Nucleon Spin Structure
Experimental overview
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Longitudinal spin : Gluon and quark helicities
Transverse spin
Outlook
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Measurements at RHIC, COMPASS, HERMES, JLab
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Nucleon spin structure

* Nucleon Almost all visible matter
e Spin Fundamental quantum number
Pauli principle
Important for symmetry tests: parity /time reversal

Nucleon contains
quarks, anti quarks, gluons

How is spin distributed in the nucleon?
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Nucleon spin

How is the nucleon spin distributed among its constituents?

Nucleon Spin  16= 1,AY + AG + |

guark gluon orbital momentum

A2 :sumoveru,d,s, U, d,§ AQ :?_CT
Parton spin parallel or anti

can take any value: superposition of several states :
parallel to nucleon spin

( Past:
Theory: QPM estimations, with relativistic effects AX ~ 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 g, +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\

Photon Gluon Fusion Gluon-Quark + Gluon-Gluon +...

K - P

: . AG _Aq AG AG |
G ¢ G G
oz
AG/G(x) A (P7)

QMC, HERMES, COMPASS/ KRHIC : PHENIX & STAR/

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

irfu
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HERAe* & e 27 GeV

longitudinally polarized ~ 54%

Gaseous polarized target
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COMPASS at CERN

Fixed target

Secondary beams from SPS

Nucleon spin structure

Meson spectroscopy

Polarized muon beam:
160-200 GeV p, Py=80%
Solid polarized target:

d (6LiD) 2002 to 2006

Hadron beam :
190 GeV r/p

LH., 2008-2009-
2012

p (NH5) 2007,2010,2011

\ __Silicon
SciFi

o
', ‘Micromegas

MWPC
Straws

NIMA 577 (2007) 455
4-8, 2013 -6
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1. AG/G from Iepton scatterlng

Photon Gluon Fusion (PGF) process

Asymmetry of cross sections for longitudinal polarizations % g
of beam and target, parallel and antiparallel

R

2 q
ALL - RPGF <aLL> <AG/G> + Abackground
Fractionof  Analyzing power T _
process
79 —>4qg
Two signatures for PGF:
1/ qg=c opencharm c> D> K= COMPASS :1 point
Clean signature of PGF
Limited statistics & large combinatorial background
2/ g=u,d,s high prhadron pair q@=>hh COMPASS : 4 points
High statistics + HERMES &SMC

Physical background
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AG/G at LO : SMC, HERMES and COMPASS

m 1 [ [ ] COMPASS;, high p,, @*>1 (GeVlc)’, 02-06
-a') 0.8;— @  COMPASS, high p, Q<1 (GeVIc)?, 02-04
. oeh B e LSS10, AG~+0.32
High p; hadrons: P
2 3 . - A HERMES, high p_, all @ LSSlO’ AG~ - 033
Q 0.2 at Q*= 4
with model for physical - j:#‘ DSSV, AG=0.02
background f=——————— ; at Q=3
0.2
Open charm: 0.4
Q*=13 0.61
0.8
_1:| I I I| I
107 10" X
[ a
» All direct measurements compatible with O
« AG measured for 0.05<x<0.3
* Results disfavour value of the integral > ~+ 0.3
I.e. £ 60% of the %2 nucleon spin
e Contribution to <AG> outside measured x range not excluded )
irfu Note that these data are NOT included in global fits of DSSV and LSS
eSD De Florian, Sassot, Stratmann, Vogelsang Leader, Sidorov, Stamenov
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A G/G at NLO : charm channel

The only channel for which the analyzing power a,, is calculated at NLO.

a,, distribution shifted in x = Induces a change in <AG>, but also in the
relative weight of events, hence a change in <x>

0.8
| Q*=13 (GeVic)* |
m 06 _ * COMPASS open charm
— |- | =— COMPASS (Ag>0)
(@) [ | = = COMPASS (ag<0)
< 0A4b—| === DSSV
| - LSS (Ag>0)
| e LSS (Ag sign changing)
02—
D—.—:.-:;.-_':_-,-.:_-;-,-".“-"-'-'-'"-'.'-'-'-' ...... e " : —
-0.2— {
04—
B | |
102 107

