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Spin, a fundamental concept in physics

@ SPIN is deeply rooted in the symmetries and structure of space-time

» an intrinsic form of angular momentum
» seminal role in Quantum Mechanics

@ SPIN determines whether a particle follows Fermi or Bose statistics

> implications in the structure of matter and the stability of many-body systems
> lays the foundations for chemistry and biology

© SPIN has evident effects even at large scales, almost in everyday life

> spintronics-based memory chips
> nuclear magnetic resonance imaging
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Spin in particle physics

All elementary particles in the SM carry spin, except the recently observed Higgs boson
Among them, the particles that are subject to the strong interactions: quarks and gluons
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SPIN is intimately entwined with Quantum Chromodynamics
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Spin in hadron physics

Nucleons, protons and neutrons, are bound states with spin one-half
They make up all nuclei and hence most of the visibile mass in the Universe
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They have internal structure, and such a structure is intimately entwined with SPIN
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Outline

@ Partons in QCD
» Distributions, polarization, and all that
@ A global determination of polarized PDFs
> Data, methodology, (most recent) results
© The path forward
» Future opportunities at JLAB, RHIC and EIC

@ Drawing conclusions
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A modern realization of Rutherford’s experiment

1(€) + N(P) — I'(¢") + X (Px)
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Helicity-dependent (polarized) parton distribution functions

@ Asymmetry as an incoherent sum of lepton-parton point-like interactions

d20.—>;:> d20.—>;<: dé——
v = Z egAf(X) [ —
xdy dxdy 7 dy

d6—ie
dy }

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

Af(x) = fT(x) — FH(x), f=u,0,d,d,s,5g

Ag(z) = e—» - eﬂ Ag(z) = @ﬂ _ @ﬂ

© Allow for a proper field-theoretic definition as matrix elements of bilocal operators

1 — iy xPt - _
Bq(x) = o= [dyTemV TUPSIB(0,y7, 007" (0)IP, S)
1 P -
() = i [ e TP SIG0.07,006 )P,

with light-cone coordinates and QCD field-strength tensor G (AT = 0 gauge)

y=0"yTy1), vy =00+y)/V2 vy =00 -y)V2 = ()
GR, = 0uA% — D, A% + FP AL AS
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Naive parton model expectations

@ In the naive parton model, one would expect

d?ot = d?0TE 4mal, 5
_ = A 2 —
dxdy dxdy Q2 zq: €q q(x)( y)

@ In terms of structure functions (assuming ns = 3)

1 1 1 1
gl (x)= 5 Z eSAq(x) = §AZ(X) + EAT3(X) + gATg(x) gh(x)=0
q

AY = AuT + AdT + Ast AT =Aut —AdT  ATg=Aut + AdT —2AsT

© Relate the first moment of AX to the m.e. of the flavor singlet axial current

1
a0 = (P, S|J2|P,S) = / XA (x) = 2(S9) ~ 1
0

© European Muon Collaboration result (1988)

ap = 0.098 + 0.076 + 0.113
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The EMC experiment and the proton spin crisis

Physics Letters B

Volume 206, Issue 2, 19 May 1988, Pages 364-370

A measurement of the spin asymmetry and determination of the
structure function g; in deep inelastic muon-proton scattering

European Muon Collaboration

Volume 206, number 2 PHYSICS LETTERS B 19 May 1988

The spin asymmetry in deep inelastic scattering of longitudinally polarised muons by longitudinally polarised protons has been
measured over a large x range (0.01 <x<0.7). The spin-dependent structure function g, (x) for the proton has been determined
and its integral over x found to be 0.114£0.012£0.026, in disagreement with the Ellis-Jaffe sum rule. Assuming the validity of
the Bjorken sum rule, this result implies a significant negative value for the integral of g, for the neutron. These values for the
integrals of g lead to the conclusion that the total quark spin constitutes a rather small fraction of the spin of the nucleon.
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The EMC experiment and the proton spin crisis

Nuclear Physics B

Volume 328, Issue 1, 11 December 1989, Pages 1-35

An investigation of the spin structure of the proton in deep inelastic
scattering of polarised muons on polarised protons

The European Muon Collaboration

J. Ashman et al. / Spin structure of proton

The spin asymmetry in deep inelastic scattering of longitudinally polarised muons by
longitudinally polarised protons has been measured in the range 0.01 < x < 0.7. The spin depen-
dent structure function g,(x) for the proton has been determined and, combining the data with
earlier SLAC measurements, its integral over x found to be 0.126 + 0.010(stat.) + 0.015(syst.), in
disagreement with the Ellis—Jaffe sum rule. Assuming the validity of the Bjorken sum rule, this
result implies a significant negative value for the integral of g, for the neutron. These integrals
lead to the conclusion, in the naive quark parton model, that the total quark spin constitutes a

rather small fraction of the spin of the nucleon. Results are also presented on the asymmetries in
inclusive hadron production which are consistent with the above picture.
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A realistic (QCD) picture of the nucleon

naive picture realistic picture

QCD indefinite number of relativistic

three non-relativistic quarks — -
factorization,evolution quarks and gluons
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Factorization of physical observables
@ A variety of sufficiently inclusive processes allow for a factorized description

short-distance part factorizati long-distance part
. . actorization N
hard interaction of partons nucleon spin structure

scheme . . .
process-dependent kernels universal parton distributions

@ Physical observables are written as a convolution of coefficient functions and PDFs

2 2 Ldy  (x
> ACk(y,as(u?) ® Af(y, 1) feog= [ —f(=>)el)
f=q,4.8 x Y Y
@ Coefficient functions allow for a perturbative expansion
ACk(y, as) Z akact as = as/(47)

@ For the structure function gi one has (at leading twist)

2
gi(x, p?) = % [ACns ® Agns + ACs @ AY 4 2nAC, ® Ag] (y=n1>"¢

nf 2 nf
I=h
Agns =Y ( L — 1) [Agi+Ag]  AX =) [Agi+ AF)]

i=1 (e?) i=1
ACQ =Acl? = 5(1-x) ac® —o
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Scale-dependence of PDFs: DGLAP equations

@ A set of (2ns + 1) integro-differential equations, nf is the number of active flavors
19} 2 o rldz 5 X 5
mAﬁ(X7N )= XJ:/X ?Apji (Z, as(p )) Af; (;aﬂ )
@ Often written in a convenient basis of PDFs

ng nf
Agnsiz = (Aqi+AG)—(Aq£AT) Agusy = Y (Agi—Ag) AL =) (Ag+AF)
i

i

9 v
WA‘?NS;:I:,V(X» /‘2) = Pi’ (qu‘%—') ® AqNS;:l:,v(X7 ,UZ)
1} AZ(X,uz) _ AP APEI ® A):(X,uz)
3l p2 Ag(x, pu?) —\ AP% AP Ag(x, p1?)

