Nucleon spin structure
Experimental overview

Fabienne KUNNE
CEA /IRFU Saclay, France

-

 Gluon and quark helicities
« Transverse spin
* Outlook

v

Disclaimer: more than 50 talks directly related to spin in
parallel session. Not all cited here.

F. Kunne DIS 2011, Newport News, VA, USA, April 2011 -1



irfu

€S9

saclay

Nucleon spin

How is the nucleon spin distributed among its constituents?

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

quark gluon orbital momentum

- —> < Parton spin parallel or anti parallel

AY :sumoveru,d,s,u,d,s AQ =q-0

‘Spin crisis” in 1988, when EMC measured

[Old estimations, QPM with relativistic effects

[

Today, world data on polarized DIS g, + SU(3)
First results from Lattice QCD on AX, 4 and L4

to nucleon spin

AS ~ 0.6
a,=A>=0.12+0.17

MS scheme

Large experimental effort on AG measurement
also because a,= AX —n; (o /2n) AG (AB scheme)

F. Kunne
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Three ways to study gluon contribution AG

1. Lepton Nucleon \
Photon Gluon Fusion
_; w
P q
g q
o
AG/G(X)

QMC, HERMES, COMPASS/

{ﬁ’oton PTJton collisions\

Gluon-Quark + Gluon-Gluon +...

AG Aq AGXAG 4
G ¢ G G
A (pP7)

\RHIC . PHENIX & STAR /

3. QCD evolution of spin structure function g,(x,Q?):
Indirect determination assuming a functional form AG(Xx).

Global fits include polarized

DIS, SIDIS and pp data

F. Kunne
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1995 to 2007 _

= Spectrometer :
Ap/p~2%, A©<1 mrad
Excellent separation of m, K, p ~

o |-

L ' -

HERA e* & e 27 GeV

- . - '— FIELD CLAMPS — TRIGGER HODOSCOPE H1
longitudinally polarized ~ 54% " T N
o :'m ."; \ I ) 170 mras -
I.‘"_ RN PRESHUWER.(H:EI_ .
1 L o

Gaseous internal target Ll

Longit. Polar. 85% H, D, He e * Tl i

5l

Transv. Polar H
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- MUON HODOSCOPE MUOY HODUSCARES
= MAGNET
T T T T T T T T
i 1 2 3 4 5 [ i 5 k] 0 m
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COMPASS at CERN

Fixed target
Secondary beams from SPS

Nucleon spin structure

Polarized muon beam:
160 GeV p, P,=80%

Solid polarized target:
°LIiD P;=50% 2002 to 2006

NH; P;=80% 2007 & 2010 /

-

GEMs
/ -

i Drift chambers

v Micromegas

Silicon
- SciFi NIMA 577 (2007) 455

Meson spectroscopy

Hadron beam :
190GeV n/p
LH., 2008-2009

- DIS events
0.003<x<0.5
103< Q%< 10 (Ge

, April 2011 -5



irfu

€S9

saclay

1. AG/G from Iepton scatterlng

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

— Difficult experiment

2/ g=u,d,s high pyhadron pair ggq=>hh
High statistics
pQCD scale Q? 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

see talks of C.Marchand

-g.) . ;E_ [ | COMPASS,hfgh pT,Qz>1 (GeWc):oz-us and K.Kurek
o) 08F @  COMPASS, high p, Q<1 (GeVic)’, 02-04
q 0 6:_ * COMPASS, Open Charm, all Qz, 02-07 (LO
) E | SMC, high p_, @*>1 (GeVic)® LSS10
0451 A nerues hignp anet Q2=3 High p; hadrons: Q2~ 3
0.21 DSSV with model for physical
Of— background
0.2
oab Open charm: Q2%=13
0.63—
0.8 preliminary
10 10 Xg  LSS10, AG- - 0.33 (node)

DSSV, AG=0.02 atQ2=3

(

* All measurements compatible with O
» Constraint on <AG> for 0.05<x<0.3
* Results disfavour value of the integral larger
than... ~+ 0.3, i.e. £ 60% of the %2 nucleon spin

J

Note that these data are NOT included in global fits, although the measured
irfu spin asymmetries, model independent, are available for some channels
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COMPASS charm: from LO to NLO

PGF

A= 0)AG , ay(NLO)
4 D G D

Analysing power a, calculated at NLO (AROMA)

A

Analysing power distributions

Distribution shifted.

