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some DSSV basics



DSSV: a truly global NLO analysis &~ &~

Af(x) = f . (x)- f.(x)

= 7, K,
-
DIS SIDIS Pp
Aq+ Aq Aq, Aq pions, kaons Ag 1-jet, 2-hadron

 Ag charm 2- hadroD@, Aq W*’ bosons>
¢ R
NLO zgtn:j;\cated m




DSSV: a truly global NLO analysis &~ &~
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guiding principle: factorization

e.g. DIS dAc = Z /da: Af(w,QQ) dAG. (TP, aS(QQ))
f=a,q,9
essential: QCD corrections dAG = dAGYC + o, dAGNO +

‘ need DIS + SIDIS + pp to constrain all aspects of PDFs (also a way to test universality)
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anatomy of DSSV global QCD analysis
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Jager, MS, Vogelsang; de Florian;
Bojak, MS; Riedl, Schafer, MS;
Gordon, Vogelsang; Signer et al.;
HendIlmeier, Schafer, MS;
Contogouris et al.; ....

f

“resolution scale” u

NLO: Mertig, van Neerven; Vogelsang; ... ;
NNLO: Moch, Vermaseren, Vogt 1409.5131 ‘?:Q

O
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through global x? optimization

obtain helicity PDFs

all data points

model ansatz for pdfs
with initial set of parameters

f=

evolve pdfs to relevant scale

—
with DGLAP 4
calculate observable z
and x* .
[
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set of optimum parameters
for assumed functional form

plus a prescription to
estimate & propagate

uncertainties
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de Florian, Sassot, MS; ... ;

DSSa4: arXiv:1410.6027

Vogt et al.;
MS, Vogelsang; ...
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challenges compared to unpolarized PDF fits

current polarized DIS data:
O CERN ADESY ¢JLab OSLAC

current polarized BNL-RHIC pp data:
© PHENIX n” 4 STAR 1-jet

O rather limited x-Q2 coverage

e difficult to get Ag from scaling violations

» need to rely on “direct probes” for Ag

¢ need to use data down to Q2 = 1 GeV?

» applicability of pQCD ? higher twist ?
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[ no neutrino DIS data

¢ no quark/anti-quark separation from DIS

» largely rely on SIDIS for flavor separation

» need fragmentation functions to analyze data

O rather limited x-Q2 coverage

e difficult to get Ag from scaling violations

» need to rely on “direct probes” for Ag

¢ need to use data down to Q2 = 1 GeV?

» applicability of pQCD ? higher twist ?

extra source of
uncertainties

' new data:
ALICE, BABAR, BELLE,
COMPASS, HERMES




challenges compared to unpolarized PDF fits

current polarized DIS data:
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L OCERN ADESY ¢JLab OSLAC N 1 D rather IlmltEd x-Q?2 Coverage
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(2, r current polarized BNL-RHIC pp data: N 1

o | ePHENIXx” 4 STAR ljet A

e difficult to get Ag from scaling violations

» need to rely on “direct probes” for Ag

¢ need to use data down to Q2 = 1 GeV?

» applicability of pQCD ? higher twist ?

™, extra source of
% uncertainties

[ no neutrino DIS data

' new data:
ALICE, BABAR, BELLE,
COMPASS, HERMES

¢ no quark/anti-quark separation from DIS

» largely rely on SIDIS for flavor separation

» need fragmentation functions to analyze data

[J sum rules on shaky (?) grounds

* 1! moments of non-singlet combinations <-> hyperon decays , . , F+D=1.270140.0025

) constraint on unmeasured small-x behavior of As and AX / ;
.’. . \.l .
» doubts, however, on applicability of SU(3) relation > /50 X 99
Savage, Walden; ... ; Bali et al. 1112.3354 (lattice) ’ ] AS (X) . .
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evolution of DSSV

DSSV ‘08

PHYSICAL REVIEW LETTERS o

PRL 101, 072001 (2008) 15 AUGUST 2008

Global Analysis of Helicity Parton Densities and their Uncertainties

Daniel de Florian and Rodolfo Sassot
Departamento de Fisica, Universidad de Buenos Aires, Ciudad Universitaria, Pabellon 1 (1428) Buenos Aires, Argentina

Marco Stratmann
Radiation Laboratory, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan

Werner Vogelsang
Physics Department, Brookhaven National Lab Y. Upton, New York 11973, USA
(Received 3 April 2008; published 14 August 2008)

We present a new analysis of the helicity parton distributions of the nucleon. The analysis takes into
account lhc available data from inclusive and semi-inclusive polarized deep inclastic scattering, as well as
from pol d proton-proton (p-p) ing at RHIC. For the first time, all theoretical calculations are
pcrformcd [ully at next-to-leading order (NLO) of perturbative QCD, using a method that allows
incorporation of the NLO corrections in a very fast and efficient way in the analysis. We find evidence
for a rather small gluon polarization in the nucleon, over a limited region of momentum fraction, and for
interesting flavor pattems in the polanized sca.

