Nucleon Longitudinal Spin Structure
Experimental overview

Fabienne KUNNE
CEA/IRFU Saclay, France

o Gluon helicity
 Quark helicities
 Outlook

Measurements at RHIC, COMPASS, HERMES, JLab
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Nucleon spin

How is the nucleon spin distributed among its constituents?

Nucleon Spin  14= 1,A> + AG + L

guark gluon orbital momentum

) — 7 = —> <— Parton spin parallel or anti parallel
AY :sumoveru,d,s, u,d,s AQ =q-0 o nucleg’n sgin p

( Past:
Theory: QPM estimations, with relativistic effects AY ~ 0.6
| Experiment: “Spin crisis” in 1988, when EMC measured a,=AX =0.12+0.17
MS scheme
 Today:
Precise world data on polarized DIS 0, +SU(3) a,=AX~0.3

(_First results from Lattice QCD on AX 4 and L4

Large experimental effort on AG measurement
also because a,= AX —n; (o /2n) AG (AB scheme)
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Three ways to study gluon contribution AG

1. L?ﬁton Nucleon \ {ﬁ’oton Proton coIIisions\

Gluon-Quark + Gluon-Gluon +...

Photon Gluon Fusion

H : e e

: ; AG Aq AGXAG N
G G G
oE
AG/G(X) AL (pP7)

QMC, HERMES, COMPASS/ \RHIC : PHENIX & STAR /

3. QCD Q? evolution of spin structure function g,(x,Q?2):
Indirect determination assuming a functional form AG(x).
Global fits include polarized DIS, SIDIS and pp data
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HERMES at DESY
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COMPASS at CERN

Fixed target
Secondary beams from SPS

Nucleon spin structure Meson spectroscopy

Polarized muon beam: Hadron beam :
160-200 GeV u, P;=80% 190GeV n/p
Solid polarized target: LH, 2008-2009

°LiD P;=50% 2002 to 2006
NH; P+=80% 2007,2010 201;1/

5  [DISevents
>  10.003<x<0.5
S oll< Q?< 10 (Gevicy
NO L ?
Polarized |
10 -
target
L / 6-
irfu ', ‘Micromegas 10 o T
Silicon
o — SciFi NIMA 577 (2007) 455 Xej
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1. AG/G from Iepton scatterlng

Photon Gluon Fusion (PGF) process i= W
Asymmetry of cross sections for longitudinal polarizations of " g
beam and target, parallel and antiparallel _
. q
ALL - RPGF <aLL> <AG/G> + Abackground
Fraction of  Analyzing power T _
process
79 —(q
Two signatures for PGF:
1/ g=c opencharm c=> D> K=
Clean signature of PGF
PQCD scale p?=4 (m2+ p;?) COMPASS 160 GeV
Combinatorial background & limited statistics 1result

— Difficult experiment; 5 decay channels added

2/ g=u,d,s high pyhadron pair gg—=>hh
High statistics
pQCD scale Q2 or Xp;?
Physical background, better described for high Q2

HERMES, COMPASS
&SMC : 5 points
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AG/G at LO : SMC, HERMES and COMPASS

m 1 C [ | COMPASS, high p,, @*>1 (GeV/c)’, 02-06
a 0.8;— @  COMPASS, high p, Q*<1 (GeVic)’, 02-04
: < 06:_ * :::IP:S:,Oerl::hzrn;;aIzIQz,OZ-OT(Lo LSSlO’ AG~ + 032
High p; hadrons: P
23 LA venwms nahp e / LSS10, AG~ - 0.33
Q”‘ del for physical " b T 5oy, 46000
with model for physica - . , =0.
background = 4%?‘% at Q=3
0.2
Open charm: 0.4 o
Q2= 13 0.62_ preliminary
0.83—
4t NI L
102 107 X
- d

* All measurements compatible with O

e Constraint on <AG> for 0.05<x<0.3

* Results disfavour value of the integral > ~+ 0.3

I.e. £ 60% of the %2 nucleon spin
» Contribution to <AG> outside measured x range not excluded )
irfu Note that these data are NOT included in global fits
¢S
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COMPASS high p; hadron : Cross section

|J+d R p*h“—“X ;% . M. €[0.10238]
I N N
Quasi real photo 2
production of “’li o
hadron "8

