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Foreword

@ How the nucleon spin is built up from the quark and gluon spin and OAM?

1 1
5= EAZ(N2)+AG(M2) + La(t®) + Lq(p?) 1 ]

quark and gluon spin fractions quark and gluon OAM

@ Does each of these terms allow for a unique field-theoretic definition in QCD?
(possibly gauge-invariant, physically meaningful and related to a measurable quantity)

[ ]
© This talk is about an accurate determination of AX(u?) and AG(x?) in QCD

1 1
AX(p?) :Z/O dx [Aq(x, 1?) + Ag(x, pu?)] Ag(p?) :/O dx Ag(x, 1%
q
@ Namely, a determination of the longitudinally-polarized PDFs of the proton
(i.e. the momentum densities of partons with spin (T) or (+) w.r.t the nucleon)

Af(x) = fT(x) — FH(x), f=u,0,d,d,s,5, g

Ag(z) = e—» - eﬂ Ag(x) = @# _ @ﬂ
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Outline

@ A global analysis of parton distributions

> Theory: perturbative accuracy, theoretical constraints
» Methodology: standard vs NNPDF routes
> Data: spin observables and accessible PDFs

@ Longitudinally polarized PDFs from the NNPDF family

> Evolution of NNPDFpol fits: kinematic coverage and fit quality
> Impact of new data: RHIC data, new DIS data
> The emerging picture of the polarized nucleon

@ Drawing conclusions

Results shown in this presentation are based on the following papers

[ 11 11 11 ]
in collaboration with R.D. Ball, S. Forte, G. Ridolfi and J. Rojo
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A global PDF determination: the underlying strategy

[ QCD theory } { PDF parametrization ]

[ theoretical predictions ]

minimization
algorithm

comparison with
experimental data

i

yes

[ best-fit parameters ]
FITTING ALGORITHM

Assume a reasonable PDF parametrization
Obtain theoretical predictions for various processes and compare predictions to data

Determine the best-fit parameters via minimization of a proper figure of merit (e.g. x?)
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A global PDF determination: the ingredients we need

[ methodology ]

DGLAP evolution parametrization fixed-target data

partonic cross sections uncertainty estimation (DIS, SIDIS)
heavy quark treatment error propagation collider data
QED/EW corrections minimization strategy (ep pp)

Need for a choice of

@ theory, or the theoretical details of the QCD analysis
(perturbative order, treatment of heavy quarks, treatment of as, theoretical constraints)

@ methodology, or a prescription to determine PDFs and their uncertainties
(uncertainty estimates are crucial to make reliable predictions based on PDFs)

© data, or the set of observables to be included in the analysis
(constrain all possible PDFs in the widest range of Bjorken-x)

Each of these ingredients is a source of uncertainty on the PDF determination )
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Theory: perturbative QCD

@ Factorization of physical observables O, | ]
> a convolution between coefficient functions Cjr(x, as(u?)) and PDFs f(x, 112)

g
Z Cie(y, as(1?))®F (v, 4?) + p.s. corrections f®g:/ 7yf (5> g(y)
X

f=q,9.8 Y
> coefficient functions allow for a perturbative expansion in terms of as = as/(47)

DIS (up to NNLO) ]

[
0, SIDIS (up to NLO) [

Ci y,as)_ZakC [ ]
[
[

pp (up to NLO)

@ Evolution of parton distributions [ ]
> a set of (2nf + 1) integro-differential equations, ns is the number of active flavors

8Ir?,u : Z/ dzPJ, (z, s (e ) (Xy.u)

> with perturbative computable splitting functions

Lo [ ]

Pii(z,as) =Y agﬂpf,-k)(z) NLO 1
- NNLO [ ]
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Theory: theoretical constraints

@ Polarized PDFs must lead to positive cross sections

> at LO, polarized PDFs are bounded by their unpolarized counterparts
|AF(x, p?)| < F(x, 17)

> beyond LO, other relations hold, but are of limited effect | ]
@ Polarized PDFs must be integrable