DOIL: 10.1103/PhysRevLett.101.072001 PACS numbers: 13.88.+¢, 12.38.Bx, 13.60.Hb, 1385.Ni

DSSV ++

various impact studies for RHIC,
e.g., STAR W boson data

1°tevidence for non-zero Ag from RHIC

A 68 and 90% CL uncertainties with
dynamical tolerances [ala MSTW]

extraction of Ag from 1° RHIC data

“"Ax? = 2%" error estimates based on L.M.

adds new COMPASS DIS & SIDIS data
impact on u, d sea quarks

DSSV +

DSSV ‘14

PHYSICAL week ending

REVIEW LETTERS 4 JULY 2014

§

Evidence for Polarization of Gluons in the Proton

PRL 113, 012001 (2014)

Daniel de Florian” and Rodolfo Sassot’
Departamento de Fisica and IFIBA, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires,
Ciudad Universitaria, Pabellon 1 (1428) Buenos Aires, Argentina

Marco Stratmann’
Institute for Theoretical Physics, Tibingen University, Auf der Morgenstelle 14, 72076 Ttbingen, Germany
and Physics Department, Brookhaven National Laboratory, Upton, New York 11973, USA

Wemer Vogelsang®
Institute for Theoretical Physics, Tibingen University, Auf der Morgenstelle 14, 72076 Tiibingen, Germany
(Received 17 April 2014; published 2 July 2014)

We discuss the impact of recent high-statistics Relativistic Heavy lon Collider data on the determination
of the gluon polarization in the proton in the context of a global QCD analysis of polarized parton
distributions. We find evidence for a nonvanishing polarization of gluons in the region of momentum
fraction and at the scales mostly probed by the data. Although information from low momentum fractions is
presently lacking, this finding is suggestive of a significant contribution of gluon spin to the proton spin,
thereby limiting the amount of orbital angular momentum required to balance the proton spin budget.

DOL: 10.1103/PhysRevLett.113.012001 PACS numbers: 13.88.+¢, 12.38.Bx, 13.60.Hb, 1385.Ni



emerging picture from original DSSV '08 analysis

de Florian, Sassot, MS, Vogelsang; PRL 101 (2008) 072001; PR D80 (2009) 034030
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lattice: Bali et al., 0811.0807; 0911.2407; 1011.2194
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some hints at non-trivial sea polarizations
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strangeness conundrum

* As always assumed to be negative ... | | A\

0.04 range of

kaon data

A

0.02

0
sign change & small uncertainties entirely driven by
3F — D = 0.585 £ 0.025

=0.02 | L _

<-> large breaking of 3F-D relation

1 L
leads to / dx[As + AS](x) ~ —0.1 - —— DSSV L 2 .
0 004 L — DNS DSSV A=l
- --- GRSV DSSV Ax*=2%
1 3 3 3 aaal " a1 3 33l
relevant x* profile: remarks/caveats: ' 107 x
B I I I I I I I I I I [ i
— — allSIDISdata | 15 e knowledge of parton-to-kaon FFs
C — — 7 data ; i 2 _
L\ —— K*data / 1 AX~ e only HERMES data were available for DSSV fit
- h* data _ :
LY ] 10 ® can we trust 3F-D constraint ?
: i Lipkin; Zhu, Puglia, Ramsey-Musolf; Savage, Walden; ...
N a el e |attice finds smallish strangeness
[ P i 1
. 1 ..... ® 1 dx[As + AS|(x) ~ —0.020(10)(1) Balietal. 1112.3354
-0.05 0 0.05