© With perturbative computable splitting functions (computed up to NNLO)

jl z, O!g Z k+lA as = as/(4ﬂ-)

By o) —?aa'% YN m\\' B —@ APu) mﬂr@gj
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The proton helicity sum rule

@ A decomposition of the nucleon spin

% - %Az(;ﬁ) +AG(2) + Lq(12) + Lg (1)

1 1
ax() = Y [bate) +8ats] AGGR) = [ dxde(en?)
q=u,d,s

Q All AY, AG, L4 and L, depend on the factorization scale u (and scheme)
© Beyond LO, the axial charge reads

2
ap = AZ(;}?) — n;%ﬁ:)AG(MZ)

@ According to DGLAP equations, AG evolves as [as(u?)] ™!
@ The gluon decouples from g1, the naive parton model predictions are not recovered

@ Depending on AG there may be a cancellation with AY leading to ap ~ 0

The rest of the talk will be on the determination of AX(1?) and AG(p?)
in the MS factorization scheme at NLO accuracy
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Anatomy of a global QCD analysis of PDFs

Kernel
Tables |

‘ Theoretical Predicti }4

'

‘ Comparison with Experimental Data

Minimization algorithm "

' No '
1 Stopping Criteria i
1 '

Yes

: Completed/Stop Fitting Algorithm

Obtain PDFs through global minimization of a figure of merit (e.g. x?)
Determine the set of best-fit parameters entering the assumed PDF parametrization
Need for a prescription to estimate and propagate uncertainties
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Experimental data

Process Reaction Subprocess PDFs probed x C)Z/p%-/M2 [GeV?]
i _é‘ E{p,d, n} — £Ex g q A"AJrgAq 0.003 < x < 0.8 1<5Q2<70
_ Au Au
E{p,d} — £Ehx y*q = q Ad Ad 0.005 < x <05 1S@ <60
- Ag
aos 0E{p,d} — ¢*Dx v¥g — ¢t Ag 0.06 < x < 0.2 ~ 10
P 88 — qg 2
- — jet(s)X N 0.05 < x < 0.2 30 < p2 < 800
?? Jjet(s) qg_)qur g SXR S PTR
' + u dr > W Au AT 0.05< x<0.4 ~ M2
- Pp— wEX diig — W™ Ad Ad RS Miw
88 — qg 2
e PP — X pnd Ag 0.05 <x <04 1< p% <200

SLAC

EMC, SMC, COMPASS  E142, E143, E154, E155

DIS&SIDIS

HERMES

JLAB

HALL-A, CLAS
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A few issues

@ Limited (x, @) kinematic coverage
» difficult to get Ag from scaling violations in DIS and SIDIS
— additional direct probes of Ag are needed (jets, open-charm)
> need to use data down to Q? =1 GeV?
— is perturbative QCD reliable?
— how much higher twists affect the perturbative description of observables?

@ No neutrino DIS data

> no quark-antiquark separation from inclusive DIS
— limited set of W¥ production data in pp collisions
— SIDIS data require knowledge of fragmentation functions (extra uncertainties)

© Relate the octet of axial-vector currents to 3-decay of of spin-1/2 hyperons
a = /01 dxAT3 = F+D =1.27014+0.0025 ag = /01 dxATg =3F—D = 0.585+0.025
@ Require the positivity of cross sections
106 12| < Fi(x 1) 3 |AF(x, 1)] < F(x, )
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Recent determinations of polarized PDFs (~ past 4 years)

¥ ¥ w

collaboration ois SIDIs e latest update features
DSSV a @ @ (jets, ©°) [ 1 global fit
NNPDF d = a (jets, Wi) [ ] minimally biased fit
JAM a = = [ ] large-x effects
LSS d d x4 [ ] higher-twist effects
BB vl = = [ ] simultaneous fit of as

+ simultaneous determination of PDF uncertainties

N.B.: PDF uncertainties stem from three sources
@ the underlying data, affected by statistical and (correlated) systematic errors
@ the theory used to describe them, based on the truncation of a perturbative series
© the procedure used to determine PDFs from data

Available PDF sets are all based on item 2, but may differ significantly for items 1 and 3
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Methodological detour: the standard methodology

@ Simple analytical parametrization of PDFs

. . 1
XAfi(x, ph) = nix¥ (1 — x)" (1 + pix2 + mX)

= potential bias if the parametrization is too rigid

@ Hessian propagation of errors

> expand the x? about its global minimum at first order

> diagonalize the Hessian matrix and take the hypersphere of radius \/Ax2 =1

= is linear approximation adequate? do we need a tolerance T = \/Ax2 > 17

Original parameter basis

Emanuele R. Nocera (UNIGE)

2-dim (i,j) rendition of d-dim (~16) PDF parameter space
contours of constant nglnbal

u: eigenvector in the l-direction

p(i): point of largest a; with tolerance T %

8ot global minimum

diagonalization and

rescaling by
the iterative method

« Hessian eigenvector basis sets

(b)
Orthonormal eigenvector basis
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Methodological detour: the NNPDF methodology

@ Neural network parametrization of PDFs

> redundant and flexible parametrization, (200) parameters
> requires a proper minimization algorithm and stopping criterion

= reduce the theoretical bias due to the parametrization

@ Monte Carlo propagation of errors

> generate experimental data replicas assuming multi-Gaussian probability distribution
> validate against experimental data to determine the sample size (Nrcp ~ 100 )

= no need to rely on linear error propagation, no tolerance needed

PDF replicas are equally probable members of a statistical ensemble
which samples the probability density P[f;] in the space of PDFs

() = / DAEPIFOL]

Expectation values for observables are Monte Carlo integrals

Nrep

(Offi(x, Q%)) ZO[f (x, Q%]

repkl
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Methodological detour: potential consequences

HERA-LHC 2009 PDF benchmark
Fit vs H1PDF2000, Q” = 4. GeV?

"

4 3 2 Bl 4 3 2 1
10 10 10 10 10" 0 4 1 !
X
simple functional forms Neural Networks
=] 5 = E El= DA
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Polarized PDFs from DIS: status 2013

XE(x,Q%=1 GeV?)

[E7]NNPDFpol1.0
DSSV08 Ax?=1
BB10 Ax?=1
[]AACO8 Ax?=12.95
— positivity bound

g Ll il
10° 10? 10"
X

1

dxAY (x, Q3) = +0.25 + 0.09
0.001

1
/ dxAY (x, Q) = +0.22 + 0.20
0

N
T

xag(x,Q2=1 GeV?)

F [ NNPDFpol1.0
0.8 A DSSV08 ax?=1

F BB10 Ax2=1

E []AACO8 Ax?=12.95
0.4:, — positivity bound

{
N

\

<,

1

0.001

/
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Two new analyses in 2014

DSSV++ [1404.9203] NNPDFpoll.1 [14065539]
Ag update of DSSVO08 [0204.0427] Ag, Ag update of NNPDFpol1.0 [1203.723¢]
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New data from RHIC: W¥ production

Proton helicity ="+" Proton helicity ="-"
, Longitudinal single- and double-spin asymmetries

\ix) A TN A

‘yf»"én/ \W‘/ + - ++ +-

S e o —o0 o' —o

Jae N Y Al=—— Au=—"—"7—/—#+
— \ o \ ot +o— ott 4 ot—
e e —

FEATURES

Proton helicity ="+"  Proton helicity ="" . .
roton Rellotty roton T @ quark/antiquark separation at Q ~ My

\i*""')” K \f“"w </<’ @ no need of fragmentation functions

il pravany

fud N fy N @ at RHIC, (x12) ~ MW e=m1/2 ~ [0.04,0.4]
——] , —f . ? Vs
P —~

@ for WT, d «— uand Ad +— Au
@ non-trivial positivity bound [ 1
AY-
A

T AL (yw) > [Aclyw) £ AL(—yw)
Al dxy (1 — cos 0) — Ady, Tixy (1 + cos 0)?
Ty dxy (1 — €05 0)2 — dy; U, (1 + cos 0)2