COMPASS PRD87(2013)052018
Value of AG still compatible with zero; higher <x > measured
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2.p p collisions at RHIC

PG Comml
pcy Mgl

2008

PC3
TEC A8

for

Spin Fotators

{longitadinal pelarization) Spin Rotatars

(longitudinal polarization)

Pol. H Source o— Helical Partial

Forward Time Projection Chamber

200 MeV Polarimeter Siberian Snake
Polarized proton runs
300 A
Lumi(pbt = 250255Gev
5 = | 2013P=56% === 100 GeV

T T e e T T T

e Longitudinal spin

e Transverse spin

| SRRNA dscpde |
- hadron production for <AG> I A A A N

- W production for <Ag>

e R R

100 ‘ —————————— f——zﬂlt? 48%———————————’E————————————% ———————————
: . L 2009 P 56‘?/ !
50 ; T - 2006 P 55% """"

Integrated polarized proton luminosity L [pb-

2003 P‘ 34%

0 2 4 6 8 w 12 14 16 18 20
F. Kuni Time [weeks in physics]
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2. p p collisions at RHIC, channels for AG

* More abundant channels

pp~>nalX PHENIX

pp-—>jet X STAR

3 processes contribute gg, qg, qgq | AG (X;) .AG (X,)
AG (X,) -Aq (Xy)
AQ (X,) .AQ (X T

« Other channels 169) 4002 7 @

pp->jetjet 500 GeV, low x -

Di-Jet production

pp->vyjet . @
. p ’5
1 smgle_proces_s gg -2 cleaner AG (X,) .Aq (X,) N3
Full kinematics reconstructed 99 e
Low statistics T o pr
N %5
D o h
"y
PP K ! X Photon-Jet production
e Other channels: +, n—, n, ...
[ High potential for AG from various channels, various kinematics J
F. Kunne HADRON 2013, Nara, Japan, November 4-8, 2013 — 11



pp p collisions at RHIC: jet at STAR, n° at PHENIX

pp > jet/ nd +X

Jet at STA
70 at PHENIX

a 5 10 15
T
| ®  PHENIX Prelim. =", Run 2005-2008
PHENIX £hift uncartsinty
T — DSV for ="
004~ w STAR Profim. jot, Aun 2008
STAR shilt uncertainty )
[ = D38V++ for jat f_,.-"ff
0.02

x’ p_(GeV/c)

i FHEHlI-"STiH :I-l:lﬂl uﬂmmh'ﬁ'ﬂ;-"ﬂ Bﬂ;lr-um 5":1 I'H:I-l Bhl:l'-'l'l
I L

1{] ED

Jet P_ (GeV/c)

Measure double spin asymmetry A, (p+)
Compare data to global fits with a given AG(x)
parameterization

High stat. run 9

= New fit DSSV++

.\-
N \‘
| DSSV

L RN
e
- DSSVE
I

[ A= 2% in DSSV analysis i

30 arXiv:1304.0079

0 s 0.1 02
J AgxQ") dx

005

Strong constraint on AG in measured range giving
AG positive ~ 0.1 for 0.05<x<0.2
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AG — Low x contribution?

Shape of AG distribution unknown.
Very large error band at low x, which might bring AG to big value.