Induces a change in <A G>, but also in the ina

. . . “1: 03 08 A4 a2 02 04 06 08 LL
relative weight of events, hence a change in <x> -1 0 +1
a, for one channel

0.6
g Ce COMPASS, Open Charm, NLO, all OF, all data, { u* ) 13 (GaV/cl® see talk Of K.Kurek
04_— — — DSSVat 0° =10 (GeVicl
< 04r - LSSa10® =13 (GeVict, ag >0
02 |~ LsSst0"=13(Gevicr, ag changing sign
|
_______—————______________.__.-"""
02f-
C Preliminary
-0.4_—
_u_a'| Ll L I N
1 . .
10° 10 Xs Theoretical uncertainty

AG_NLO=-0.20 0.21 0.08(syst) at <x>=0.28  under study
Value still compatible with zero, <x>range higher

irfu
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COMPASS charm: from LO to NLO
X.AG

COMPASS, high p_, Q21 (GeVic)?, 02-06
1 __ @ COMPASS, high p , Q%<1 (GeVic)?, 02-04
L @ COMPASS, Open Charm, all @2, 02-07 (NLO,
- O SMC, highp_, Q%1 (GeVic)?
B A HERMES, high p_, all @2
0.5 T
- B
O Hﬁ%ﬁ
B DSSV i
0.5 rellm'nary m
- — =3 GeV/c?
I~ 1P=13 GeVie? |
| | | | 1 | |
) -1
10 10 xg

Charm at NLO, all other points at LO

* First extraction of AG at NLO

» Constrains AG at larger x

» Data to be included in global NLO fits:

model independent asymmetries A (p+ Ep) available
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Polarized proton luminosity L [pb]

Z.E}Fcollisions at RHIC

Vs =62, 200, 500 GeV

PC3 Central Loty
TEC_aN
pcy Magast \

2008

Spin Tors

{longimdinal polarization)) Spin Rotatars

(lengitudinal polarization)

Pol H Source
200 MeV Polarimeter

. o Helical Partial
Siberian Snake

; .ﬁG’S Pnlarim efers Forward Time Projection Chamber
RHIC polarized proton luminosity L delivered to PHENIX

100 GeV 2009 40%
—250 GeV

* Longitudinal spin asymmetries <AG>, <AQ>
OV » Transverse spin

2006 55%

 luminosity almost doubled each year
* run 9 : first time at 500 GeV

74 2008 45%

2004 45%

2005 47%
2003 30%
0 8 10 12 14 16 18 20

Weeks in physics F. Kunne DIS 2011, Newport News, VA, USA, April 2011 — 10

2002 15%



2. p p collisions at RHIC, channels for AG

see talks of
A.Datta, M.Walker,

More abundant channels P.Djawotho

pp>n®X PHENIX
pp - jet X STAR AG (x;) .AG (X,)

< 3 processes contribute | AG (x;) .Aq (x,)
SN AQ (x,) A (x,)

p @ﬁ}ﬁ Other channels

- pp—>jetjet proj. STAR 500 GeV, low x

Di-Jet production

— /@T pp~—>vyjet
g / 1 process= cleaner  AG (X)) -Aq (%)

99 4 Full kinematics reconstructed

s wPT Low statistics
p S S

Photon-Jet production p p v X
Other channels: 7+, n—, n, ...
irfu [ High potential for AG from various channels, various kinematics J
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E)p_?:ollisions at RHIC: cross-sections

pp>10X at PHENIX

e 2 107
N 10 o E .
- o Ee
w%', 10E= 3 i . T
Q 4" 2 "N, s (nT+m7)/2
o £ -
E o PRC
o ~S102) w .,
T 102 N o
r-:_g - 107 F ' =
E -
[l 10 104 =
E -
-4 o \
10 10 Bl o b b b L
5 005 115 2 25 3 3.5 4 45
10 P, (GeVic)
10°
-7
10 NLO pQCD
1 o-s (by W.Vogelsang)
CTEQ6M PDF; KKP FF
10° n=p./2, p.,2p, =
o ?IIIIJIIIlIIIIIIIIIIl\IIIIJlLIIIIJlIIII
8 1 = FARE 9.7% normalization uncertainty
=3 S ’ S is not included
g5 05 B TN e -
(=] ofF P e W ettt - T
2 E [
ST L
0