> je. require that the axial matrix elements of the nucleon are finite

(P, S|hgy" 54| P, S) — finite for each flavor g

@ Assume SU(2) and SU(3) symmetry

> relate the octet of axial-vector currents to S-decay of spin-1/2 hyperons
1 1
as :/ dx AT3 =1.2701+0.0025 ag :/ dx ATg =0.5854+0.025 [ ]
0 0

AT; = (Au+AD)— (Ad+Ad) ATg = (Au+ Ad)+ (Ad+ Ad) —2(As+ AS)

> note: violations of SU(3) symmetry are advocated in the literature [ 1
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Methodology: the standard route

@ Simple analytical parametrization of PDFs, e.g.

1
XF(x, 1) = mex (1= x)P (14 pex? + ¢x)

{a} = {a, b,n,p,7}

= potential bias if the parametrization is too rigid

@ Hessian propagation of errors

> expand the x? about its global minimum at first order, x?{a} ~ x?{ag} + da’H;5a/
> diagonalize the Hessian matrix and take the hypersphere of radius /x2 = 1

= is linear approximation adequate? do we need a tolerance T = /x2 > 17

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

contours of constant 32
ll[:

Original parameter basis
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p(i): point of largest a; with tolerance T
So

« Hessian eigenvector basis sets

global
eigenvector in the I-direction

global minimum

diagonalization and

rescaling by
the iterative method

(b)

Orthonormal eigenvector basis
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Methodology: the NNPDF route

@ 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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Data: spin asymmetries

PROCESS OBSERVED ASYMMETRIES SUBPROCESSES PROBED PDFS
el 4
 SqAa()+A5(x) . Ag+ AG
AR S TR ) va—a Ag (NLO)
N X
DIs
4N 0T x
L, £
h Au A
A D,
h AP 722‘7 :’((X))SDZ((Z)) 4*q = g Ad Ad
g/ TR Ag (NLO)
X 0
N N—DyX Ag@DP _
sipis AL T = LCDOQ Y g = ct Ag
g(x)®DZ" (2)
F 4N o eEhy X
N X At Y a,b=q,3,g Afa(x1)®Af(x2) g8 — qg Ag
L >a,b,c=q,3,g 2(x1)®f(x2) g — qg
AW Bulq)d(0) = Ad(x )ulxp) updg — Wt Au AT
L u(x1)d(x)+d(xq )u(xp) dyogp — Wt Ad Ad
Ny X
PP A n Tabic=ad Afa(x) @Ay (x2)®DA(2) g — ag Ag
Ny + Ny — {jet(s), WE, 7} + X LL Sa,b,c=q,5,g (1)@ (2)® DL (2) 9e — ae
1 2 ) s T
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Overview of available polarized PDF sets

DSSV NNPDF JAM

Lss

4 v u

v

N X
DIS
L £
h
y | X X a
N
SIDIS
N X
N, X : 0 : +
S (jets,m") (jets, W)
statistical Lagr. mult. Hessian Hessian
Monte Carl
treatment Ax% /X% =2% onte ~arle Ax? =1 Ax? =1
. polynomial neural network polynomial polynomial
parametrization (23 pars) (259 pars) (10 pars) (20 pars)
. minimally large-x higher-twist
features global fit biased fit effects effects
latest update
+ some others: AAC | ] BB | ], AKS [ ], =
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e 7/l

r T TN

el i

Julian Voss-Andreae, Spin Family (Bosons and, Fermions), Steel and silk-(2009)
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Evolution of NNPDFpol fits