XAG

02

0.1

: —e-ee- DSSV
1 1

-0.1 ” B Dss V4]
| IH“l:ﬂ-2 o lH“l‘()-l l ‘X'I“X
DVSV++ & arXiv:1304.0079

<= - - DSSV+ |

Lower x?
RHIC 2012+2013 500 GeV: inclusive jet, dijets,
& expect to double 200 GeV statistics in 2015 run

. AG
But expect very small A | since « v

F. Kunne HADRON 2013, Nara, Japan, November 4-8, 2013 — 13
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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

A7t
LL

0 -
> A7 > Al = AG >0

} 0 —
Ajp < A7 <Al = AG <0

+ -
TC T n
‘“”2;_ p+p > T + X TO2E pep o+ X ZoorE
0'15_ \'s = 200 GeV 04 3 \'s =200 GeV 0.06 P—I:I\:EJIX Preliminary
0.08[~ PHENIX Preliminary Runs-05, -06, -09 0.08/~ PHENIX Preliminary Runs-05, -06, -09 0 055_ —s— 1 data ('05+'06+'09)
005:— No bg correction applied - No bg correction applied BE —— GRsV-std
oeE — — 0.06 . GRSV Ag=0
- B2 . 0.04F g
ooa[ PHIENIX Istd [ PHTENIX b~ T DSSV
r GRSV -5std ____l.ocrmemsmmom"" SR E
0021 T ossy -\S\/mz:— 0.02[
o ] s T s —— 3
E oF - R 0.01F
0.02F— - T T E
- 0.02[~ 0F
Rl ST ! | | I - 0.01
4 s & 4 8 ® 10 11(Gew::1)2 00817 | I | | | | TE
Pr 4 5 6 8 9 0 1112 -0.02F
mlaavd? PO
p, (GeVic)
Sensitive to s fragmentation
irfu [ Promising channels when more statistics available J

€S9

saclay

F. Kunne

HADRON 2013, Nara, Japan, November 4-8, 2013 — 14



3. AG from Q? evolution of g,. Global QCD fits

Pol. deep Inelastic Scattering DIS X lz€2 AQ(X) + AT (X
=> spin structure functions g, AT o Gy (X) o 2 q( a(x) +Aq( ))

dg,  —Ag(x,Q?) —> g, as input to global QCD fits for
d Log(Q?) ’ extraction of Aq(x) and AG(x)

o~ T _______ Xg=0.0036 i=0) ¢ EMC O smc - = Xg=0.0036 i=0) — deute ron
+ ] ﬁj ................ XB]-=0.0045 A E143 O Etss o L *
— | % . Xgi=0.0055 HERMES ® COMPASS07 (160 GeV + L o Xg=0.0045 ¢ E155 ¢ HERMES
& §§ .................. B b ( ) i
C L f;@] ............. X=0.0070 O CLASW>25 @ COMPASS'11 (200 GeV) prel. NO Eoeml Xg=0.0055 ® COMPASS O CLAS Wo2.5
Fol . [ F—— X3=0.0090 [ RO o N * iét{l %=0.0070 | | oo e NLO
X r ¢ . ¢ e ® L 00090
Q- L g be I — Xg=0.012 S L e s}
L 0.8 PO xg=0.017 € =07-(17.3-i(xy) ) S - e o Xg=0.012 _
8— . i 8 . o x5,=0.017 G=07-(17.3-i(x;))
T T s
B r]'a% & .é. — q:] ----------- 'XBJ_O 035 = = 08 e qﬁ XEJ_O 024
L . ..,(}.'. lllllllllll Y Xg=0.049 - éAA H.@.... .y Xg=0.035
gl - emttn * <10 ] S N S, o & X=0.049
- AN D g @ P g . Xg=0.077 ((=10) L )
B . T S SN LD @y @ Xg=0.077  (E=10)
- S :ﬁh&ampel S - B P Xgi=0, 2 -
- oo% e O AN @y @ G B xg=0.12
4— oy e AR (}......&;Qz ......... o ® e Xg=0.17 Al
L © @G B YT e oo D e Xg=0.17
OO Bt R oS B SR ﬂ.....‘.‘XEFD.ZZ L o2
- T OO B WAD 00O 6T @0 K5=0-29 ©
o o 041 r LY Ol O o Gy (e G- G 7@ KR =029
| ORI L R VLR O Qg o1 -00Xp=0. ol _
| T N 1 T 0¥ ST ) U NP W o U |
L 1A ANt T ¢ SIS, O S S— _xBj=0.57 %2057
B - by QA Gl Qoo Qe @ KO
ol | | P R s e R e i R R Y .1..]..|___,,_,XBi=O.T;'4 L 074
1 10 0 l | t = Illlﬂ ....... Ll T i ..O...I ...... T Pj_ . |

