24th August 2019

14 / 22



SU(3) breaking and strangeness

R AN
E x[As+A§](x,Q§=1 GeV?)

0.061- [7777] NNPDFpol1.0

NNPDFpol1.0 [ ] 00 K

[ dz[As + A5) = —0.13 £ 0.09

7; directly from SIDIS Kaon data
| [ ¢

f )
1, >
] N

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

:ﬂ ;
= 0.585 & 0.025 006 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 | ]

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 | ]

1Lattice [ 0 ] 004L- [ 810 a0t
Jo dz[As + A5] = —0.020(10)(1) [] AACOB ay=1
2L — positivity bound
First moment constrained by _¢ o
az = fol dz[Aut — AdT) :
= 1.2701 £ 0.0025

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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SIDIS and Fragmentation Functions |

DHESS JAM NNFF
SIA m m m
SIDIS vl vl X
PP vl X 7 n*)
statistical Iterative Hessian
treatment 68% - 90% Monte Carlo  Monte Carlo
parametrisation standard standard neural network
pert. order (N)NLO NLO up to NNLO
HF scheme ZM(GM)-VFN ZM-VFN ZM-VFN
DEHSS =¥ | 1 K*
JAM  #E KE ]
NNFF =%, K* p/p| 1

Focus on new data:

BELLE and BABAR SIA cross sections
COMPASS SIDIS multiplicities

Overall fair agreement among the three sets
(except flavour separation for K+)

NNFF uncertainties usually larger

(especially for the gluon)

Note various shapes for the 7% gluon

Emanuele R. Nocera (Nikhef)

.
2D} (2.Q9)
Q=10 GeV

-
20} (2.Q%] °
NNFF1.0
DEHSS 2
JAM zzzz1

NLO theory:

ratio to NNFF1.0
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SIDIS and Fragmentation Functions | ]

DHESS JAM NNFF
SIA m m m
sIDIs vl vl X
PP vl X 7 n*)
statistical Iterative Hessian
treatment 68% - 90% Monte Carlo  Monte Carlo
parametrisation standard standard neural network
pert. order (N)NLO NLO up to NNLO
HF scheme ZM(GM)-VFN ZM-VFN ZM-VFN
DEHSS =¥ | 1 K*
JAM  #E KE ]
NNFF 7%, K%, p/p [ ]

Focus on new data:

BELLE and BABAR SIA cross sections
COMPASS SIDIS multiplicities

Overall fair agreement among the three sets
(except flavour separation for K+)
NNFF uncertainties usually larger

(especially for the gluon)

Note various shapes for the 7% gluon

Emanuele R. Nocera (Nikhef)
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-
20K (2,09

NNFF1.0 mommm

DHESS ===x1§ 0.8
JAM 77771

NLO theory

zDg'(z,Qz)
Q=10 GeV
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Fragmentation Functions at a future EIC ]

Assess the quantitative impact of simulated 7% and K* DIS data at an EIC
Consider one kinematic scenario for the EIC (1/s=140 GeV)

Appreciate the significant impact on all FFs

13 F pgg meeees Q*=10 GeV?
12 | PSSrey HEEEE s=140 GeV

Y

0.9
0.8 = o
07 ]:)u+E|/Du-v-uDSS

+ +
3 3
Dgsa/ Dd‘*abss

boor
pX_/pX

U+l

+

S+pss

T Ll
07 Dg=g / Digpygg

03 04 05 06 Z0A7 0.8

Emanuele R. Nocera (Nikhef)
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Comparing lattice QCD and global fit PDF moments

Polarlzed moments Neowt ‘,3,
R O
lattice QCD +—— 1

global flt reoeeet

JA FERTPR

Doy g
o (Dagt
(Das* ",'.‘:..:
<X>Au'— Ad” '-;:
‘ ‘ ‘ 15204 GeV?
08 04 0 0.4 0.8 1.2 1.6

Moment Lattice QCD  Global Fit JAM17
1.195(39)*

ga 1.275(12)  1.240(41)
1.279(50)**

(1) put 0.830(26) 0.813(25) 0.812(22)

(1) A gt -0.386(17)F  -0.462(29) -0.428(31)

(1) Ast -0.052--0.014 -0.114(43) -0.038(96)

(z)Au _Ad— 0.146-0.279 0.199(16) 0.241(26)

*Ny =2
Np=2+1+1

t Slngle lattice result available [

+Aq:|:Aq,q:u,d,s;Q:2GeV.