Agl: [0:001-1] e recall old GRSV “valence scenario” with As=0! "
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DSSV vs DSSV+: what has changed?
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As revisited: impact of COMPASS data

split up analysis of x? profiles into e x-region covered by HERMES and
® new information at smaller x from COMPASS

i L 1 I 1 1 L) I 1 L i -l‘l | l | | ll 1 I 1 | 1 il
15F  —— DSSV+ = ﬂ\ 't 415
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e agrees with As from HERMES data @ mild preference for sign change at around 0.01
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extraction of Ag from RHIC
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from DSSV ‘08 analysis

14



extraction of Ag from RHIC
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DSSV ‘14 adds run9 jet and =° data

de Florian, Sassot, MS, Vogelsang; PRL 113 (2014) 012001
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resulting DSSV '14 gluon

1 I Illllll
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functional form in DSSV:

2Ag(w, 1) = Ny (1 — 2) (4 )
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“famous” node in DSSV’08

ng essential for good fit

DSSV '14 Ag much larger and positive

ng only to produce small x variations



its Q° dependence

truncated moment in RHIC x-region
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its Q° dependence

truncated moment in RHIC x-region
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its Q° dependence

truncated moment in RHIC x-region fast evolution in RHIC x-region

) 0.2 helps to describe jets and n?’s simultaneously
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its Q° dependence

truncated moment in RHIC x-region fast evolution in RHIC x-region
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comparison to NNPDFpoll .1

PRL 113, 012001 (2014) PHYSICAL REV

week ending

IEW LETTERS 4 JULY 2014
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ivistic Heavy Ton Collider data on the determination

of the gluon polarization in the proton in the context of a global QCD analysis of polarized parton
distributions. We find evidence for a nonvanishing polarization of gluons in the region of momentum
fraction and at the scales mostly probed by the data. Although information from low momentum fractions is
presently lacking, this finding is suggestive of a significant contribution of gluon spin to the proton spin,

thereby limiting the amount of orbital angular mome
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Introduction.—The gluon helicity distribution function
Ag(x) of the proton has long been recognized as a
fundamental quantity characterizing the inner structure
of the nucleon. In particular, its integral AG= [} dxAg(x)
over all gluon momentum fractions x may in AT =0
light-cone gauge be interpreted as the gluon spin contri-
bution to the proton spin [1]. As such, AG is a key
ingredient to the proton helicity sum rule

11
3=38LZ+AG+L + L, (1)

where AX denotes the combined quark and antiquark spin
contribution and L,, are the quark and gluon orbital
angular momentum contributions. For simplicity, we
have omitted the renormalization scale Q and scheme
dependence of all quantities.

It is well known that the quark and gluon helicity
distributions can be probed in high-energy scattering
processes with polarized nucleons, allowing access to
AX and AG. Experiments on polarized deep inelastic
lepton-nucleon scattering (DIS) performed since the late
cighties [2] have shown that relatively little of the proton
spin is carried by the quark and antiquark spins, with a
typical value AX ~0.25 [2-4]. The inclusive DIS mea-
surements have, however, very little sensitivity to gluons.
Instead, the best probes of Ag are offered by polarized
proton-proton collisions available at the BNL Relativistic
Heavy Ion Collider (RHIC) [5]. Several processes in pp
collisions, in particular jet or hadron production at high

Ppr. receive ial contributions
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ntum required to balance the proton spin budget.

PACS numbers: 13.88.+¢, 12.38.Bx, 13.60.Hb, 13.85.Ni

from gluon-induced hard scattering, hence, opening a
window on Ag when polarized proton beams are used.

The first round of results produced by RHIC until 2008
[5] were combined with data from inclusive and semi-
inclusive DIS in a next-to-leading order (NLO) global
QCD analysis [3], hereafter referred to as “DSSV analysis™.
One of the main results of that analysis was that the RHIC
datz ithin their inties at the time—did not show
any evidence of a polarization of gluons inside the proton.
In fact, the integral of Ag over the region 0.05 <x <0.2
of momentum fraction primarily accessed by the RHIC
experiments was found to be very close to zero. Other
recent analyses of nucleon spin structure [4] did not
fully include RHIC data; as a result Ag was left largely
unconstrained.