[ NNPDFpol1.0 [ ] }
e inclusive DIS data from CERN, SLAC and DESY on glp’d’"
R o Eg pTMC L HT 1
g1(x, Q%) = T(CNS(@A‘?NS +CS®AZ+2nngAg)+ @ +?+O(a)
leading-twist factorization power-suppressed TMCs and HT
e TMCs included exactly [ 1
o kinematic cut W2 > 6.25 GeV? to remove sensitivity to dynamical HTs [ ]
o inflated uncertainty on ag (up to 30% of its exp value) to allow for SU(3) violation
e NLO perturbative accuracy, MS renormalization scheme, ZM-VFN scheme
NNPDFpoll.1 | | }
e + new collider data from RHIC, included via reweighting:
— jet production: STAR [ 1, PHENIX [ ]
— W-boson production from STAR [ 1
e + open-charm production: COMPASS [ ], included via reweighting
[ NNPDFpoll.2 | ] }
e + new inclusive DIS data, included via a complete refit:
— COMPASS | 1(p)
— JLAB | I (p,d)
e the new unpolarized fit NNPDF3.0 | ] is used as baseline
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Kinematic coverage and fit quality

10°F T T \\HH‘ T T \\HH‘ T T TTTITH 2
f X/ Notas
FoEMC + COMPASS-OC ] EXPERIMENT Naat 1.0 1.1 1.2
-sMe o STARW! ] EMC 10 044 043 043
[oSMClowx STAR-ets ] SMC 24 0.93 0.90  0.92
=E142 + PHENIX-jets SMClowx 16 0.97 0.97 0.94
10°heE 143 & 4 E142 8 0.67 0.66  0.55
3 & w 3 E143 50 0.64 0.67  0.63
[*E154 o ] E154 11 0.40 0.45 0.34
FxE155 o 1 E155 40 0.89 0.85  0.98
[ - ]
& [rcompassd N COMPASS-D 15 0.65 070  0.57
® . N 1 COMPASS-P 15 1.31 138 0.93
@, |TcouPAssP . HERMES97 8 034 034 023
Na-p_102:ACOMPASSrP15 > N HERMES 56 0.79 0.82 0.69
3 i 3
3~ [*HERMES97 # T
T I L Lttt ] COMPASS-P-15 51 0.98%  0.99%  0.65
S ["HERMES S e ] JLAB-E93-009 148 1.26%  123* 094
+JLAB-E06-014 g A JLAB-EG1-DVCS 18 0.45%  059*  0.29
[« JLAB-EG1-DVCS Y JLAB-E06-014 2 281*%  320% 1.33
o X ¥ X D'l
10 [ °JLAB-E93-009 e A TOTAL DIS 0.77 0.78 0.74
£ £ % ”. B
[ O ] COMPASS (0C) 45 1.22% 122 122
r g, 0 % bl STAR (jets) 41 — 1.05  1.06
r NP EERIEILE . 4 1 PHENIX (jets) 6 — 0.24 024
r N == 1 STAR-A; 24 — 1.05  1.05
NSO STAR-A[; 12 — 095 094
L \&\'\HH‘ \D\\\HH‘M\ L1
TOTAL 0.77 1.05  1.01
10° 102 10" 1
X * data set not included in the corresponding fit
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Impact of new DIS data: total up and down

T
xAd*(x,Q%=10 GeV?)
[]NNPDFpoI1.0

NNPDFpol1.2
— positivity bound

T
XAU*(x,Q%=10 GeV?)
[:]NNF'DFpoH .0

NNPDFpol1.2
— positivity bound

A RARRARARANRARRI

| e ey | e

0.035| = 0.035F
2 2 2
omE 6, (x,Q’=10 GeV E oot 6, .(x,Q°=10 GeV
0.025 aur( ) E 0.025E- g (%0 ) .-
0.02E" -~ E 002E" """ i
0015 - P 0.015] - P
001E" " — . TIneel o N OET T —  — Tine i
0.005 - 0.005|
10° 10 10 10° 10 10
x x

@ Improved accuracy at small x: new COMPASS data
(+ improved unpolarized F; and F, from NNPDF3.0)
@ Improved accuracy at large x: new JLAB data
(also note that the positivity bound is slightly different)
@ A lower cut on W? will allow for exploiting the full potential of JLAB data

(if we replace W? > 6.25 GeV? with W?2 > 4.00 GeV? the x? deteriorates significantly)
(need to include and fit dynamic higher twists, in progress)
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Impact of RHIC data: sea asymmetry and gluon

W™ boson production High-pr jet production
first evidence of broken flavor symmetry first evidence of a sizable, positive
for polarized light sea quarks gluon polarization in the proton
.08 0.8~ XA
X(AU - Ad) 9

Q%=10 GeV?