2 4 6 8

10 12 14 16 18 20
pT(GeVIc)

TN
PH-ZENIX PRD76(2007) 051106

d%s / 2adprdn [pbiGeV]

Two examples

10°

10*4

—
(]
w2

—
o
(&)

Y
(]

0.1+

Inclusive jets at STAR

Inclusive Jet Cross Section
pp @ 200 GeV

Cone Radius = 0.7
-08<n <038

iSTAR preliminary

det =539 pb !

d%c

2ndprdn

|« STARRuns
[| systematic Uncertainty

Theory
] NLOpQCD +CTEQSM
- Had. and UE. Corrections

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: 1+, 17, 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: 10 production at PHENIX

—Eﬁe 0 X Measure double spin asymmetry A, | (p+)
Compare data to global fits with various AG(X) parameterizations

200 GeV. Run 6 compared to GRSV fits Run 5+6+9 compared to DSSV fit
i _P'ﬂﬁ'_ —— GRSV std (4G-0.24) 0.005¢ L —~—
'€ F === GRSV 4G-0 3 u!‘ﬁ %<:|'0.02i— PH ENIX
B s GRSV AG=—1.05 i : Preliminary-
0.04 &
- [ e 0'013_ ‘ e 0,08
- . | AG=0.24 l
— B Wk _0 01_
l]_ P ik Y PR v--<|AG=0
002" pssy
-D.D.e_— (a) '0-03; * Run5+6+9
B2 S R S [ R —o.04-
PRL103, 012003 (2009) P, (GeVic) p B. Surrow, SPINEO10
_o.Gs_JIlllllllllllllllllllll

2 4 6 8 10 12
pT(GeV/c)

 Data favor fits with AG closeto O
» Strong constraint on <AG> in x range probed 0.05<x<0.3

irfu
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%%

pp collisions at RHIC: inclusive jet & dijet at STAR

200 GeV, pp -2 jet+X P P 2 jet+et
Double spin asymmetry A | (p)
A, [ # 2006 STAR Preliminary AG= 008 Dijet Ay m Data Run-6
[ e GRSV-std e e — | — Y%7 pp @ 200 GeV ] i
0-1‘— GRSVit;:Q " - Cone Radius = 0.7 ﬁlk |:| Sys. Uncertainty
C - - - GRSV Ag=0 : (Pr)>10GeV oo
0.08f — GRsVag=g -7 0061 po 0y 7 ey TETINEY RUMEA (S std__|
- GS-C -0.8<n<0.8,|An|< 1.0 _ g
u-us__ 0-04_ |Aq]| >20 “;;-,'
0-04:_ < 0.02 1
0.02p%
— 0.00 1 <
of GRSV STD
- -0.021 DSSV .“"'AQE?G-‘—
0.02— Online polarization G; o e e—-= GRSVAQ=0
B ' R R T S I 1 1 I 1 |A| I 1 | [ T R B T GRSVﬁg=—g J.Ldt=539pb_1
10 15 20 25 30 35 : . : : : !
P (Ge‘W’c] 30 40 50 60 70 80
T M.Walker, SPIN2010 M, [GeV]
Both channels, Inclusive jet and dijet, provide strong constraint on AG
in measured range, favoring parameterizations with AG close to O
irfu
0
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3. AG from global fits

—— 1
I 2 =3
Polarized DIS, spin structure function g, GB‘.CSUS'VE o gl(X) o — Zeq (ACI(X) + ACI (X))
2 Polarized PDFs