1

Compared to
predictions at NLO 10

Preliminary pQCD

" COMPASS Q2%<0.1 | calculations by

IIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| T

10?2 s =17GeV 1 - W.Vogelsang, at 3
e ST different scales: REP2
02— f—
3|00:ZZZZZEIIi# g
020 | | | | | n=2 pg
1 15 2 25 3 35
pT(GeVJ’c)

Data agree with NLO pQCD over 5 orders of magnitude
(within theory uncertainty)

r Settles the theory framework for AG high p-

Next step: produce spin asymmetries A, (p) for same events
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2.p p collisions at RHIC

Vs = 62, 200, 500 GeV

NI PHENIX |

~PC3 Conmil L
Viipne  TEC.
BOY: JREE S

2008

Spin F otaTOrs

{lengimdinal polarization) Spin Rotatars

{lengitudinal polarization)

Solencid Partial Siberian Snake

LIMAC BIISTER
o Helical Partial

Pol. H™ Source - . . '
200 McV Polasimetar 9 Siberian Snake
2 ‘AGE Polarimeters

* Longitudinal spin asymmetries
- hadron production for <AG>,
- W production for <Aq>

e Transverse spin

Forward Time Projection Chamber
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RHIC luminosity increase vs time

Polarized proton runs
100 ' , 2011 P=48%

o \s =200 GeV o —wﬂfv
=250 GeV
run b5, 6,9, 12 H—

0 r , 2012 P=58%

60 [-i2009 P=34% [/ s 2009 P=56%

e Vs =500 GeV
run 9, 11

50

2006 P=55%
40 ? i :

2 -t ’/ ------------- o frmmeer 2005 P=47%
g/ / |7
10 _ s i 2004 P= 46% e

_ , 2003 P=34%
) = — 2002 P=15% |

irfu 0 2 4 6 8 10 12 14 16 138 20
eSS Weeks in physics
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2. p p collisions at RHIC, channels for AG

5
D 5*";}/
09.qg.qq "

% o %
P O

Di-Jet production

> “’%1
p N,

Photon-Jet production

* More abundant channels
pp—>n®X  PHENIX

pp—2>jet X STAR
3 processes contribute

AG (Xy) .AG (Xy)
AG (xy) -AQ (Xy)

AQ (Xy) .AQ (X,)
» Other channels
pp->jetjet proj. STAR 500 GeV, low x

pp—>vyjet
1 process=> cleaner AG (X;) -Aq (xy)
Full kinematics reconstructed
Low statistics

pp—2>7y X

e Other channels: n+, n—, n, ...

[ High potential for AG from various channels, various kinematics J

F. Kunne

CIPANP 2012, St Pertersburg, Florida, May 2012 — 11



irfu

saclay

pp collisions at RHIC: cross-sections

pp>10X at PHENIX

-
Q

M
a
=)

Two examples

Inclusive jets at STAR

dc / 2xdprdn [pbiGeV)

|« STARRun®

D Systematic Uncertainty

) =, ,
< ' 3
“-'% 10 3 10F Ty = T
O 4L= 2 1 = e (nT+mT)/2
4 = =
E 0 é:_‘w
o 5107
% 102 s
b s 107
g 10 104
=4
10 10° \
5 005 115 2 25 3 3.5 4 45
10 P, (GeVic)
10°
107
NLO pQCD -
10°® (by W.Vogelsang) Tom
CTEQ6M PDF; KKP FF h “:‘ih L
10° - u=pJ/2, p.2p, o imx,:‘:‘:
n jllJlIlIIIlIIllIlllllllll]lllllllllllll
S 1E 7T 9.7% normalization uncertainty
& E e is not included
o 0.5 TNeeeL L .. .
]
2 _--‘.'--.-."____-——‘:—_____i__;___-"-?_
£ o5 E U000 SO SOOI
=1 . . :

0 2 4 6 8 10 12 14 16 18 20
P, (GeV/c)

N
PH:<ENIX PRD76(2007) 051106

NLO pQCD + CTEQ6M
Had. and UE. Corrections

Inclusive Jet Cross Section
pp @ 200 GeV

Cone Radius =07

-08<n <08

ESTAR preliminary

det =5.39 pb™

15 20 25 30 35 40 45 50 55 o [GeV/C]

pr [GeV]

pQCD + Hadronization+ Underlying Event
corrections (significant at low jet p;)