Q? zgievzlcz) 1 10

New data from COMPASS 200 GeV : low x and high Q2
However x and Q2 coverage not yet sufficient for precise AG
= Use also constraint from pp data (DSSV)
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Quark helicities from semi-inclusive DIS

I”p~ - Lh*/~ X

Hadron tags quark flavor

(quark fragmentation functions)

04
0.2

XAu

5%

0.05 |

0.05F

e

0.02 |

0.02}

-0.04
| IIIII|

102

10

1072

Q2=3 (GeV/c)?

107

* COMPASS
PLB693(2010)227, using DSS FF

o0 HERMES
PRD71(2005)012003

__ DSSV

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

J

F. Kunne
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Strange quark polarization — As puzzle

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

> |As+AS =-0.08 + 0.01+ 0.02

* SIDIS data: As(x) measured from kaon spin asymmetries, using quark
fragmentation functions, in particular Ds¥, (s quark fragmentation into K)
-2 As(x)=0

Several possible explanations to the discrepancy : COMPASS PLB 683(2010)227
« Uncertainty on Ds¥ .

of
* Global fits (DSSV, LSS) suggest negative As at low X g0 |
reconciles the two approaches 0.04]

102 10"

e Assume SU(3) violation ag from 0.58 to 0.42
- As=-0.02 Bass &Thomas, PLB 684(2010)216

Recent data on quark fragmentation functions HERMES/COMPASS
Recent data on As at low x COMPASS 200 GeV

F. Kunne HADRON 2013, Nara, Japan, November 4-8, 2013 — 17
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Quark helicities from W production in pp_

Single spin asymmetry measured at STAR and PHENIX
Parity violating

No quark fragmentation function needed

High energy scale

H+d ->W —se +7vV

u+d >W*" >e" +v QA_d
> Au

F. Kunne HADRON 2013, Nara, Japan, November 4-8, 2013 — 18
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W results from STAR and global analysis

STAR Preliminary Run 2012

ptp—=W* = e +v
{8=510 GeV

i

25 < E; <50 GeV

0.5

i

Rel lumi
syst

=0.5
| —— DSSVDE RHICBOS
i DSsvVoa CHE NLO
=1~ —— ossvoe Lowith Ax’=1 pdf errar
i 3.4% beam pol scale uncertainty not shown
- Remaining sysl <10% of stal errors
[ 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1

lepton

STAR 2012 W results provide
significant constraints on A, Ad

from Qinghua Xu, DSPIN-2013

Au

i:> j— ATE(x, Q)dx i F
0.05 -

F. Kunne

arxiv:1 3[}4.00?9 .

5

PR B BRSNS B B N BN B
15 b L DSSVH+ ! L
1 - -
. ‘= w proj. N i 4
2 i = W odata ' i
A a I
L i : i |
! i !
- 'I .i r.l .' -
- ! -
10 ) L ]
: |DssV
N Ay =2%

|
1
DSSV+ +_ |
~F="
IIIllIIIIT

TS R B T
006 004 002 0

002 004 006
[An(x,Q dx

003
T

DSSV+ ! .
wi proj. W daca i -

........... | psswv
1 ax=2%
Q2=1+}ch9:
i i P T T
008 -006 -004 '-ﬂ.{}zl 0 0.02
DSSV+: DSSV+COMPASS JAT(x.QY dx

DSSV++: DSSV+ & STAR-W 2012
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Lattice : quark spin and angular momentum

Y P
< Az
O + ! | | 2 n ] ]
@ 4] 1 "
= _
o
L]
o [
£ 02}
E § ¥ 2 & ® J s s
=] - L
E 0.0
= . "AY
[ | Ir] ) B =] =¥
S —02}, of o * LY ¢
00 01 02 03 04 05 06
MS at 4 GeV? m?[GeV?] Ph. Haegler, MENU 2010