@ no access to strangeness (W + ¢ required)

MEASUREMENTS
<N /oﬁf
_ —_— o
I —<h STAR | ] + PHENIX |
backward lepton rapidity forward lepton rapidity @ much more to come from ongOing RHIC run
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New data from RHIC: W¥ production

EFFECTS ON THE LIGHT QUARK SEA POLARIZATION Al AND AH

XAT(x,Q%=10 GeV?)

xAd(x,Q2=10 GeV?)

o
a
3
T T T

E [Z]NNPDFpolt.1
DSSV08 Ax?=1

[77] NNPDFpol1.1
DSSV08 Ay?=1

— positivity bound

007 — positivity bound

102 10" 10? 10"
X X

NNPDFpolt.1: SIDIS m, W* i; DSSV08: SIDIS i, W* ®; DSSV++: SIDIS ui, W* ;

J¢ dxAf(x, Q%) 110_3 dxAf(x, Q?)

Q? =10 GeV?  NNDPFpol1.0  NNPDFpoli.1  NNDPFpoli.0  NNPDFpoll.1

DSsVo8

Az — +0.06 =+ 0.06 — +0.04 £0.05  +0.0281% %0
Ad — —0.11 4 0.06 — —0.00 +£0.05  —0.08975 %0
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New data from RHIC: W¥ production

EFFECTS ON THE FLAVOR ASYMMETRY AT — Ad

Sea asymmetry X(AU - Ad)

I -l
ARasasaw

S NEEER RN

Q@%=10 GeV? MG (a-p) -
NNPDFpolt.1  —MC(p) - CQSM
DSSV08 Ax?=1 - MC (n-0) == ST

00af. QP=10 GeV?

NNPDFpol1.1 x(AT - Ad)

NNPDF3.0  x@-T)

PB (ansatz)

4[‘
4[‘

MR | L MR | L
= 1

10° 10* 1 10° 1
X X
1 -
In(Q?) = / o [B5(x, @) — Ad(x, @1)] . Q% =10 GeV?
0

MC (7r-meson) MC (p-meson) PB (bag-model) PB IN DSSV08 Ax? =1
In =0 <0 ~ 0.09 ~ 0.2 ~ 0.2 0.14 £ 0.05

MC (7-p inter.) MC (-0 inter.) PB (ansatz) CQs ST NNPDFpoll.1
In  [-4-1073,—0.033] ~0.12 ~0.3 0.31 > 0.12 0.17 £ 0.08
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New data from RHIC: jet and 7 production

) AqaG AqAqg
e ' 7

Pl

7 production

5 06F
&
s
P
3
8 04t
&
E]
3 Y
i<0.35
0.2 NLO CTEQ6M, DSS
qq+qd
s Solid: {5=200 GeV
: Doted: (5=500 Gev
. 1 ,
0.05 0.1 0.15 952
X: (=299
Jet production
<
§
H
4
H
§ ok
£ F PP-sjetsX
5 oal- NLO CTEQ6M
°F Anti-kT R=0.6
b auar 2 ni<t
o % Solid: 15200 GV
- Dotted: V5=500 GeV.
o
Jetx, (=2p 1¥s)

T T SN B
005 01 015 02 025 03 03
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Longitudinal double-spin asymmetry

ALL —

FEATURES
@ at RHIC, <X112)

@ gg and gg initiated subprocesses dominate

~

ottt gt

ott +ot—

2"7§e—n/2 ~ [0.05,0.2]

(for most of the RHIC kinematics)

@ A; sensitive to gluon polarization
@ cross sections are well described at NLO in pQCD

MEASUREMENTS
@ STAR (jets) |
@ PHENIX () [

@ much more to come from ongoing RHIC run

|
11 ]

— gaining precision
— di-jet measurements
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New data from RHIC: jet and 7 production

EFFECTS ON THE GLUON PO

LARIZATION Ag

xAg(x,Q2=1

N
N
N
N

5:§\f§§§3§12 e

0'05;‘\\§‘§:\‘;§'\;\\,@,\&;M‘\
‘\«ﬁ,w AN

0 GeV?)
0.2

xAg

0.1

MRRNN

N \\\\\\\\;33\:“

SRR 1=
IRHIC x range| :
=5 NEWFIT -

incl. 90% C.L.variations |
—eme- DSSVH ]
--- DSSV 1

il L

it ; - R 53
LR 3
SRR RS NN L
SRR NN NN
A TS [
x\\(x\\{x\:{x\\(x\\ gggtt“ 0.1 =
0.1 " [ZJNNPDFpol1.1 L
015E EINNPDFpol1.0 r
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New data from RHIC: jet and 7 production

EFFECTS ON THE GLUON POLARIZATION Ag
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First evidence of gluon polarization in the proton

7  FTEETT T T T e

BREAKING NEWS

RHIC sees first evidence for non zero Ag

UPDATE major contributor to proton spin - - - perhaps little room left for OAM
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First evidence of gluon polarization in the proton

signin | Register 1, @ Subscribe ta All Access »
SCIENTIFIC et P -
AMERICAN

View the Latest Issue »

News & Features Topics Blogs Videos & Podcasts Education  Citizen Science  SA Magazine SA Mind  Books

SA en espafiol More Science » News 19 £ Email S Print

Proton Spin Mystery Gains a New
Clue

Physicists long assumed a proton’s spin came from its three constituent quarks. New
measurements suggest particles called gluons make a significant contribution

July 21, 2014 | By Clara Moskowitz

Protons have a constant spin that is
an intrinsic particle property like
mass or charge. Yet where this spin
comes from is such a mystery it’'s
dubbed the “proton spin crisis.”
Initially physicists thought a proton’s
spin was the sum of the spins of its
three constituent quarks. .
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First evidence of gluon polarization in the proton

MailOnline \M"

Home | News | U.S. | Sport | TV&Showbiz | Australia | Femail | Health [=45LH Money | Video | Travel | Fashion Finder

Science Home | Pictures | Gadgets Cifts and Toys Store

Mystery of 'proton spin® solved? Particle
collider reveals that quarks AND gluons
may hold answer to great subatomic puzzle

- Researchers using a collider in New York say they have solved 'spin’ mystery
- Since an experiment in 1987 the origins of proton spin have been unknown

« It had once been thought to be cause exclusively by quarks

« But this was proved to be wrong in the failed experiment 27 years ago

« Now a new study says gluons play an important role in proton spin

« Could bring to a close one of the greatest mysteries of subatomic physics

By JONATHAN C'CALLAGHAN
PUBLISHED: 14:23 GMT, 22 July 2014 | UPDATED: 14:37 GMT, 22 July 2014

FES OB B = E 4

Emanuele R. Nocera (UNIGE) The proton spin: a tale of one-half January 20, 2015 31/ 45



The spin content of the proton

1 1
%: %/ dxAT(x, QZ)+/ dxAg(x, @) + Lo+ Ly
0 0

o N A I
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02f 7

F ) ] r 1 1
_ol‘ij.dxA):(x,Qz) [ ] NNPDFpolt.1 ] F IdxAg(x,Qz) 1 % %J.dxA}:(x,Qz) - J.dxAg(x,Qz)
E i ! ! ! S ! ! ! d SEL o !