14
@

T T

°
3
R R

\.02; é 0.2 é
M? G=10 GeV* MO - P (ansau)é M: [7] NNPDFpol1.2 7
"6~ [777] NNPDFpoli.2 —MC(p) --CQSM 061~ [ pssvi4 i
oak DSSV08 ax=1 -+ MC (x-0) - ST E ogf. — positivity bound E
10° 10? 10" 1 10° 10? 10" 1
X X
My — 207 . —
(x12) = TKe /2 2 [0.04, 0.4] (x1,2) = %e /2 2 [0.05,0.2]
AT > 0> Ad, |A3| > |Ad| NNPDF and DSSV results well compatible
0.4 0.2 N 5
dx Asea(x, @® = 10 GeV?) = +0.06--0.03 dx Ag(x, Q° = 10 GeV?) = +0.15+0.07
0.04 0.05
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Behavior at large-x values: A{”

E T T T T T I T T T T T T T T T T T T T
r 7 15— ]
L Al(x,Q%=4 GeV?)  Aj(x,Q%=4 GeV?) ]
[ i B
05— = -
o 05— .
05 - E154 B o N
I =E155 ZINN1.1 [IINNT.2 1 [ =E143 B
[ =HERMES [JrcaM  ---LSs(Bss) | b =E155 NNt [DNN1.2 R
AT+ JLAB E99-117 ---Avaetal. — NJL 7 .05 =HERMES [JrcaM  — NJL n
L = JLAB E06-014 - - Statistical — SU(6)-breaking - r =+JLAB E93-009 - - Statistical — SU(6)-breaking
Gl b b b bon b b b e d Lo b b b b b b b Lo el
01 02 03 04 05 06 07 . 0.9 01 02 03 04 05 06 07 08 09
X X
Model A7 AP Model A7 AP
Su(6) 0 5/9 NJL 0.35 0.77
RCQM 1 1 DSE (realistic) 0.17 0.59
QHD (o7 /2) 1 1 DSE (contact) 0.34 0.88
QHD (vp) 1 1 pQCD 1 1
NNPDFpoll.1 (x = 0.7) 0.41+0.31 0.75 + 0.07 NNPDFpoli.1 (x = 0.9) 0.36 + 0.61 0.74 +0.34
NNPDFpol1.2 (x = 0.7) 0.18 +0.26 0.74 + 0.06 NNPDFpoll.2 (x = 0.9) 0.15 + 0.59 0.24 +0.15
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Behavior at large-x values:

PDF ratios ;

16 ) )
FAUTu(x,Q%=4 GeV?)

1'4; --- Avakian etal. [/JNNPDFpol1.1

1.2 -~ Statistical [[INNPDFpol1.2
[ ---Lss(BBS) [C)DSsV08 Ax?=1
= — NL
[ -----Su(6)-breaking

0.8~

o

==~ Avakian et al.
-~ Statistical
--- LSS (BBS)