(" :
 Good agreement between data and pQCD calculations

 Exist also for other channels: m*, 1, dijet, direct y, y +jet, n, etc.
» Establishes validity of pQCD frame=> validates method for AG extraction

J
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“pp collisions at RHIC: inclusive jet at STAR
—> )
pp > jet+X Measure double spin asymmetry A | (p)

Compare data to global fits with various AG(X) parameterizations

-+0.06

<
o]
2

High stat. run 9
-2 New fit

dr Ag ~ 0.1

0.2
/0.05

(See: STAR at DIS12,Stratmann at DIS12, Vogelsang at IWHSS12)

-0.01
-0.02
-0.03
-0.04—

0.05
0.04
0.03
0.02
0.01

0

IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII

= GRSV-STD
= GRSV-ZERO
- DSSV

[ ] DSSV %2+2% Uncert .-""

[ Relative Luminosity Uncert
« 2009 STAR Preliminary
® 2006 STAR Preliminary

/,_.

\s=200 GeV p+p — jet+X n|<1

+8.8% scale uncertainty
from polarization not shown

0

5 I10I 1 | I15I | 1 I20I 1 | I25I 1 1

- | 30 1 | | 35
Particle Jet p_ [GeV/c]
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Inclusive jet provides strong constraint on AG in
measured range giving AG positive ~ 0.1 for 0.05<x<0.2
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pp collisions at RHIC: 10 production at PHENIX

— —>

Measure double spin asymmetry A, | (p+)

pp-> 0 X Compare data to global fits with various AG(x) parameterizations
o, = 0.06T i
[ » *‘“v..__
0.04 . PH Ele
- Preliminary
0.02— :
» P | _ New fit
0 . e 5 SV=-0,08
—0.02:_0_{115 E { .
¢ o83 s * Run-5 |
-0.04- ! . *{ o Run6
hiDe: i S ————— e Run-9 Run9 vs Run 6: FoM
: T P, (GeVic) | iIncreased by more than 2
0 |l 1 I 1 1 1 I 1 1 1 1 | 1l 1 l 1 1 1 ] 1 1 1 I
e 2 4 6 8 10 12
e p. (GeV/c)
ey —| Strong constraint on <AG>in x range probed 0.05<x<0.3
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pp collisions at RHIC: other channels

charged pions: different FF for favored or unfavored
different gg contributions for % * - = access sign of AG

} 0 -
T > AT > AT = AG >0
ot 70 T
T <Al <Al = AG <0

<u.12;— p+p— T + X 7_C+ u.12£— p+p — 1t + X n_
01f- \'s =200 GeV 0AF \'s =200 GeV
0.08[~ PHENIX Preliminary Runs-05, -06, -09 U-OB;* PHENIX Preliminary Runs-05, -06, -09
o.uaff 0.06
0_04; 0.04 )
o021 + AG Std 0.02f { It S
- _GRSV.-std SUTUTRTIUUN SRR, Sy DSSV.
gz % """" o T
0.021— DSSV 0.02(—
-0'04:_‘.‘@”.‘\.".\‘.le.m.".\‘.Hl.‘.. -0-04‘_ 5" é7‘_ é 9‘ 1‘0 |
4 5 6 7 8 9 10 e wg}z o lGevich
[ Run 5 PHENIX Preliminary
d I rect y 0_4-_ PH}}\ENIX Run & PHENIX Preliminary
N direct 'Y
C GRSV-max
clean channel o TR
. : l oh ;J\v =
gg dominates M-i . J I @
“f RE R J
e 5 -
p. (GeVic)

[Promising channels when more statistics available J
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3. AG from global fits

1 —
Spin structure functions g, AP oc gy (X) o EZES(Aq(X) +Ag(x))