( . :
e Impressive results from lattice QCD

« Agreement with measurements for quark spin
e Predictions for angular momentum

J

irfu

saclay F. Kunne HADRON 2013, Nara, Japan, November 4-8, 2013 — 20



irfu

€S9

saclay

Transverse spin

: 0 T—ol
Where it all started from... (1978) pp —-mwX g o large p-
oT+ol
4.9 GeV 6.6 GeV 19.4 GeV 62.4 GeV
ZGS AGS FNAL RHIC
% PRL 36, 829 (1976) b PRD 65, 092008 (2002) @ PLB 261, 201 (1991) & PRL 101, 042001 (2008)
af ¢ w0} % T R + 40| BRAHMS
+ ¢ . @
=% ;1;[{ K 20 g 20} .0° 20} o?
:_'(3. ] R P Of----=-- =i o----aéé ----------- o»---&; -----------
-20 ‘} 20+ Oo¢ 20 OOO -20 o
40} 40} c{) 40f ¢%’ 40} O+
2 04 06 08 1 SUMLIATes 0s SR 0e 0s 1 00 0e 0
XF XF XF ) XFI

0.25

Unexpected large single spin as.ymmetr)?';{2 © {-19.4Gevict, E704 ppT >0 X

Attributed to correlations between nucleon g = 5624 Gevic’, PHENIX 3.4<n<3.7 Preliminary
spin, orbital angular momentum, transverse % {5-200GeVict, STAR <yp=33
momentum kT of pal’tOnS, .. 0.15 * \5=200 GeVic?, STAR <r>=37 ’
#* ¥5=500 GeVic, STAR 2.7<n<4.0 +
0.1 Preliminary * +
E704... and latest RHIC results

o O

. M’m-r ________________________________________

02 03 04 05 06 07 08
Xp

from PHENIX and STAR on =° , 0.05
following BRAMS and others.

Z+

=N
of
-

F.



Transversity

Three distribution functions are necessary to describe the structure of
the nucleon at LO in the collinear case:

* ((X) : number density or unpolarised distribution
« AQ(X) =93-q95 :longitudinal polarization or helicity distribution
 Aq(x)=qTT-qll :transverse polarization or transversity distribution

All 3 of equal importance

Further distributions exist, Transverse Momentum Dependent (TMD),
revealing correlations between nucleon spin, guark spin and quark
transverse momentum K-.

All measured simultaneously in SIDIS.
Among them, the Sivers function.

irfu
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Transversity- Collins and Sivers asymmetries

« Access via SIDIS, transversely polarized target | | pT — | P h*-

* Measure simultaneously several azimuthal asymmetries, out of which :

Collins: Outgoing hadron direction & quark transverse spin

Sivers: Nucleon spin & guark transverse momentum Ky

atLo:  Collins Sivers .
sual quar
g transverse spin distr. \ fragmentation
Collins function
f tati 2
R I v L
B 2 h Siv .
Coll quq q@Dq quq q®Dq

note: A-q also measured in SIDIS using
- “Two hadron” fragmentation function Also accessed in pp
- lambda Transverse Polarization

F. Kunne HADRON 2013, Nara, Japan, November 4-8, 2013 — 23



Collins asymmetry- latest results on proton

—~ = COMPASS I
s h+ COMPASS S50 / . COMPASS x< 0,032
< 0.05F 2007+2010 < ® COMPASS x>0.032
0.05- O HERMES pions
Oyt 4 %ﬁfé;;; o
+
—00s- h ¢
—0.1F . .
<5 01k i
T
0.05} h 4 f
" I g{;%gl_? ________
—0.051- -Lm}?ss-' COMPASS x< 0.032
e COMPASS x>0.032
—0.051 0.1+ o HERMES pions
el Ll L el sl PR |
1072 107! 10~ 1o .
v :