[
z
[l
=

--- Su(6)-breaking

R
AdY/d*(x,QP=4 GeV?)
[ZJNNPDFpol1.1

NNPDFpol1.2
[C]DssV08 Ax?=1

T

G

o L .
06 F B
0.4 0.5 3
] F \\3%?3&::::&“ - E
02 e 1= N A
Lt L L L L 3 '1'5; IR T TR P I W /7, /404! é
N F BN S R ¥ BT T-REE AT TN 002 03 04 05 06 07 08 09
X X
Model Aut Jut Adt/dT Model Aut Jut Adt/dT
SU(6) 2/3 —1/3 NJL 0.80 —0.25
RCQM 1 —-1/3 DSE (realistic) 0.65 —0.26
QHD (04 /2) 1 1 DSE (contact) 0.88 —0.33
QHD (vp) 1 —-1/3 pQCD 1 1
NNPDFpoll.1 (x = 0.7) 0.82 + 0.08 —0.88 +0.68 NNPDFpoll.1 (x = 0.9) 0.91 + 0.65 —0.74 £+ 3.57
NNPDFpol1.2 (x = 0.7) 0.86 + 0.08 —0.75 £ 0.62 NNPDFpoll.2 (x = 0.9) 0.62 + 0.48 —0.23 +£1.06
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The spin content of the proton

:
T g R R e AR RRRR
04 @=10Gev" 20 [77] NNPDFpol1.0 w7
0al E [ [ NNPDFpolt. 1 o, s E ]
E 155 : 3
02 E E . E
3 1= -
0.1 B E 1
o [7INNPDFpol1.0 1 J £051- E
| A C |
[INNPDFpolt.2 J-dxA)Z(x,Q2) E G ot AN .
04 mwPoFeoiElc ) = g o 3
‘ t H < C |
2 — V.05 4
1 E £ 1
0 ; -1.5; R =
; E oo Q%=10 GeV? ]
B - 2 H -
1 B EE SR R I IR I I
2 d 02 —: 0 0.1 0.2 ) 0.3 04 05
XAg(x,Q%) 7 <AX(@)>
3 X —
3 } } +H
E 2 _ 2 1 1
E @ =106V [l dxAr [l _jdxAg
E NNPDFpol1.0 +0.23£0.15  —0.06+1.12
E| NNPDFpoll.2 +0.25 £+ 0.10 +0.49 + 0.75
E NNPDFpolEIC +0.24 £ 0.04 +0.49 +0.25

X

‘ ‘ d gluons ~ 70%

L
10 10° 102 10"

o OAM ~ 0%
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Final remarks

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 a sizable, positive gluon polarization in the proton
First evidence of broken flavor symmetry for polarized light sea quarks

Theory efforts and global QCD analyses try to keep up interesting physics questions
(e.g. sea, large-x behavior, higher-twist, perturbative accuracy ...)

The NNPDF collaboration regularly delivers sets of unpolarized/polarized PDF sets
They are determined within a mutually consistent methodology
which allows for faithful uncertainty estimates

A brand-new machine (an EIC?) is however required to
push forward our knowledge of the nucleon spin content significantly

Emanuele R. Nocera (UNIGE) Unbiased polarized PDFs September 8, 2015 22 /22



Final remarks

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 a sizable, positive gluon polarization in the proton
First evidence of broken flavor symmetry for polarized light sea quarks

Theory efforts and global QCD analyses try to keep up interesting physics questions
(e.g. sea, large-x behavior, higher-twist, perturbative accuracy ...)

The NNPDF collaboration regularly delivers sets of unpolarized/polarized PDF sets
They are determined within a mutually consistent methodology
which allows for faithful uncertainty estimates

A brand-new machine (an EIC?) is however required to
push forward our knowledge of the nucleon spin content significantly

Thank you for your attention
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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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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 . M
0.87— -

r - k4 ]
08 P ]
hals 7
L I 1
2 I 1
£ o2 —
< [ . 1
of E

r E < Ngp=10 ]
02 o ]
oot + Ngp=100
oal ¥ « Nip=1000 ]
Bl b b b b b Ll

-0.4 -0.2 [ 0.2 0.4 0.6 0.8 1

Experimental

£ Errors S

[ ]

107 E

s f ]

L2 T 1

= [ ]

t | J
<

107 F E

E - 3

L s + Nep=10 3]

[ + Ngp=100

r « Nigp=1000 ]

Y R T B,

10° 10? 10" 1

Experimental

Accuracy of few % requires ~ 100 replicas
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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 {(gl(art%b (%) r {gl(a”)}