- —
X 4F =< 3.5
Q - X=0.006 prOton o SMC 3 deuteron O SMC
— C 4 E143 T - 5 E143
o B (3]
d B o E155 &) - { x=0.006 . E155
;oS *=0.015 <
X b oof® + HERMES = : %=0.015 o s
) C _ -
> L L I % _ x=0025 * COMPASS @ L 11 B %=0.025 * COMPASS
i N : L @ CLASW=25 ss— 4l > CLASW=25
- = : : 0.035
- 'H}T : bt — LSS 05 ! : % proes |- LSS 05
i ¥ - H *=0.040
25— l§ 3 5. x=0.040 B 5. }E .
- i _
C A . & 3. x=0077 N G "}EI.} : . g 007
C %3%\ ] . -
2—_ ’% - a x=0.120 : 1 & BECE - .[ E ] ¥=0.120
- - R > T o
[ =& 1_5_1
C 6\@,13 . . g g X=0.170 1T P = Lz o & oo
1.5 &= o = C
= - ™~ - - - -3 =& a ¥=0.240
- CT_‘KJS s a d o x=0.240 = o
- - = = %=0.340
1_ e . =.. ] L a s O %={0.340 B f<t= ) - a
- — . ¥=0.480
05— : L . oo X=0.480 0.5 S Ea 0 aoowom o X
- ] & o x=0.740 B s o o ¥=0.740
D_'l 1 Ll 1 Ll U'l I Ll 1 Ll
1 10 10° 1 10 10

. _ Q2 [GeV? _ Q?[GeV?
Spin structure functions : Enput to global QCD fits for extraction of
Agy(X) and AG(x) using evolution equations.

However x and Q2 coverage not yet sufficient
Use constraint from pp data (DSSV)

irfu
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3. AG(x) from global QCD fits of polarized data

LSS “10 wl XAG Q= 25 GeV*
Only DIS & SIDIS data “fZigmM* -

Leader, Sidorov, Stamenov,

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

at Q2=2.5GeV/c2

I

__ I/I ||||||| T T Iilllll i T IIIII 0.3 x

E’lmg | | ll'l E T [ T T T [ T T T ] T ]
DSSV . T |0y J o2 - oo PHENIX [ 1S
DIS, SIDIS&P p : v I PO ; s 1 Ay
De Florian, Sassot, [ NV — 4 10
Stratmann, Vogelsang . 1
PRL101 (2008)072001 : - 401

= - + ? - ; ]

AG=-0.08 £ % - — — GRSV max. Ad l: i 4 1
at QZZ 10 GeV/c? :_.I. J (I}*ﬁ%*ﬁ' mill-l_ j.i.gl.....l II r:. J 02 N '_/‘ (bl)__ 0
see talks of S. Taneja 107 "l 0.2 o .02
2 M.Stratmann ~0 in measured Agh 100502

range (node)

-
» Data favor fits with AG close to 0, excluding AG std
« Strong constraint on <AG> in x range probed 0.05 <x < 0.3
irfu * No constraint outside

€S9
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HERMES As+As=0.037 + 0.019 (stat) + 0.027 (syst), PLB666(2008)466

Quark helicities from Semi-Inc

04
0.2

-0.2

0.05

-0.05

0.02

-0.02

-0.04

] |||||||J> ] |||||'IIIIII| | I|I.IIII| L 1 1111

102 10 X
Q2=3 (GeV/c)?

102

10"

COMPASS As =-0.01 + 0.01 (stat) + 0.01 (syst), 0.003<x<0.3

irfu

€S9

saclay

usive DIS

Extraction at LO

_ quf D, Aq(X)
2.8 Dy a(x)

* COMPASS

PLB693(2010)227, using DSS FF

o HERMES
PRD71(2005)012003

__DSSV

AT (x)

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

0.1
0.05
0 L*?%{_J

-0.05 I

-0.1 L] I Lol

107 10"
X

As — As compatible with 0

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

J

F. Kunne
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As puzzle

* The integral of As can be extracted from the integral of g, using two

other inputs (n decay, hyperon decay, SU(3))

> JAs+As =-0.08 + 0.01+ 0.02
* It can also be computed from As(x) measured from SIDIS data: kaon

spin asymmetries, assuming FF known -2 As(x)=0

Several possible explanations to the discrepancy :
» Uncertainty on quark fragmentation functions (s> K)
- would need value twice bigger than DSS
See also LSS arXiv1103.5979 & talk of D.Stamenov