Z ﬁi }m zot “ deuteron
* F : * r 5 E143
I's, C Fe, L x=0.008 + E155
< 35— L 3 % ¥=0.015 + HECAMES a"f:_ 3 } x=0.015 + HERMES
Bl - i I % x=0.025 * COMPASS = L 1} B ¥=0.025 * COMPASS
3 TI K o CLASWs2.5 P M % ¢ CLASW=2.5
sl l % *=0.035 i - - i i % %x=u.c-35 _____
25 % 1}31 z B & x=0.049 C 8.7 H 3 ¥=0.049
E - ® ;;_ . . & & x=0.077 2 uiﬂf i . ' 5 *=0.077
2:_ g . x:/_%\ _ i L. g x=0120 E ¢ o 155 - ]. g %0120
E | _-% z o . X=0170 1'5—_§ T P z li a8 xoum
15— = &g cEEE . _
E o g ﬂﬁd‘ ] a ¥=00.240 1:_ - 3 z.@ o %= 240
1;_ CL’AS iz s 0. %=0340 E o T n T e . g . X=0.320
0_53_ LR S 4 o 8. e X=0.480 0.5:— S FEw 0 & & @ . X=0480
N B . X *=0.74D N & . . %=0.740
'D_Il | | |||||| | | |||||| 0_|| | ||||||| | | |||||||
1 10 10° 1 10 10°
Qf [GeV?] Q7 [GeV?]
dg, oc —Ag(X QZ) —> ¢, as input to global QCD fits for
’ .
d Log(Q?) extraction of Ag(x) and AG(x)

However x and Q2 coverage not yet sufficient for AG
Use also constraint from pp data (DSSV)
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Jlab experimental halls

6 GeV polarized o - . Will be upgraded to
CW electron beam Q&+ D 12 GeV by ~2014
POI=85%, 200pA  Elem e/, \'"\ 31

NH & ND, targets

o § 1

HallA: two HRS’ Hall B:CLAS Hall C: HMS+S0S



Jlab CLAS- g,(x,Q2) for the proton

-
S
Q_ﬁ 5} ........... 0<x<0.01
ey
Jlab/ CLAS -EG1 ° ¢ t':}';;g;:;:::::::ﬁ::::_{':: ____ 78~ 0.03<x<0.05
3[Y §-ogiErEA--&----- LT8R g 05008
5.7 GeV e- Y o s == T QUSROIZ.
POIarlzed NH3 -i-i-----““- S i ) O:18<§<O:25
2N i SRRl SEERE. SF ¥ SEEEEEEE A----- Ao -
(and ND,) targets Yy -i PONTEE "0 ST ORI < h S
- Yy 5 ‘
Data included S Z-SiE - S DT
. : B E80 0.45<x<0.55
in LSS fit N T 2T 4 A & e e s
8(; : v EMC @ 0.55<x<0.65
06/ ® HERMES L
05 * EI43
04 @ SMC
A EISS .. ot ... 0.65<x< 1
03| ¥ JlabpGmy TR A
pBla = COMSRD.
1 10 . ,10°
irfu Q (G@V)
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3. AG(x) from global QCD flts of polarlzed data

LSS ‘10

Only DIS & SIDIS data

Leader, Sidorov, Stamenov,

AG= 0.25+ 0.19
AG=-0.40%+ 0.43

at Q2=2.5GeV/c2

DSSV-2009 (old)
DIS, SIDIS & pp

De Florian, Sassot,
Stratmann, Vogelsang
PRL101 (2008)072001

AG=-0.08 £ ?

at Q2= 10 GeV/c?

””1

sl XAG u‘ 250
0zl ——LSS10
o[ —— LSS0 os)
ol
01
u-_
asl
- xhg R e
I 1Y J o2 -

F— — GRSV max. Ad

R GRS’\}[ rmin. Ag|

-2 -1
10 107

~0 in measured
range (node)

T [ T T T I T T T | T

.+~ PHENIX 415
-~ ___ STAR 1 An2
— — SIDIS 1 AX

-
e Data favored fits with AG close to O, excluding AG std (DSSV-2009, LSS10)

e Strong constraint on <AG>, now > 0 (DSSV+) in X range probed
* No constraint outside 0.05<x <0.2

J
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Quark spin contribution AX from QCD fits

COMPASS AX=0.30 %= 0.01 (stat) + 0.02 (evol)
fit to g, P"d world data, MS scheme, Q2=3 (GeV/c)? pLs 647 (2007) 8

As + AS =-0.08 + 0.01 (stat) = 0.02 (evol) comPASS data only

HERMES AX=0.33+0.011 (stat) + 0.025 (theo) + 0.028 (evol)