 Large signal with proton target. (Is zero with deuteron target)
« Same signal strength seen by HERMES and COMPASS,
although different Q?, by factor of ~4. (New )

irfu
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Transversity — from Collins Asymmetry

Several combined analyses of polarized SIDIS data
HERMES-proton, COMPASS—p and deuteron, and BELLE fragm.fct. data

Flavor separation
* Cloet, Bentz and Thomas PLB659 (08)

0.3 5 « Bacchetta, Conti, Radici, PRD(09)
= 0.2 F Q%=2.41 GeV? * Anselmino et al.
5 0.1 b AT .
- S———
S O e
0.1 F * A;u>0and A;d <0
i Do not saturate Soffer bound
01y « Smaller than helicity y
>< .
5 0 p——======c—---—pr
& 01
= [
-0.2 F
_03 [ PRI | PRI | 2 aaaas . .
0.001 0.01 0.1 ] Also extractions for sea qu.arks
M. Anselmino et al., RRDS7 (2013) 094019 | * More data large/small x, with p, d, n targets
needed to map z,Q?, p; dependence
irfu
€SP
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Sivers asymmetry- latest result on proton

Correlation between Nucleon spin & quark transverse momentum k-

—_
) 0.1~ ® COMPASS h™ 2007+2010 - = COMPASS positive had
g VA —= Anselmino et al, Eur. Phys. J. - S0 COMPASS positive had

=

O HERMES x* PRL 108 {
0.05 COMPASS 0.051- ¢¢ ¢ HERMES vs
With Anselmino ’ ic? e COMPASS
0 et al. global analysis ¢ limited range
) S TS X>0.032
—0.05

;‘; IIIII L L L IIIIII L L L1 11 :U-OS-I IIJIJI L A IJILIJJ A g L L L
& & (L ® COMPASS b 2007+2010 YT | COMPASS negative hac
= 0.1 —— Anselmino et al, Eur. Phys. J. =< 0.1 ; ][I:f][;g"ﬁg Srn;',"i‘:]l_“it Ulﬁfi

=0.05-
Ll Ll

11 111 1 1 1111 —l : : —l
1072 107! . 10 10

Large signal with proton target and h+
Was measured to be zero on deuteron
Smaller strength at larger Q% (COMPASS).
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Sivers function — extraction 2 AN (2, Q)

01

using HERMES p 0.08 I Q2.0 4 GeV?

0.06 |

and COMPASS p, d. 004 |

0.02 |-

- u and d quark Sivers function opposite !

-0.04
-0.06
-0.08
-01 b

M.Anselmino et al.,QNP2012

[- Much progress on Sivers (and all TMDs) from polarized SIDIS data

« Still more statistics needed to separate all variables: x, z, p,Q?

 Future:
Polarized Drell-Yan (COMPASS), where Sivers effect is expected, but
with opposite sign =->» test of factorization approach /

F. Kunne HADRON 2013, Nara, Japan, November 4-8, 2013 — 27
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Collins and Sivers asym. on neutron - JLab

‘He'(e €h), h=n",7

E He +
£ 0.05- on - AT
Qo
Egy . - I
£ ¢ }
@ .05 -
- = R
E‘ L
2 0.05- y
w
2 0 + T l 4
i t ¢ ¢
= |
-0.085) y
o

X. Qian at al., PRL 107:072003(2011)

F. Kunne

0.1 0.2 0.3 04 01 02 03

Jlab Hall A, E06-010

3He Collins SSA small,
non-zero at highest x for wtt

3He Sivers SSA:

negative for >
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Conclusions

@on contribution to nucleon spin

Direct measurements point to zero or small contribution. Strong
constraint on fits from RHIC. Only 0.05< x <0.2 probed. Need lower x data.

Quark contribution to nucleon spin
Extraction for all flavours from SIDIS, down to x ~ 0.004.
Au and Ad also from W production
Towards agreement with Lattice QCD calculation for AX
As(x)~0 from SIDIS in measured region, and [As<O from DIS:
more data and strange quark fragmentation functions expected soon.