Nrep 10 100 1000 10 100 1000
EMC 23.7 35 2.9 76037 .99547 99712
SMC 19.4 5.6 1.2 .94789 .99908 .99993
Ndat (art) (exp)
1 (FE)rep — F,

(PE [(F).0p] ). = . 3

i=1

Percentage Error

(o)

, [F(art)] _ <F(GXP)<F(3“)>rep>dat — (F(P)) gy <<F(art)>rep>dat

op) @0 Scatter Correlation
0P oy

Accuracy of few % requires ~ 100 replicas J
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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(art)>:|> (%] ' {5g1(art)}
Nrep 10 100 1000 10 100 1000
EMC 128 49 2.0 97307 99521 99876
SMC 224 54 17 96585 99480 99980
Ngat | / (art) (exp)
1 F. —-F
<PE [(F(art)),ep]> = H# Percentage Error
dat Nyat ey F(eXP)
- 1
Fexp) ¢ Flart) — (F(exp) Fart)
r [F(art)] = < < e e — | Jea (¢ Ve gt Scatter Correlation
O_(exp)o_(art)
S S
Accuracy of few % requires ~ 100 replicas J
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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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Methodology: neural networks
EXAMPLE: THE SIMPLEST 1-2-1 NN

(2)
f(x) = 5&3) = {1 + exp [9?) — at

. Wio
2 1 2
Ly el 1ot

2

(2)

—1
xwgp] }

1

n—1
Recall: 5](’) =g (Z wfj’—l)g}’—l) _ 9(’)) . g(x) =
J
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Methodology: standard vs neural network parametrization

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

L
2 = 4 GeV?)
o

xg(xQ

\\ /

- - o - 3
10 10 10 g

e
oo
IS

simple functional forms

[m]
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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 ))
—

gfa‘.rt)(k): generated from Monte Carlo sampling

g(net)(k)

1 : 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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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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Methodology: minimization and stopping

DRAWBACK

@ NN can learn fluctuations owing to their flexibility

UNDERLEARNING
1.2 - Datasat
1:— { * Fit

0.8 {H ”l %
?0.6';_; .--coc.+.:}+ *
ro.m} '*
0.2:_ } [ ] li%
o~ e l .
B X B S Y SR R S Y R R

Emanuele R. Nocera (UNIGE)

Unbiased polarized PDFs

September 8, 2015

8 /27



Methodology: minimization and stopping

DRAWBACK

@ NN can learn fluctuations owing to their flexibility

PROPER LEARNING

1.2

=y

0.8

0.6

-

f(x}

0.2

(=]
£
AII\‘I\Il\l\Tl‘lll\\\‘llll\\\

® Dataset

* Fit

s
SN

Emanuele R. Nocera (UNIGE)

0.1 0.2
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Methodology: minimization and stopping

DRAWBACK
@ NN can learn fluctuations owing to their flexibility
OVERLEARNING
20 " Dataset
1:— { * Fit
0.8 % l * ¢ i . i
ol %
‘.‘:’0.4':h
- * l
0.2:_ } [ ] . %
of

01 02 03

o
c_
'S
°_
GO
°_
[=;]
°_
-
°_
-]
94
1+]
-
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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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Methodology: reweighting | ]

Assess the impact of including a new data set {y} = {y1,...,ya} in an old PDF set )

Bayesian reweighting | 11 1
@ Evaluate the agreement between new data and each replica fx in a prior ensemble

G H 6D = 3 b = il o { — L}

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

Prew = NxPOGHANPaa({i})  POAIAY) = DAy, {Ai}]2 (Ve Xk (D)

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

Nrep
<O[f,(x’ Qz]>new = Z WkO[fl-(k)(X, QQ)]
k=1
2 Nrep
wic o DAY} AR DI Ve DEWLUD with Moy = 3wy
k=1
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Methodology: reweighting | ]

Assess the impact of including a new data set {y} = {y1,...,ya} in an old PDF set )

Bayesian reweighting with Hessian PDF sets or Hessian reweighting | ]