Since the analysis [3], the data from RHIC have vastly
improved. New results from the 2009 run [6,7] at center-of-
mass energy /s =200 GeV have significantly smaller
errors across the range of measured p7. This will naturally
put tighter constraints on Ag(x) and may extend the range
of x over which meaningful constraints can be obtained.
A striking feature is that the STAR jet data [6] now exhibit
a double-spin asymmetry A;; that is clearly nonvanishing
over the whole range 5 < p7 < 30 GeV, in contrast to the
previous results. Keeping in mind that, in this regime, jets
are primarily produced by gluon-gluon and quark-gluon
scattering, this immediately suggests that gluons inside the
proton might be polarized. At the same time, new PHENIX
data for z° production [7] still do not show any significant
asymmetry, and it is of course important to reveal whether
the two data sets provide compatible information. In this
Letter, we assess the impact of the 2009 RHIC data sets on
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Abstract

We present a first global determination of spin-dependent parton distribution functions (PDFs) and their
uncertainties using the NNPDF methodology: NNPDFpoll. 1. Longitudinally polarized deep-inelastic
scattering data, already used for the previous NNPDFpoll.0 PDF set, are supplemented with the most
recent polarized hadron collider data for inclusive jet and W boson production from the STAR and PHENIX
experiments at RHIC, and with open-charm production data from the COMPASS experiment, thereby
allowing for a separate determination of the polarized quark and antiquark PDFs, and an improved de-
termination of the medium- and large-x polarized gluon PDF. We study the phenomenological implications
of the NNPDFpoll.1 set, and we provide predictions for the longitudinal double-spin asymmetry for
semi-inclusive pion production at RHIC.
© 2014 CERN for the benefit of the NNPDF Collaboration. Published by Elsevier B.V. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.
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best fits within no 1 data in comparable uncertainties
each other bands NNPDF fit in x-region dominated by jets
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peculiar feature of Ag/g in DSSV ‘14
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DSS pion fragmentation functions
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need for precise fragmentation functions

e fragmentation functions provide “analyzing power” for
different quark flavors in SIDIS and hadron production in pp

® determine parton -> hadron FFs & uncertainties from global fit
to i, m, K*, K yields in e*e’, DIS multiplicities, and pp

—> DSSV uses DSS ’07 FFs for SIDIS and RHIC n? data
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DSS '07 -> DSS '14: what's new?

main features: [ new data allow for first reliable uncertainty estimate of FFs (with Hessian method)

M excellent global description of all sets [biggest “tension” among RHIC & LHC pp data]
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DSS ‘14 example: DIS multiplicities

HERMES COMPASS (prel.)
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very consistent z-dependence for pion multiplicities

remains to be checked for kaons (relevant for As extraction !)
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2011/12 STAR W data & impact on DSSV fit

STAR arXiv:1404.6880
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2011/12 STAR W data & lmpac‘r on DSSV f|1'
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- Vs=510 Ge

¢ points towards rather sizable positive At(x) — Ad(x)
& same trend seen by NNPDF (talk by Nocera)

¢ starts to test what we know from SIDIS

€ 2013 RHIC data: further reduce uncertainties by 2
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status & expectations for Ag

status for “running integral” of Ag (—> spin sum rule) :

['dx Ag(x,Q%)
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based on RHIC run9 jets and m®
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status & expectations for Ag

Aschenauer, Sassot, MS

status for “running integral” of Ag (—> spin sum rule) :
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status & expectations for Ag

Aschenauer, Sassot, MS

status for “running integral” of Ag (—> spin sum rule) :
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what about AX and OAM ?

running integral for Az
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® we can't really say we “know"” AZ
likewise for the Bj sum rule !

® main culprit: small x behavior of As
need to scrutinize 3F-D constraint
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running integral for Az
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what about AZ and OAM ?

running integral for Az a little subtraction game
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® we can't really say we “know"” AZ ® best fit has no OAM at 10 GeV?

likewise for the Bj sum rule !

® main culprit: small x behavior of As
need to scrutinize 3F-D constraint



what about AX and OAM ?

running integral for Az a little subtraction game
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projection:
B cRHIC 15 x (100, 250) GeV
only incl. DIS data used

min

1/2 = [dx [1/2 AS + Ag]xQ)

need to add SIDIS projections B

Y . [ Q*=10GeV* ]
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® we can't really say we “know"” AZ e best fit has no OAM at 10 GeV?

likewise for the Bj sum rule !

® main culprit: small x behavior of As ® eRHIC can make definitive statement
need to scrutinize 3F-D constraint presumably most precise (indirect) handle on OAM



away message
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spin experiments continue to produce
high impact results

theory efforts & global QCD fits try to keep up

Ag has gained quite some weight in proton spin sum

RHIC spin has many more results to come

to close the chapter on the proton spin

an EIC is the only option
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