For details, see [

1
ga = (D aut—_ng+ = /0 dz [Aut(z,Q%) — AdT (z, Q)]

(@) aw—aa- = [ wds (b7 (2.Q%) -

Emanuele R. Nocera (Nikhef) Helicity PDFs: status and prospects

1
<1>Aq+ :/(; dx Aq+($,Q2)

“(2,Q%)]
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Which precision shall we require to lattice QCD?
Generate lattice QCD pseudodata assuming NNPDFpoll.1 central values for
94 = (D awt—aat: (Dawts (Daat: (Dast: (T)auw-—aa-

Assume percentage uncertainties according to three scenarios

scenario g4 (Da, 4+ Dagt Dast D au——na—
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 Ty 0.03 T
EAbsolute PDF uncertainty 3
0025 £ 1o lattice —— 0.025 |-
Escenario A - E
0.02 £ scenario B 0.02 £
7 E scenario G e TR
0.015 Q=4 GeV? 0.015 F

001 E 001 [-
00055 .- 0.005 & .
ExAu*(x,Q%) ‘ ‘ \ Exast(x,Q%) ‘ ‘
10° 102 107 10° 10° 102 107

X
Emanuele R. Nocera (Nikhef)
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Simultaneous fits of (pol.) PDFs and FFs | ]

JAMIL7 +SU(3) « ¢ e h ‘ o
+ DSSV09
JAM15 X

0.04
0.02f

X
0 N X et N
—0,02 R
2l ga su@ | [ ag SUE)
—0.04} - g
1072 1072 107! 04 038
- L1 1.2 1.3 0 0.5
process target Niat X2 :é AY Au~Ad
DIS p.d.°He 854 8548 T
SIA (r%, K¥) 850 9971 =
SIDIS (7¥) g
HERMES d 18 28.1 (e ¥ ¥ R 0
HERMES P 18 14.2
ggxﬁﬁgg d ;2 122 ga =1.244+0.04 ag = 0.46 + 0.21
SIDIS (K+) g ) confirmation of SU(2) symmetry to ~ 2%
HERMES d 27 183 ~ 20% SU(3) breaking +20%
COMPASS d 20 187 X
COMPASS  p 2 123 As™ = —-0.0340.09
Total: 1855  1969.7 AY, = 0.36+0.09 Au—Ad = 0.05+0.08
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Improvements in the NNPDF fit methodology | ]

dat1.7 GeV
Current NNPDF methodology pugss
H 0.55 .1 global
is no longer state-of-the-art
Gradient-based optimisation of large NNs 0.50
Quality industry backed libraries available Zoas
]
New NNPDF methodology: 0.40
gradient descent techniques 035
Implemened with Keras 4+ TensorFlow
Performance increased by a factor ~20 107 107 we e 107 100
Allows to remove a lot of legacy code dat17Gev
0.55 wn! n3fit global (68 c.l.+10)
. . NNPDF 3.1 global (68 c.I.+10)
Central values and fit quality
remarkably stable 050
L. R o045
PDF uncertainties somewhat affected k!
comparable in the data region 0.40
significantly reduced outside
0.35
Fewer replicas for equal accuracy 105 o P o= ppary o0
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Summary

After three decades of experimental and theoretical activity,
we cannot really say we know AY and Ag
Main culprit: small-xz behavior of polarized PDFs

Spin experiments continue to produce high impact results (RHIC, JLAB, COMPASS)
first evidence of gluon polarization and light sea symmetry in the proton

Theory efforts and global QCD analyses try to keep up

Only an EIC would be able to push forward our knowledge of the nucleon spin content
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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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