@ Define the function X2,

Xoow = X{a} + > _{yi — vilf1} o {y; — yi[f1}

i.J

Neig n
yilfl = yilSol + > Dawie  Di = (vilS{1 = wilSi1)/2 wie = v > vi¥6a;/V/Bx2
k=1 j

@ The components of wpin specify the set of PDFs corresponding to the new global
minimum of x2.., which is a continuous, quadratic function of the parameters w;

Neig fs+ — f57 .
fFnew ~ fSo + Z k k Winm
k=1 2

wrt = —B~la By, =Y DioiiDjn+ DX’k ak = Y _ Dioj (vilSo] — vi)
iJ ij

Reweighting allows for incorporating new datasets without the need of refitting )
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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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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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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
] g el 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
ey <a0joe 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 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

! ) [~1.00, —0.50]

STAR 1j-09B 11 anti-k¢ 0.6 [4-0.50, +1.00] 200 25
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

T 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
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NNPDFpol1l.1: inclusive jet production at RHIC

[T e T T T T E TP T T T T T T T
0.15: Alf‘ ] 015: APLE‘ O.M; Aleel E
I ] I 0.02 3
o~ . o1~ b E k|
oosl ] oo ] g
E E E -0.01F 3
07 3 ﬂ’ — -0.02; é
L ] L -o.oof— é
-0.05( [77] NNPDF prior 1o ] 0.05{~ [ NNPDF prior 1o 4 004 [ NNPDF prior 1o 3
[ [ NNPDF rw 1j ] [ [E)NNPDF rw 1j [ [ NNPDF w 1j 3
[ —— STAR1:09A data 1 [ ——STAR1j:09B data 005 —— PHENIX 1] data 3
B T - I B T T g
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

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
o.as;— AEL —; ooe;— AEL 7;
°%E 5-62.4 GeV T " (5624 GeV 3
0.0aF = 0.04F 3
o.osf— —f ooaf— —f
oazf— —f uozf— —f
0.01; —f u.mf— —f
o E of E
-u.of— é vo1; é
E NLO QCD, NNPDFpoli.1 E E NLO QCD, NNPDFpol1.1 E
0.02- - 0.021— -
7\\0‘.5\\\\“‘\\\\‘l‘s\\\\2‘\\\\2‘.5'\\\\3‘\\\\3.‘5'\\\\“'\\# ﬂ\ag\u;\\u‘}su\\z\u\\zg\u:\‘\u\sguuiu»

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

_ Za,b,c:q,a,g fa®@fHh® DLI‘-I ® Aa—:b

A’['L: ott — ot— _
ott +o4+— >
PHENIX [ 11 11
0.15?””"‘0HH L A N B
:ALL
i 5=200 GeV
[ 0.8<n<2.0

NLO QCD, NNPDFpol1.1

I W A I N N
5 6 7 8 9 10
P, [GeV]

[
1" 12

H ~C
a,b,c=q,3,8 fa® fp, @ D' © 63,

] STAR | 1

N
r ™

- AL

15=200 GeV
nl<0.38

a

777
.
]

EDn° q
An* ]
N NLO QCD, NNPDFpol1.1
wz\wHA\wuéuwa\uw1\0wu1\2wu‘\‘uw1\swr

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

ot~ Yabcqagf®H® Df ® Asg,

H _
ALL70'+++O'+—7 s f£®f,® DH @ 6¢
a,b,c=q,5,g '@ ¥ 'b c ab
PHENIX [ 11 11 ] STAR | 1
o - e
W ORSV AgEi 0 i eEin o
J— -~ F
ne ®  PHENIX AurS4sea = oo
o R I ——— -~ ; F
Qs ~ Foos
(2] / 4 f—DDI
Qs - mii. Foms —
LmipmiEnt E
o *l mum N Fo
L
i [ PeREBHE Nek Included: Funss BB Nat nelided: = :_,DD“
48% Global Scaling Uncert: 4.0°% Global Sealing Lncart. F
42010 Ciotal Sh Uncerd. (a) 42210 Blcta ShIt Lncert by F
am oo
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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: strangeness

XAS(x,Q%=10 GeV?)