* Global fits (DSSV, LSS) suggest negative As at low x
- reconciles the two approaches

» Assume SU(3) violation ag from0.58 to 0.42 - As=-0.02
Bass &Thomas, PLB 684(2010)216

As vs Rgp

- EMCFF
01 F
N

Chec b bevea e b ey
2 3 4 5 6 7

R
COMPASS PLB 693(2010j227

0.02|~ xAs

-0.02F +

-0.04
Illllll | IIIIII| | |

10 10"

Need more data on As at low x

Need more data on fragmentation functions

COMPASS run 2011 at 200 GeV
Certainly a physics case for EIC

F. Kunne
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Quark helicities from W production in pp’

RHIC short exploratory run :first collisions at 500 GeV

1+ d_ SWSet+v! Ad A Parity violating, single spin asymmetry
_a - _u No fragmentation function uncertainty
u+d—->W —e +Vv see talks of R.Towel & J.Seele
PHENIX STAR
A W"' RN e" (I |<0 35) AL PAp o> WELX 5 et X Lr ]
4 =oEme s Y= 0.4F STAR /5 =500 GeV |¢_ﬁ._ﬂ¢_~§
< [—orsvea | Preliminary 03] B <EF<S0GeY T
j:DﬂSlﬂln ' - I___-___‘]:'ir'ﬂ
I e 02F " T _‘#_m{
-0.2: 0.1 :___ _ 0, —0_
| | SPESE— T
I ® 30-50GeVi/c range b i % DRSK
ol <P>=0.39+0.04 —0. r — DNSEEP
: ¥ dilution 1.14:0.04 B T S N v
0.8 ‘. —03F w+ i —
[ —0.4¢ Syst. uncertainty due to background,
P PN N N Y R NS S N R w/o pol. norm. uncertainty of 9.2%
2025 30 35 40 45 50 55 60 5 = 5 : > ,r|
PH ENIX o [GeVic] y
J. Haggerty ICHEP2010 Phys.Rev.Lett. 106 (2011) 062002
-
irfu *Signs as expected from polarized PDFs
'e=9 *Promising channel )
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Lattice : quark spin and angular momentum

06
< Az
[N F ! u 2 n ]
@ 4] d "
c _
b
L]
o [
02
E i i " F » d bl
S : L
E 0.0
= . "AT
c | [r] 2 e =¥
a -02} m? ﬁ ¢ ¢ L
00 01 02 03 04 05 0.6
MS at 4 GeV? m?[GeV?] Ph. Haegler, MENU 2010

-

* Impressive results from lattice QCD
 Agreement with measurements for quark spin
* Predictions for angular momentum

J

F. Kunne
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Nucleon Structure Functions

@ Nucleon
T Parton

longitud.

Quark

transversely

Nucleon

Nucleon Transv.
Spin and quark k;

K A+Q

° unpolarized longitudinally pol.  transversely pol.
N il Si

= number IVers
c_g f 1 . f‘lT

S @ density — @
C Ak E S
= T

e,

g 1L helicity 1T Ky ;
: | e =
C

1 transv rsny
hl Boer-Mulders " @

©

N

.: . J_

c—é @*k:r @* hl % ”kT ) hlri ’,k:r ; .

(Collins)

Nucleon Transv.
Spin and quark

Off diagonal: Transverse Momentum (k) Dependent

Transv. Spin

r

« TMDs express correlations between spin, momentum,...
« Experimentally: azimuthal modulations of outgoing
hadron in SIDIS cross section Ip =2 Ip h

J

F. Kunne

DIS 2011, Newport News, VA, USA, April 2011 —21



irfu

€S9

saclay

Collins and Sivers asymmetries in 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 K-

Usual quark

atLo:  Collins Sivers
q transverse spin distr. fragmentation
function

N\
J Collins — =
2 h fragmentation 2 ‘ h
Zq eq @Q"DC1 function, depends A Zq eq @ Dq‘
A = — on spin — _

Col ~ y.e2.q-D" SV 3,eZ-q-D)

note: Aq also measured using
- “Two hadron” fragmentation function
- _lambda Transverse. Polarization

F. Kunne DIS 2011, Newport News, VA, USA, April 2011 — 22
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Transversity : Collins Asymmetry |1pl—Iph*

deuteron
COMPASS

[e]

T

o
Ll
o

g

ACoII

0.2

-0.2

-0.4

1 1
102 107!