HERMES g,9 data, MS scheme, Q2=5 (GeV/c)?, neglecting x
< 0.02contrib., PrD75 (2007)012007

As + AS =-0.085 + 0.013 (th) + 0.008 (exp) + 0.009(evol)

DSSV AY =0.24 Q2=10 (GeV/c)? arxiv:0804.0422

LSS’10 | AX=0.25+0.04 AG withnode Q2=10 (GeV/c)?,
A®=0.21+0.03 AG>0

F. Kunne CIPANP 2012, St Pertersburg, Florida, May 2012 — 20
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Bjorken sum rule

A fundamental result of QCD

on the non-singlet combination g,N5(x) = g,P(X) - g;"(X)

derived from current algebra:

1
/0 g¥s (x)dx

1

6

ga

gv

CNS

Measuring the first moments provides a test of the Bjorken sum rule,

Fit to COMPASS data: g,/g,=
1.28 £0.07(stat) = 0.10(syst)

PDG value:
1.268 +0.003

F. Kunne
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0.02

0.04 [

Quark helicities from Semi-Inc

XAU

0.02 |

10

10"

X

0.05 - T
oF s
-0.05 - -
Cooovl ] ||||||||(L ] |||||'IIIIII| | I|IIIIII| [
2 -1
10 10 X

Q2=3 (GeV/c)?

usive DIS

Extraction at LO
2 h
Aih(p/d)(x) _ Zq e; Dy Aq(x)
> &2 Dy a(x)

* COMPASS
PLB693(2010)227, using DSS FF

o HERMES
PRD71(2005)012003

__ DSSV

X(As - AS)  COMPASS PLB 693(2010)227

0.1

-0.05 I

0.05 ) }

-0.1 Ll L Lol

107 10"

HERMES As+As=0.037 + 0.019 (stat) + 0.027 (syst), PLB666(2008)466  As — As compatible with 0 "
COMPASS As =-0.01 £ 0.01 (stat) £ 0.01 (syst), 0.003<x<0.3

r

 Full flavour separation = x~0.004
e Sea quark distributions ~ zero
 Good agreement with global fits

v

F. Kunne
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Light sea quark polarized distributions

. _ S5
X(Au-Ad) 3 o
<]

X 0.05

0E

-0.05

-0.1

-0.15

-0.2 4

@ COMPASS, preliminary
o HERMES, PRD71(2005)
—— DNS parameterization

T |IIII|IIII|IIII||IIII|IIII|IIII|I
: T
L '_._|||
|
!

K B

¢

e COMPASS

_ﬂr“" ~? | o HERMES

0.3
/ (AT — Ad)dx = 0.052 + 0.035(stat.) + 0.013(syst.)
</ 0.004

Slightly positive, compatible with zero.

Recall value for unpolarized case. j(_d —u)dx =0.118+0.012

irfu
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As puzzle

 DIS data: the integral of As can be extracted from the integral of g, using
two other inputs (n and hyperon decay) & SU(3)

> JAs+As =-0.08 + 0.01+ 0.02
» SIDIS data: the integral of As can be computed from As(x) measured
from kaon spin asymmetries, using quark Fragmentation Functions

S go2f e
2’_0_043_ --7" DSS-FIF
Several possible explanations to the discrepancy : et
« Uncertainty on quark fragmentation functions (s> K) 0% ¢ - EMCFF
8 R

- would need value twice bigger than DSS

I2‘III\3|)I\II4|-\IH5|IHIGJIII\1 \SF
R
COMPASS PLB 693(2010§227

 Global fits (DSSV, LSS) suggest negative As at low x

. 0.02 |
- reconciles the two approaches

oF

» Assume SU(3) violation a5 from0.58 to 0.42 - As=-0.02 4:.025- ‘
Bass & Thomas, PLB 684(2010)216 0.04 | M —————
102 10" X
Need more data on quark fragmentation functions
Need more data on As at low X
COMPASS run 2011 at 200 GeV
Certainly a physics case for EIC
F. Kunne CIPANP 2012, St Pertersourg, Florida, May 2012 — 24
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As puzzle cont’d. New fit DSSV+

—— DSSV+
- - - SIDIS
——-- DIS

From Stratmann at DIS-2012,

Including COMPASS SIDIS
results «r, K at low X:

“Tendency toward negative low-x also from SIDIS ?
Heavily relies on Fragmentation Functions *”

F. Kunne
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Quark helicities from W production in pp_

RHIC short exploratory run :first collisions at 500 GeV  Parity violating, single spin asymmetry

P No fragmentation function uncertainty
u+d ->W" e +v
r u+d—->W —e +Vv
PHENIX STQ R
A W' - e* (ly |<0.35) 0L4;_ P+p o> WEE X et 4 X -
. | —_ ONS max = — t STAR ,/;:500 GeV |:-_.:-::.:
L[| —ocrsved | Preliminary [ 25<E7<50GeV ool
o'—mmln 0'35— L ———-I:.—..-:‘
1 e o2f M oe- |
-0.2 L - - - g
a 0.1F B a,—o_
o 0 e L= g, +o_
A ==t —
I ® 30-50GeV/c range ] : AN
B =00 s+ = DNS-KKP
0.6 <P>=0.39+0.04 ! == — DSSVO8 A_ A
§ ¥ dilution 1.11:0.04 02 :l=‘_ l e AU AU
0.8 . —0.3%— w+ ='_ — d u
aloo oo by by b b b by byvna by _0.45 l\zﬁ;tpzll]c:;rrinl:nii:l;?n]::c(:g;n;‘:d_|:
20\;5_ 30 35 40 45 50 55 60 5 - 5 ! > ,rl
PH ENIX b [GeVic] y
J. Haggerty |CHEP201O Phys.Rev.Lett. 106 (2011) 062002
-

*Signs as expected from polarized PDFs
*Promising channel

J
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Jlab — CLAS AP A,

3 LR IR rTTT IR L L T T T L 1 3 LA L L L B L L — L — L— T T T L — L— ]

o 1 ) [ 1 HF perturbed QM 1

14 F 3 HF perturbed QM B 14 = ___  world Data parm Q = 10 GeV? E

I ---  World Data parm Q2= 10 GeV? W > 2 ¢ QZ > 1 ; I ——  World Data Parm + d WF Q2= 4.2 GeV? E

L ] , 1 L ] . _ 1

12 | - Symmetric Q Wave function B 12 b - Symmetric Q Wave function suppression 1

Fo--- Helicity 3/2 suppression ] I He'I|C|ty 312 suppr'essmn 1

b Spin 3/2 suppression Lo Spin 3/2 suppression ]

1 e CLAS-EGIbQ?=10-452GeV? B 1 F e CLASEGIbQ?=10-452Gev? 7

L A SMC ' - A SMC ]

08 [ O SLAC-E143 e 08 |- g :tﬁg;:: s

n O SLAC-E155 R ol . i ]

i ¢ HERMES R o 06 | ¢ HERMES 1

06 |- e i} = ©F ]

; et | oear SUNEN

04 ) é-%' i g L & —>

[ ’o ] - k,, ]

e | oef b 1

02 |- g . g & ¢ ]

a0 Proton . !

0 3 ]

f . Deuteron |

02 | S N/ = g _— , ]
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Polarized Quark Distributions- Valence sector
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PQCD with Quark Orbital Angular Momentum

H. Avakian, S. Brodsky, A. Deur, and F. Yuan, PRL 99, 082001 (2007)

Inclusive Hall A and B and Semi-Inclusive Hermes
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Lattice : quark spin and angular momentum
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* Impressive results from lattice QCD

 Agreement with measurements for quark spin
* Predictions for angular momentum
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Conclusions

ﬁjon contribution to nucleon spin

All measurements point to zero or small contribution. Strong constraint
on fits from RHIC. Only 0.05< x <0.2 probed. Need low x measurement.

Quark contribution to nucleon spin
Extraction for all flavours from SIDIS
Towards agreement with Lattice QCD calculation for AX
As(x)~0 from SIDIS in measured region, and JAs<0 from DIS:
need more precision and Fragmentation Function knowledge.

Angular momentum

DVCS, DVMP:
data from HERMES & Jlab + projects at Jlab-12GeV & COMPASSIy
Good prospects for Lattice QCD

Exciting future programs in preparation at RHIC,
COMPASS-II, Jlab-12GeV, and... EIC/ENC
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