Transversity and TMDs
Precise results on Collins and Sivers

Much progress on all azimuthal asymmetries for TMDs (not shown)

Exciting future programs in preparation at RHIC,
COMPASS-II & Jlab-12GeV

F. Kunne HADRON 2013, Nara, Japan, November 4-8, 2013 — 29
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A glance at future prospects

RHIC projections for 2012+2013 data (and more expected in 2015):
Spin asymmetries A, for AG ; W for Au and Ad

arXiv:1304.0079
(pseudo-data randomized around DSSV)

0.025
-

ptp—> jet+jet+X at 500 GeV : —
#  Runs 9+15 Proj (200) ’ < OE  5up =W X ==+ X 25GeV<EL<50GeV
0.020 {| m Run 12 Proj (510) em !
STAR: cast barrel - endcap — GRSV-5td (510) A ok 0 pH+p = W=+ X = u*+ X 15Gev<E;
5 S T S S S A N 0.015
0-009:—"| L=500 pb" (delivered) / P = 5% I‘ """" — .giz\‘;[:?}zw STAR PHENIX i
0.006] : 0.010 | ~Std (200) 0.4F e
; . =——DSSV (200) b
0004 = 0005 e |
0.0021— 0.2F 1
* _:I W

i -
of g ‘ b 0.000 $ } } | _
0.002 1.0 <n, <20, 1.0 <, <0. ; 0,005 | O%“%’!‘%; 1 ""+"' Sysiematic Uncertaint
hade IR P Inclusive Jet A_LL for |eta|<1| : '

00064k - -0.010 w*
R e T T T T o 0,015 ) ! | | | ] = : |
M [GeV/c + i 3|
0 0.05 0.1 0.15 0.2 0.25 03 0.35 : ¢ a _h_ .

o=t 630 pb L P = 55%

COMPASS 2015 Polarized Drell-Yan 06F ey

= = == CHE-DSSV (25 GeV<E ")

= — —— CHEDSSV(15GeViE™)

mpT — puuX test sign change of Sivers Lo —cEen

RN 5

COMPASS 2016-2017:
1T ' « DVCS
 Polarized SIDIS (TMDs)
+ JLab12 polarized SIDIS, and later EIC...
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Quark spin contribution AX from QCD fits

COMPASS AX=0.30 £ 0.01 (stat) £ 0.02 (evol)
fit to g, P4 world data, MS scheme, Q2?=3 (GeV/Cc)? pLp 647 (2007) 8
As + AS =-0.08 + 0.01 (stat) + 0.02 (evol) comPASS data only

HERMES AX=0.33% 0.0IIEGI) + 0.025 (theo) £ 0.028 (evol)

HERMES g, data, MS scheme, Q2=5 (GeV/c)?, neglecting x
< 0.0ZConthb., 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 with node Q2=10 (GeV/c)?,
AX =0.21+0.03 AG>0
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Light sea quark polarized distributions

From polarized SIDIS measurements

_  _ [T 015 @ COMPASS, preliminary
X(AU-Ad) < n1E o HERMES, PRD71(2005)
EJ ) E_ —— DNS parameterization |
%008 s L LT . o 4 |[-COMPASS
uf——¥— — + + + 1———| 0o HERMES
005
01
015
020+ v | - ] .
2 1
10° 10 X

0.3
/ (AT — Ad)dx = 0.052 + 0.035(stat.) + 0.013(syst.)
J0.004

Slightly positive, compatible with zero.
Recall value for unpolarized case: I(d —u)dx=0.118+0.012
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More results to come from RHIC




TMD PDFs

Quark polarization

Unpolarized Longitudinally Transversely
(V) Polarized (L) Polarized (T)
ul f, =0 h££) - U
1 Boer-Mulders
L= (o
] g, 2
Helicity Worm Gear
Tl f 18 - B é ) é Transversnty
SR oy
Sivers Worm Gear h 1T
Pretzelosity
”—fQ* Nucleon Spin
€SP _
Sacla£ ) Quark Spm F. Kunne HADRON 2013, Nara, Japan, November 4-8, 2013 — 34