0.02

14
°
e R
T T T

-0.01

[7]NNPDFpolt 2

DSSV08 Ay?=1

— positivity bound

3
8
R I e D

T

Bl b b ben e Wnen b i 1y

10? 10"

=l
o

1
X

NNPDFpol1.2: DIS i, SIDIS (K¥) m;

Emanuele R. Nocera (UNIGE)

Unbiased polarized PDFs

> directly from SIDIS Kaon data
. 3

‘.

h

X
N
SIDIS

1 indirectly from DIS scaling violations
£, £

DIS

assume As = A5, which may not be true | ]

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? | |

September 8, 2015
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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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Theory: higher-twist corrections and JAM13 ]

0.08

006 122 ‘ xg, 05 ' ' L ref
0.04 ’
proton 04 [ Y~ ; ]
0.02 - -~ neutron *Au :”SFHI:;%I
0 A
0 e 0.3+ —— +HT |
0.02 st - 02 F 1
oot 73 o1
0
0
-0.01
8.8; o -0.1 4
i 0.2 1
-0.02 ; | .
00 ] ‘ . ‘ ‘ o
0 02 04 06 08 0 0.2 04 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.) [ ]
— 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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Theory: all-order resummation | ]

DIS: Hall A data | 1 SIDIS: HERMES data | 1
0.6 — T L e e B AREREREY RasEE R R
[ \ I A A I A -
r —— Resummed r b
L F Resummed 4
L7 [ - NLo ]
0.4 — — 1.00 T 1 HERMES data -]
I = Lomp 13
< 02— — t- L 1
S S 1
=20 [ taz 0.50— —
oo] r 1
[ 025 — —
R AR BN FUVRL PPN P A e 5 12
02 03 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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Theory: higher-order computations (MS) | ]

linear scale logarithmic scale
‘ :

02 T 02 T T T 0.08 T .

dAqg/dIny’ dAg/dIny’ dAgg/dIny? dAg/dlnp® 77N

M, 0g=03, N;=3 0.06

*1/(1-x)° *1/(1-x)*

03 I I I | 03 I I I I 001 . . . 0
0 02 04 06 08 10 02 04 06 08 1 10 107 107 10" 10 107 107 10!

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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Opportunities at RHIC

PINNING DOWN THE LIGHT POLARIZED SEA ASYMMETRY

A R R e T g
osk AE E 012f- B 4
B AL Bl o4F X(AU- Ad) 3
osF- [ZINNPDFpolt.1 E T ]
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F S ] 0.06F- 4
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F 4 E e ]
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o4 E F o2 2 ]
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06F 3 £ 1
[ —=— STARW projected ] .06 [Z7Z] NNPDFpolt.1  —MC({p) --CasM 7
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n, X

Jh s dxAf(x, Q)

S o dxAf(x, @?)

cv unc (poll.1) unc (poll.1+) cv unc (poll.1) unc (poll.1+)
Aut +0.764 +0.035 +0.034 +0.523 +0.014 +0.013
Adt —0.407 +0.037 +0.036 —0.231 +0.018 +0.018
A +0.044 +0.046 40.030 +0.019 +0.023 +0.012
Ad —0.088 +0.067 +0.032 —0.037 +0.021 +0.013
Asea +0.123 +0.076 +0.038 +0.056 +0.030 +0.016
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Opportunities at RHIC

PINNING DOWN THE GLUON POLARIZATION

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

04

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

projections:
e RHIC spin

based on RHIC run9 jets and n®

upcoming 200/510 GeV RHIC spin results

jets and rf @ central & forward 1y

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

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]
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0.001
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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 [ 11 1
@ Accurate determination of Az, Ad via SIDIS and CC DIS [ ]
@ Access to unknown electroweak structure functions | 1
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The emerging picture of the polarized nucleon
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