10* 10° 10?2 10" 10* 10° 10?2 10" 10* 10° 107 10"
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quarks and antiquarks ~ 20% — 30% gluons ~ 70% OAM ~ 0%

BUT LARGE UNCERTAINTIES <= NEED FOR DATA
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Need for experimental data
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Ongoing/planned/proposed experimental programs

Jefferson Laborator Relativistic A future
Y Heavy lon Collider Electron-lon Collider

SPIN UG
1d Future/

Electron lon Collider:
The Next QCD Frontier
i

T

[arXiv:1501.01220] [arXiv:1212.1701]

..E‘ i P; -: g
IS siDis PP IS siDis
large-x, high precision Ag, Aq, Ag small-x, high-Q?
=} = = E =
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Opportunities at JLAB (towards 12 GeV upgrade)

VIRTUAL PHOTOABSORPTION ASYMMETRY IN INCLUSIVE DIS

td
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SU(6) 0 5/9 NJL 0.35 0.77
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QHD (o7 /7) 1 1 DSE (contact) 0.34 0.88
QHD (%) 1 1 pQCD 1 1
NNPDF (x = 0.7)  0.41+0.31  0.75+0.07  NNPDF (x = 0.9) 0.364+0.61  0.74 + 0.34
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Opportunities at JLAB (towards 12 GeV upgrade)

POLARIZED TO UNPOLARIZED PDF RATIOS
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Opportunities at JLAB (towards 12 GeV upgrade)

POTENTIAL IMPACT OF JLAB DATA (INCLUSIVE DIS)

osE- XAU*(x,Q?=1 GeV?) [7]neorpolt.
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Opportunities at RHIC

PINNING DOWN THE LIGHT POLARIZED SEA ASYMMETRY
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Opportunities at RHIC

PINNING DOWN THE GLUON POLARIZATION

== DSSV 2014 A
with 90% C L. band

projections:
e RHIC spin

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

04

but LARGE uncertainties 02
0
10° 107 10t 107 107 10'1x 1
] ‘min
]
1

based on RHIC run9 jets and n®

upcoming 200/510 GeV RHIC spin results

jets and rf @ central & forward 1y

3 510 GeV forward rapidity data wil
» have sensitivity down to few x 10

[M. Stratmann, Talk at HiX2014]
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Opportunities at a future Electron-lon Collider

\ T T
“;1047 current polarized DIS data: REQUIREMENTS & FEATURES
8 ©OCERN ADESY ¢JLab-6 O SLAC o I k. . h
NS current polarized BNL-RHIC pp data: arge Inematic reac
J03L  SPHENIXZ ASTAR Ijer vW bosons — h|gh_energy collider
starting up: =<~ JLab-12
projected CC DIS data: @ precision of electromagnetic probes
® eRHIC Vs = 141 GeV
102k — electron beams
@ spin
0k — polarized hadron beams
@ versatility
L \ s v K — heavy ion beams
10 107 107 10" X 1
DELIVERABLES OBSERVABLES WHAT WE LEARN
Ag scaling violations in DIS gluon contribution to proton spin
_ . uark contribution to proton spin;
Aq, Ag SIDIS for pions and kaons 4 _ P P
flavor asymmetry At — Ad; strangeness As
glwf, gg/vf inclusive CC DIS at high Q2  flavor separation at medium x and high @?
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Opportunities at a future Electron-lon Collider

@ Dramatic reduction of uncertainties of both PDFs and their moments [2:iv:1206.6014]
@ Accurate determination of Ag via scaling violations in DIS [2iv:1206.6014] [arxiv:1310.0461]
@ Accurate determination of Afi, Ad via SIDIS and CC DIS [2rxiv1300 5327]

@ Access to unknown electroweak structure functions [2r¢iv: 1300 5327]

AR A 1 L R B S S e B S S R B
004 XAu JL xAd J o004 r ) 5 1
r Q =10GeV 1
002 JF 4 0,2 r R
TN ) 0s L ]
VR o Dssv 7] V 10 5 [ ]
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004F Q=10 GeV? 4 X L all uncertainties for Ax’=9 { = <
L L [ L L 4-02 &, -1 | IR NI SRS NS SIS MR LN
0?0l [ | 0.3 035 0.4 0.45
[AR(x,Q?) dx
0.001
=] F = = ==
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Opportunities at a future Electron-lon Collider

@ Dramatic reduction of uncertainties of both PDFs and their moments [

@ Accurate determination of Ag via scaling violations in DIS [

@ Accurate determination of A, Ad via SIDIS and CC DIS [

@ Access to unknown electroweak structure functions |

0.1 - o
F X(Au -Ad)

xQSM
DSSV

B DSSV+ &EIC 5%100, 5x250
all uncertainties for A;(Z:Q

---- CTEQ6 x(d-u) 1

Emanuele R. Nocera (UNIGE)

107" 1

[ T T 7 A T 0,
AY \ \ ] / ' / , AY
8 -4 | 8
/ \ /
\\ ' \ '
6 F / \ ;e
\\ 1 \ ’
/ \ .
4 / \ . 44
' ’ \ ’
/ .
,/ - -Dssv+qF / 1?2
4 —ccpis Y\ /T Q=106
Il Il o Il Il Il |
002, 0 004 002 0, 002
a3 @ ax Al(x,Q) dx
ois os
T \ T } (RN 0o,
b A —
T 8
'
6 Y o o
\ ,
4 | / B 4
\ /
2 N S 9 2
N .
’ —
0y | T L. o
026 024 022 -02) 0.18 06 062 064 1 066

Jadx@ ax

The proton spin: a tale of one-half

JAuxQ) ax

January 20, 2015

42 / 45



o . :
Emanuele R. Nocera (UNIGE) The proton spin




The ultimate spin content of the proton

Jdx AZ(x.Q)

T T T T o T T T T
06 4 Qo6 E
L 2_ 2 = 2_ 2 — 06
Q*=10GeV . Q’=10GeV’ )
F < x
x o
B3
=3 <
04 +4 = + 04
Q
=02
02 &= DSSV 2014 E -’é
Wi 0% CL. band =F
[ ¢RHIC data:
15 % 100 GeV ! 0
0Gev o
0
I L L L L L L - L L 02

T T T T
&= DSSV 2014
RHIC data:

15 %100 GeV

Q*=10GeV?