Jlab experimental halls

Ny Sy 3 Will be upgraded to
CW electron beam Q&+ N ol 12 GeV by ~2014

NH & ND, targets

o § 1

HallA: two HRS’ Hall B:CLAS Hall C: HMS+SOS
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Jlab CLAS- ¢,(x,Q2) for the proton

Jlab/ CLAS - EG1
5.7 GeV e-
Polarized NH,
(and ND,) targets

Data included
in LSS fit

i
z
I | R, GRS 0<x<0.01
"y {I
004“ ________________ % f§ 0.01<x<0.03
ii.iiA ________ B T $.... 0.03<x<0.05
3 Y ﬁiﬂ--t ------ g 8 %!! 0.05<x<0.08
f o oo IO s s 0.08<x<0.12
o. -wxg-a---A-x-H-w TR g 0.12<x<0.18
5| i ii B (. R o 0.r 18<x<0.25
TEY !I¥ oo - FF a4 .. koo x-----* Shs At
2 ¥ 0.35<x<0.45
A R - et R
¥y - -
(LI B8O o e Fgeanegeneg ... 0:455x<0.55
0911 A EI30" * °
o7t ¥ EMC 5%""""%“ _____________________ 0.55<x<0.65
06t ® HERME *
05r * EI43
o4 @ SMC
A EISS .. o 0.65<x< 1
03+ V¥V JLab EGIb o A
o2, = COMPASS
2
1 10 10
2 2
O (GeV")
F. Kunne HADRON 2013, Nara, Japan, November 4-8, 2013 — 36



14

1.2

0.8
0.6
0.4

0.2

irfu

saclay

HF perturbed QM

World Data parm Q%= 10 GeV/? W > 2’- QZ > 1

Symmetric Q Wave function

Helicity 3/2 suppression
Spin 3/2 suppression

CLAS-EG1b Q?=1.0 - 452 GeV?
SMC

SLAC - E143 .
SLAC - E155 e

HERMES - B
L -

Proton

N

[senaaaN

0

0.1

062 03 04 05 06 07 08 09 1

ij

0.4

0.2

F. Kunne
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HF perturbed QM

World Data parm Q2 =10 GeV?

World Data Parm + d WF Q2= 4.2 GeV?
Symmetric Q Wave function suppression
Helicity 3/2 suppression

Spin 3/2 suppression

CLAS-EG1b Q?= 1.0 - 4.52 GeV?

SMC

SLAC - E143
SLAC - E155
HERMES

,%7‘41
K
/

v e
|
.

()SU@)

Deuteron

I

o

0.1
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W>2:Q2>1
Neutron Proton

1.2 —m————
1 . | ® Thiswork |
Al - QCD
- o I HERMES :
1 ® This work("He] ¥ Lt : - p -
O ET4Z | 0 SLAC-EIS5 ,// : ]
| A 154 O SLAC-El43 .50 .
GE L 9 HERMES g ]
. SU(6).
0] Tf..f'//.
i eV
_0.5 | 1 1 | | 1 | | 1 | | 1 1 | | 1 1 |
0 q.2 04 06 08 1 0 0.2 0.4 . 0.6 0.8 1
>
JLAB, Hall A, PRL 92 (2004).012004.aed JLAB=CLAS, EBL,B 64 (2006

A" at x > 1, SU(6) symmetry breaking?
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Polarized Quark Distributions- Valence sector

~_ 1 ——
From A;" and AP results i
u quark spin as expected E
5
NS
d quark spin stays negative  _
Disagree with pQCD model 5 [ % &7
calculations assuming HHC 5 ., [
(hadron helicity conservation) ;, i " d
Quark orbital angular 2 .
momentum
Consistent with valence quark  ©s |

. models and pQCD PDF fits Iy
e without HHC constraint Chen, Seattle OAM Workshop, Feb2041
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