FRTITT T R !

|

-6 5 4 3 2 -1
1 10 10 10 10 10 10 1

X

‘min

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

Spin experiments continue to produce high impact results (RHIC, JLAB, ...)
first evidence of gluon polarization 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 nucleon spin content
Best fit results allow for zero OAM at 10 GeV?
(presumably the most precise indirect handle on OAM)
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Thank you for your attention
Sin-Itiro Tomonaga, Nobel Prize for Physics, 1965

[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]

Julian Voss-Andreae, Spin Family (Bosons and Fermions), Steel and silk (2009)
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The NNPDF methodology: Monte Carlo sampling

MONTE CARLO SAMPLING

@ Sample the probability density P[Aq] in the space of functions assuming
multi-Gaussian data probability distribution

art (X Q° ) = 1+ch pOc,p + rs pUs,p g1e;p (x, Q? )

Oc,p: correlated systematics os,p: statistical errors (also uncorrelated systematics)
(k) (k).

re,py rs,p: Gaussian random numbers

@ Generate MC ensemble of N, replicas with the data probability distribution
MAIN FEATURES
@ Expectation values for observables are Monte Carlo integrals

Nrep

(0[Aq]) = - Z O[Aqy]

..and the same is true for errors, correlations etc.
@ No need to rely on linear propagation of errors

@ Possibility to test for non-Gaussian behaviour in fitted PDFs
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The NNPDF methodology: Monte Carlo sampling
DETERMINING THE SAMPLE SIZE

@ Require the average over the replicas reproduces central values and errors of the
original experimental data to desired accuracy

Qualitative approach: look at the scatter plots

[ Mean values cor ] E Errors R

08~ - r PR

o 3 1 [ |

08 P ]

[ . ] 107 3

< 04 3 s f 1

e r 1 s f ]

e [ ] £ [ ]
g o2l m £

< [ . 1 < ]

of E 10 E

[ e + Ng=10 1 E ]

02— N — r ]

Eoet + Ngp=100 [ + Ngp=100 ]

oal ¥ « Nip=1000 ] r « Nigp=1000 1

N IR EPUTEN RN I P T E A B

04 02 0 02 04 06 08 1 re) 102 pre) 1

Experimental Experimental
Accuracy of few % requires ~ 100 replicas J
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The NNPDF methodology: Monte Carlo sampling

DETERMINING THE SAMPLE SIZE

@ Require the average over the replicas reproduces central values and errors of the
original experimental data to desired accuracy

Quantitative approach: devise proper statistical estimators

art art
I
Nrep 10 100 1000 10 100 1000
EMC 23.7 3.5 2.9 76037 .99547 99712
SMC 19.4 5.6 1.2 94789 .99908 199993
Ndat | , (art) (exp)
1 Naar| (g -F
<PE [<F(art)>rep]> = (R e ! Percentage Error
dat Nyat ey F(eXP)
- 1

_ CFP FE) ) = ()t (FED )

r [F(art)]

Accuracy of few % requires ~ 100 replicas

o_éexp)o_gart)

Scatter Correlation

J
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The NNPDF methodology: Monte Carlo sampling
DETERMINING THE SAMPLE SIZE

@ Require the average over the replicas reproduces central values and errors of the
original experimental data to desired accuracy

Quantitative approach: devise proper statistical estimators

<PE [<6g1(a”)>] > %l r {5&(""“)}

Nrep 10 100 1000 10 100 1000
EMC 12.8 4.9 2.0 97397 199521 .99876
SMC 22.4 5.4 1.7 .96585 199489 199980
Ndat (art) (exp)
1 2 F rep — F
<PE [(F(art)),ep]> = H# Percentage Error
dat Nyat ey F(eXP)
= 1

Scatter Correlation

[F(art)] _ <F(exp)<F(art)>fep>dat — <F(exp)>dat <<F(art)>reP>dat
r = {exp) _(art)
Os Os

Accuracy of few % requires ~ 100 replicas J
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The NNPDF methodology: neural networks

A convenient functional form
providing redundant and flexible parametrization
used as a generator of random functions in the PDF space

@

:

./.
o -0
\.

.\ n—1
/ j
®

Input Layer Hidden Layers Output Layer

@ made of neurons grouped into layers (define the architecture)
@ each neuron receives input from neurons in preceding layer (feed-forward NN)
@ activation determined by parameters (weights and thresholds)

@ activation determined according to a non-linear function (except the last layer)
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The NNPDF methodology: neural networks
EXAMPLE: THE SIMPLEST 1-2-1 NN

o

(1)

wiy |'/[-2}\-
&

— @ @
o
}IJ

2 2 =1
oo 8
1+ ef1 7’“"3) 1+ e9§2)7>“*’g)

n—1
Recal: &) =¢ <Z “’:5‘1_1)51(',_1) - 951)> Pl =1 +1e—x
j

f(x) = 5%3) = {1 + exp
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The NNPDF methodology: minimization and stopping
GENETIC ALGORITHM

Standard minimization unefficient owing to the large parameter space
and non-local x-dependence of the observables
Genetic algorithm provides better exploration of the whole parameter space

Set Neural Network parameters randomly

Make clones of the parameter vector and mutate them

@ Define a figure of merit or error function for the k-th replica

Nrep
k 1 k n k —1 rt)(k n k
EW — e 3 (gl(,a,-“)( ) gl )) ((Cov) ), (gl(f}t)( ) glnen ))
—

art)(k
g0,

net)(k
g{,it)( )

generated from Monte Carlo sampling

: computed from Neural Network PDFs

Select the best set of parameters and perform other manipulations (crossing,
mutating, ...) until stability is reached.
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The NNPDF methodology: minimization and stopping
DRAWBACK

@ NN can learn fluctuations owing to their flexibility

UNDERLYING PHYSICAL LAW

1.2

® Dataset

* Fit

=y

0.8

0.6

f(x)

0.4

0.2

0% 01 02 03 04 05 06 07 08 08 1
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The NNPDF methodology: minimization and stopping

DRAWBACK

@ NN can learn fluct

uations owing to their flexibility

UNDERLEARNING

1.2
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0.6

f(x}

0.4

0.2

AII\‘I\Il\l\Tll;{ll\\‘llll\\\

® Dataset

* Fit

1l

S
S
S
o

Emanuele R. Nocera (UNIGE)

The proton spin: a tale of one-half

January 20, 2015

7/23



The NNPDF methodology: minimization and stopping
DRAWBACK

@ NN can learn fluctuations owing to their flexibility

PROPER LEARNING

1.2

® Dataset
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* Fit

0.8

—
[
-
- =
—

0.6

f(x}

0.4

-
—.—
e
-
-—a—
—
- =

0.2

01 02 03

o
c_
'S
°_
GO
°_
[=;]
(=]
-
(=]
-]
o
1+]
-

Emanuele R. Nocera (UNIGE) The proton spin: a tale of one-half January 20, 2015 7/23



The NNPDF methodology: minimization and stopping

DRAWBACK

@ NN can learn fluctuations owing to their flexibility

OVERLEARNING

1.2

=y

0.8

0.6

f(x}

0.4%

0.2

4||"|‘||‘|‘T||;‘|H“||||H‘

® Dataset

* Fit

s
SN
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The NNPDF methodology: minimization and stopping
CROSS-VALIDATION METHOD

@ divide data into two subsets (training & validation)

@ train the NN on training subset and compute x? for each subset

@ stop when x? of validation subset no longer decreases (NN are learning noise!)

L e s A R R R R R L4 R A R AR R AR AR AR RAR RARS

F ] f: ]

HERMES ] 5 COMPASS-D

T 7Etr 7: 6 7Elr 7:

sk "'Eval 7: 5 "'Eva\ 7:

—5794 ] —5794 ]

o - af -

w ] w ]

E 3 E

1 , [ —————

oo e ]

E 1 ]

o Qb b | T NI

2000 4000 6 00 8000 1000012000140001600018000 0 2000 4000 6000 8000 1000012000140001600018000
Training Lengths [ga generations] Training Lengths [ga generations]

The best fit does not coincide with the x? absolute minimum J
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The NNPDF methodology: reweighting | I ]

@ We would like to assess the impact of including a new data set {y} = {y1,...,yn}
(delivered with o) in a prior ensemble of PDF replicas {fy}, k =1,..., Niep

@ We can apply Bayes theorem to determine the conditional probability of PDF upon
inclusion of the new data and update the probability density in the space of PDFs

Puew = MiPOEIANPaa({f}) POGHAY) = DAy}, (]2 Ve X0 (8D
iy} {f}) = Z {yi = yilfl} o5 {y; — wilfl}

© Replicas are no longer equally probable. Expectation values are given by

Nrep
(O1fi(x, @new = > O£ (x, Q)]
k=1
5 Nrep
wic o DAy {AD1Z D e 2D with Nyp = S wi
k=1
Reweighting allows to incorporate new datasets without need of refitting J
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The NNPDF methodology: unweighting | ]

Unweighting allows for constructing an ensemble of equally probable PDFs
statistically equivalent to a given reweighted set
Hence, the new set can be given without weights

IDEA
Given a weighted set of N, replicas, select (possibly more than once) replicas carrying
relatively hight weight and discard replicas carrying relatively small weight

CONSTRUCTION OF THE UNWEIGHTED SET

@ Set the number of replicas Ny, in the unweighted set
(pointless to choose N, > Nrep: no gain of information)

@ Compute, for the k-th replica of the reweighted set, the integer number

N ep j j o Nrep
o _ ] !’ !
wk—ze<,v, —PFI)a(Pk—N, ) Pe=D = D W= Nig
j=1 rep rep j=0 rep k=1
Construct the unweighted set taking w, copies of the k-th replica, k =1,..., Ny
P
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The NNPDF methodology: unweighting | ]

PP, . - PyPy

rep

N'ep

CONSTRUCTION OF THE UNWEIGHTED SET

@ Set the number of replicas N, in the unweighted set
(pointless to choose N, > Nrep: no gain of information)

@ Compute, for the k-th replica of the reweighted set, the integer number

Nliep . . k Nrep
J J Wj
WLZZQ(NI —Pk—1>0<Pk_N, ) PkZZNJ . ZWLZNr/ep
= rep rep j=0 '°P k=1

@ Construct the unweighted set taking wj copies of the k-th replica, k = 1,..., Nrep
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The NNPDF methodology: closure test | ]

Validation and optimization of fitting strategy
performed on closure test with known underlying physical law J

Set the theory (e.g. NLO pQCD)
Set the fitting methodology (e.g. genetic algortihm, cross-validation)
Set the underlying true physical law (e.g. input PDFs from MSTW08)

Generate pseudodata and perform the fit with given theory and methodology

00000

Validate the resulting PDF set

— reproduce the underlying law (both central value and uncertainties)

— check the consistency of expected values of x?

— check that PDF reweighting is equal to PDF refitting (Bayesian inference)

level 0: fluctuations on pseudodata ®; Monte Carlo replica generation X
level 1: fluctuations on pseudodata 7i; Monte Carlo replica generation X

level 2: fluctuations on pseudodata 7i; Monte Carlo replica generation i

Full control of procedural uncertainties )
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NNPDFpoll.1: fit quality

Experiment Ngat  X?/Ngas NNPDFpol1.0  x2/Nga; NNPDFpoldl.1
EMC 10 0.44 0.43
SMC 24 0.93 0.90
SMClowx 16 0.97 0.97
E143 50 0.64 0.67
E154 11 0.40 0.45
E155 40 0.89 0.85
COMPASS-D 15 0.65 0.70
COMPASS-P 15 1.31 1.38
HERMES97 8 0.34 0.34
HERMES 56 0.79 0.82
245 0.77 0.78
COMPASS (OC) 45 — 1.22
STAR (jets) 41 — 1.05
PHENIX (jets) 6 — 0.24
STAR-A, 24 — 0.72
STAR-A;; 12 — 0.75
373 — 1.05
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NNPDFpol1l.1: open-charm production at COMPASS

A'YN—>D°X _ Ag @ NGy ® D:I

[ ]
FEATURES

ER Gy ® D¢
Virtual photon-nucleon asymmetry for open-charm production

@ Ag is probed directly through the photon-gluon fusion process

(in DIS Ag is mostly probed through scaling violations instead)

@ the fragmentation functions for heavy quarks are computable in perturbation theory
(and only introduce a very moderate uncertainty in the fit)

EXPERIMENTAL MEASUREMENT
@ COMPASS (2002-2007) | ]

2
: X~/ Ndat
Experiment  Set Naat  yyppFpo11.0  DSSV0S  AACOS  BB10
COMPASS 45 1.23 1.23 127 125
COMPASS Kl 15 1.27 1.27 143 138
COMPASS K27 15 0.51 0.51 056  0.55
COMPASS K37 15 1.90 1.90 181 1.82
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NNPDFpol1l.1: open-charm production at COMPASS

é Atli\l% DX é E é AI(‘I*) DX é
s ) E ! g s % s E
[ S SO g 2 U S
! ! = T :
| E ; E I E
—————— DSSV08 E -~ DSSV08 E H -~ DSSV08 E
H --- AAC08 4 --- AAC08 H --- AAC08 4
— BB10 q — BB10 — - BB10 ]
3= [ZZ]NNPDFpol1.0 3 [Z7] NNPDFpol1.0 [ZZ]NNPDFpol1.0 3
E —e— COMPASS Kin E —e— COMPASS Kt —e— COMPASS Kin E
T Ey<sor@en 2 Comrass e ] LRI v  Ey>50(00V) L Compass ko |
H“H“H‘n‘ﬁ”‘o‘ﬁ‘”L‘“1‘2‘”“”“”“”“”“ H\‘\Hu‘d\\b‘g\\n‘awwwlwww‘\\\‘\\\‘\H‘\H‘H\‘\ H“H‘“Hu‘su‘o‘ﬂ‘ul‘“1‘2‘”“”“”“”“”“

p? [GeV] p¥ [GeV] p? [GeV]

Data are affected by large uncertainties w.r.t. the uncertainty due to PDFs
They do not show a clear trend
Experiment  Set N x2/Ndas

Xperimen © dat  NNPDFpol1i.0  DSSVOS  AACOS  BB10

COMPASS 45 1.23 1.23 127 125

COMPASS Kir 15 1.27 1.27 143 138

COMPASS K27 15 051 051 056 055

COMPASS K3r 15 1.90 1.90 181 182
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NNPDFpol1l.1: open-charm production at COMPASS

T T o‘ T T T T T T T ™ T T T T T T T o‘ T T T T T T T ™
E L yNo DX 1 E o vNo DX 1
£ AL H 3 . 3 AL 3
b $ E . b ? ] E
- 1 E : E L= i ? E
} i | E . i I £ l I ; LS
{ ! E 1 v R ]
I E ; 1 [ E
. E E ? E
[TINNPDFpoli0o ] [7] NNPDFpol1.0 i [INNPDFpoli0 ]
aF NNPDFpol1.0 AW NNPDFpol1.0 RW-] NNPDFpol1.0 AW
E —~— comPASS Kt —— COMPASS Kix —— comMPASS Kt
af -0 COMPASS Ken ] -0 COMPASS K2z ] -0 COMPASS Ken ]
F Ep<30[GeV] | o cOMPASS K3t ] [ 30<Ep<50[GeV] -+ COMPASS Kax 0> 50 [GeV] - COMPASS Kar 1
’H\MH\H\\H\\H\MHMHMHMHMHMH\\ ’H\MH\\H\H\MHMHMHMHMHMHMHM H\MHMH\H\\H\MHMHMHMHMHMHM

06 08 ‘ 12 04 06 08 | 06 08 ‘ 12

o [GeV] o [GeV] o [GeV]

The impact of open-charm data from COMPASS is mostly negligible,
as we notice from the value of the XZ/Nndat and the reweighted observable

Experiment Set Ngat X2/ Ngat X?w/Ndat

COMPASS 45 1.23 1.23
COMPASS K1m 15 1.27 1.27
COMPASS K27 15 0.51 0.51
COMPASS K37 15 1.90 1.89
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NNPDFpol1l.1: inclusive jet production at RHIC

ottt ot

Ljet
Aff = ——
LL ottt + ot—

Longitudinal double-spin asymmetry for single-inclusive jet production

[ 11 11 ]
FEATURES

@ sensitive to the polarized gluon Ag

(receives leading contribution from gg — gg and qg — gg partonic subrocesses)

EXPERIMENTAL MEASUREMENT

@ STAR 2005, 2006 | 1, 2009 | ]

@ PHENIX [ ] at RHIC
Data set Ngag jet-algorithm R [Mmin > Mmax] V5 [GeV] £ [pb™Y
STAR 1j-05 10 midpoint-cone 0.4 [+0.20, +0.80] 200 2.1
STAR 1j-06 9 midpoint-cone 0.7 [—0.70, 4+0.90] 200 5.5
STAR 1j-09A 11 anti-k¢ 0.6 [—0.50, +0.50] 200 25
STAR 1j:00B 11 anti-k 0.6 [71:00,-0.50] 200 25

d t : [+0.50, +1.00]

PHENIX 1j 6 seeded-cone 0.3 [—0.35, +0.35] 200 2.1
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NNPDFpol1l.1: inclusive jet production at RHIC

Tjet
ALL

RARERRREE
[ ptiet
Al

005

0.05(~ [777] NNPDF prior o -0.05\— [777] NNPDF prior 1o
[ NNPDF rw 1j 555 NNPDF rw 1j ]
—— STAR 1j:05 data —— STAR 1j-06 data 1
S S I S R I
P, [GeVic] P, [GeVic]
Experiment Set Ngat XZ/Ndac X%w /Ngat
lo 20 30 4o lo 20 30 4o
STAR 41 1.50 1.49 1.50 1.50 1.05 1.04 1.04 1.04
STAR 1j-05 10 1.04 1.05 1.04 1.04 1.01 1.02 1.02 1.02
STAR 1j-06 9 0.75 0.76 0.76 0.76 0.59 0.58 0.59 0.59
STAR 1j-09A 11 1.40 1.39 1.39 1.40 0.98 0.99 0.98 0.98
STAR 1j-09B 11 3.04 3.05 3.03 3.05 1.18 1.17 1.17 1.18
PHENIX
PHENIX 1j 6 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24
47 1.35 1.35 1.35 1.36 1.00 1.01 1.01 1.00

Emanuele R. Nocera (UNIGE)

The proton spin: a tale of one-half

January 20, 2015

15 / 23



NNPDFpol1l.1: inclusive jet production

at RHIC

°"5:’“Ai151‘”” R RRREEE R “,: "“5:";&%“”” RS SR EE R a s o.na;xf‘wuum R aaa HE
I ] I 0.02 3
o1~ B o1~ b E k|
oos|- 3 .05 B E
E E E -0.01F 4
07 3 ﬂ’ — -0.02; —f
L ] L -o.oof— é
0,05 (77 NNPDF prior 1o ; 0,05~ [77 NNPDF prior o q O_Mé [77] NNPDF prior 1o E
[ [ NNPDF rw 1j ] [ [E)NNPDF rw 1j [ [ NNPDF w 1j 3
[ —— STAR1:09A data 1 [ ——STAR1j:09B data 005 —— PHENIX 1] data 3
I I N I B L S IV R
P, [GeVic] P, [GeVic] P, [GeVic]
Experiment Set Ngat XZ/Ndac X%w /Ngat
lo 20 30 4o lo 20 30 4o
STAR 41 1.50 1.49 1.50 1.50 1.05 1.04 1.04 1.04
STAR 1j-05 10 1.04 1.05 1.04 1.04 1.01 1.02 1.02 1.02
STAR 1j-06 9 0.75 0.76 0.76 0.76 0.59 0.58 0.59 0.59
STAR 1j-09A 11 1.40 1.39 1.39 1.40 0.98 0.99 0.98 0.98
STAR 1j-09B 11 3.04 3.05 3.03 3.05 1.18 1.17 1.17 1.18
PHENIX
PHENIX 1j 6 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24
47 1.35 1.35 1.35 1.36 1.00 1.01 1.01 1.00
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NNPDFpoll.1: W= production at RHIC

AV AU(X]_)C:/(X2) - _Ac_i(xl)u(xz) W Ad(x1)t(x) — At(x1)d(x2)
u(xa)d(xe) + d(x)u(x) d(x1)u(x2) + (>a)d(x)

Longitudinal single-spin asymmetry for W boson production

[ ]
FEATURES

@ sensitive to individual quark and antiquark flavours (Au, AT, Ad, Ad)
(purely weak process coupling g with gg at partonic level, urdp — W+ or diig — w-)

@ no need for fragmentation functions (instead of SIDIS)
EXPERIMENTAL MEASUREMENT
@ STAR and PHENIX at RHIC | 11 11 ]

Data set Niat  [PT,mins PT,max] [GeV]  v/5[GeV] £ [pb™]
STAR-W (prel.) 6 [25, 50] 510 72
STAR-W ™ (prel.) 6 [25, 50] 510 72
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NNPDFpoll.1: W= production at RHIC

02F

o
L

[Z]NNPDF prior 4c

NNPDF rw W*

a2 * STAR W data
L L |

08l

ARRERAR:
Gl

L

1 [ZINNPDF prior 4
[EINNPDF rw W

|
A5 1 05

6~ @ STARW data
| I

A5

Experiment  Set Naat x?/Ndat X2 /Naat
lo 20 30 4o lo 20 30 4o
STAR-A; 12 138 144 139 133 108 08 074 074
STAR-AW™ 6 075 075 086 090 075 075 068 0.70
STAR-AYY ™ 6 192 203 1.8 167 132 108 083 082
STAR-AyL 6 082 081 078 078 082 080 076 0.76
STAR-AW™ 3 092 088 081 080 090 085 077 0.76
STAR-AY/ ™ 3 073 074 075 076 073 074 075 076
18 119 120 115 115 100 087 078 0.77
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NNPDFpoll.1: W= production at RHIC

AR = 04l

LL

LL

04
[ZINNPDF prior 4G

=
R AR
Lol bl
| I B I

[Z]NNPDF prior 4c
<061~ [ NNPDF rw W* -0~ [EINNPDF rw W'
= STAR W* data = STAR W data
08| L | | I I I I Dol I I I | I I
0z o4 s 08 1 iz 14 0z a0 08 1 iz 14
| |
Experiment  Set Naat x?/Ndat X2 /Naat
lo 20 30 4o lo 20 30 4o
STAR-A; 12 1.38 1.44 1.39 1.33 1.08 0.88 0.74 0.74
STAR—AZVJr 6 0.75 0.75 0.86 0.90 0.75 0.75 0.68 0.70
STAR-AYY ™ 6 192 203 1.8 167 132 108 083 082
STAR-A[; 6 0.82 0.81 0.78 0.78 0.82 0.80 0.76 0.76
+
STAR—AK'{ 3 0.92 0.88 0.81 0.80 0.90 0.85 0.77 0.76
STAR-AY/ ™ 3 073 074 075 076 073 074 075 076

18 1.19 1.20 1.15 1.15 1.00 0.87 0.78 0.77
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NNPDFpol1l.1: single-hadron production at RHIC

ott —ot— _ Za,b,c:q,a,g LR Dﬁ ® A6,

Al — =
LL ~
ott +o4+— D abe—gg 2@ fH® DH ® &<,

PHENIX [ 11 11 ] STAR | 1
ooat T 3 nM:“\““\“““““““““““:
04\ 0 = 04 0 =
FAL 1 FAL ]
0.03 - 0.03 i
E Vs=200 GeV 1 [ Vs=62.4 GeV 3
0.02F = 0.021~ -
0.01; —f omf— é
»o.mf— —f -0.01; —f
.0_02; é n.azf— é
-o.oaf— é -0»03; é
[ NLO QCD, NNPDFpoli.1 E [ NLO QCD, NNPDFpol1.1 ]
-0.04— — -0.04— -
f\\\\\\\\\\é\\\g\\\‘\u\— *\\L\\\\1}5\\\\2‘\\\\2}5\\\\:‘,\\\\3}5\\\\i\\*

P, [GeV] P, [GeV]

@ Good agreement between experimental data and theoretical predictions
@ Experimental uncertainties are larger than than those of the corresponding predictions

@ We expect a slight impact on the gluon PDF from these data
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NNPDFpol1l.1: single-hadron production at RHIC
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@ Good agreement between experimental data and theoretical predictions
@ Experimental uncertainties are larger than than those of the corresponding predictions

@ We expect a slight impact on the gluon PDF from these data
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NNPDFpol1l.1: single-hadron production at RHIC
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@ Good agreement between experimental data and theoretical predictions

@ Experimental uncertainties are larger than than those of the corresponding predictions

@ We expect a slight impact on the gluon PDF from these data

Emanuele R. Nocera (UNIGE)

The proton spin: a tale of one-half

January 20, 2015

18 / 23



NNPDFpol1l.1: single-hadron production at RHIC
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@ Good agreement between experimental data and theoretical predictions
@ Experimental uncertainties are larger than than those of the corresponding predictions

@ We expect a slight impact on the gluon PDF from these data
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Open issues: the Bjorken sum rule

02 F:‘S(X EQZ) ] 02l F’;‘s(x QZ) —

min’ 0

—

[ .. Asymptotic band - Fixed a,

Asymptotic band - Fitted a, }:

ol vl vl 3l ol
10° 102 10"

A
10° 10

0qleud vl ol vl o TR
107 10" 10" 10°  10° 107 10°  10°

oLl i
10° 107 10°

Xumin Xumin
fixed a3 = 1.2701 + 0.0025 fitted a3 = 1.19 £ 0.22

1 g
MY omins @) = [ el (x. @) gl (x, @2)] 2225 ca(Q)ACxs[ax(@2)]

Xmin

23(Q?) = /01 dx [Au(x, Q%) + Al(x, Q%) — Ad(x, @) — Ad(x, Q%)]
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Open issues: the strange content of the proton

AS (assuming As = AS, which may not be true | 1)

xAS(x,Q%=10 GeV?)

Ty

— directly from SIDIS Kaon data

= =K,...

o
2
T T

SIDIS

— indirectly from DIS scaling violations

NNPDFpol1.1
DSSV08 Ax?=1

-
P
— positivity bound

Y
10° 10?2 10"
X

NNPDFpoll.1: DIS i, SIDIS (K*) =;  DSSvVos: DIS i, SIDIS (K*) ;

DIS

@ DIS data = negative xAS; SIDIS data = changing-sing xAS

@ New, very precise, JLAB data (DIS) point to negative xAs | ]
@ Is there mounting tension between DIS and SIDIS data?
(]

How well do we know K fragmentation functions? [ 1
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Progress on inclusion of higher-twist corrections: JAM13

0.08

0.06 03 ‘ ‘ et
gg: 04 [ xAut N + smear
o +TMC
s 03 — +HT
0.02
0.02 02 f
0.01 o1l 1=
0
0
-0.01
0.04 -0.1 4
0.02
0
0.02 -0.2 1
004 . , . . 0,
0 0.2 0.4 0.6 0.8
x x X

@ leading-twist factorization of g1 and g» receives contributions from higher-twist terms

a=g tel Ctel "t e=g  +e
— g{:2 can be related to gl":2 via Wandzura-Wilckzek relation [ |
— g7 =3 can be related to g =3 via Bliimlein-Tkablaze identity [ ]
— g{:3 can be parametrized (using e.g. the form by Braun et al.) [ 1
— g7 =* can be parametrized as gf ~*(x, Q%) = h(x)/Q? (D. Hui)
@ higher twists to both g; and g» are included in JAM13
@ higher twist contributions are sizable and are needed for describing JLAB data properly
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Progress on all-order resummation

DIS: Hall A data | ] SIDIS: G. Karayan data | ]
0.6 — T L e e R AREREREY RasEa R R
[ T T T IR M A P A ————
r —— Resummed B r 7
[ ] E Resummed 4
,,,,, o r ]
04 L 7 Haddata _ 100 ]
; [ ] g r 1
F [ ] § oms[- -
i £ [ ]
< ozl — i [ ]
S0 . 1= = 1 ] =
K] L ] té 0.50 — B
S == r oas - -
P N BT T BN I E 4 A
0.2 0.3 0.00
x x
@ resummation of large logarithm corrections to spin asymmetries in DIS and SIDIS
@ asymmetries are rather insensitive to the inclusion of resummed higher-order terms
@ modest decrease of spin asymmetries at fairly high x values, more pronounced for SIDIS
@ most relevant for JLAB kinematics, important for future high statistic JLAB12
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Progress on higher-order computations (MS scheme)

linear scale

logarithmic scale
‘ ‘

T T 02 T T T 0.08 T T

dAqg/dIny’ dAg/dIny’ dAgg/dIny?

M. ag=03, N;=3

*1/(1-x)° *1/(1-x)*
| | | | 03 | | | |

0

Emanuele R. Nocera (UNIGE)

02 0.4

NNLO (three-loop) corrections to spin-dependent splitting functions have been computed
NNLO corrections to the splitting functions are small outside the region of small x
corrections to the evolution of the PDFs can be unproblematic down to x ~ 10~*

QCD analyses of polarized PDFs are now feasible up to NNLO accuracy
— only in a FFN scheme (VFN would require non-trivial unknown matching conditions)
— only including DIS data (coefficient functions are know at NNLO only for DIS)
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