Compatible with zero:
- Au & A.d opposite

T
uTt

2 <Sin(¢+¢s)>

K
uTt

2 (sin(9+dg))

-0.05 -

0.05-

0.1~

proton
HERMES

———r——— -« Large signals in valence

region for t* & K*-

- both transverse quark
distribution A;q(x) and
Collins FF non zero

» Opposite for + and — hadrons:
—>opposite u and d CollinsFF

* larger for K+ than for n+
—>role of sea quarks

» Excellent agreement between
HERMES p and COMPASS p
data (not shown here)

F. Kunne
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Transversity — Collins Asymmetry

Several combined analyses of
HERMES-p, COMPASS—d data, and BELLE fragm.fct. data
Cloet, Bentz and Thomas PLB659 (08)

Bacchetta, Conti, Radici, PRD(09)
Anselmino et al 2009.

J

x
>
-
i /-ATu>OandATd<O
u quark transversity along nucleon spin
-0.1
01 * Do not saturate Soffer bound
";""' 0.05
T o « Smaller than helicity
-
e -0.05
% 0.1
=015
—02 - : - . Also predictions for sea quarks
02 04 06 08 1
X

Ex: M. Anselmino et al. arXiv:0812.4366

F. Kunne DIS 2011, Newport News, VA, USA, April
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Transversity via “two hadrons”

0.1

SIDIS=F |

- /' h pairs COMPASS,
=0 h"h pairs COMPASS,
—o— " pairs, HERMES (]

as an alternative for A;u and A.d.

0 %,
| }*i fﬁgf HERMES
COMPASS
01" 34
X

« Confirms signal

at large x. Larger than Collins asymmetry
« COMPASS signal larger than HERMES’ one
Different phase space, but difficult to describe both simultaneously

A.Bacchetta et al.. Mah et al. J
ons see talk of A.Courtoy
.. Efo_os; PHENIX Preliminary e
SI m I I ar [ p+p 2006+2008 \S=200 GeV o ":+: ] ]
h aa A7 constistent with zero.
r 0.02[— . . .
approac 2 S t | butdifferent kinematics:
In pp T e dominated by gluons
"I (Scale uncertainty 10% not included) p, > 1GeVic, |1 <0.35
-0.06—— l].|4 — 0.‘6 — l].|8 — 1‘ — 1.|2 — 1.‘4 ‘ n;ﬂ “(1;‘:;”“:1;
F. Kunne DIS 2011, Newport News, VA, USA, April 2011 —25



Sivers asymmetry - lpt—1p h*
Correlation between nucleon spin & guark transverse momentum k-
e deuteron : shown to be zero by COMPASS

* proton: Signal in ©*, KQ HERMES COMPASS & HERMES
;\? 0.1 :_TE+ :-\l?_ 0.2 _—K"' °;f= . 7;):'01':';1:!:.*(1:‘_1' preliminary
< & : ’ §994° il %@ﬁ%
< 005f, tt t1& o4l b o pasatd é——;——? rrrrrrrrrrrr R S0 R N —
L S IR AL R
@ S o F } -0+ COMPASS o1
A L O ) SR SCHERMES . T | e KY
01T { K
P iy —
- Opt---"1T11 | « Clear Signal in HERMES =* and K*
04 B = : - Smaller signal in COMPASS.
0.05[7 01 e =
| + o
0___+__+__+_f_*___+__ X
0 053_ Possible W dependence
' f_l'—1—— Additional data will come from COMPASS 2010 run
. 10
irfu X

PRL103 (2009) 152002
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Sivers function

Extraction of Sivers function see talk of S.Melis
(from HERMES p and COMPASS d)

Nucleon Transverse spin and quark k;

0.06 @’ =2.4 GeV’ fujp .
S 004 |- : I
0.02
— <2
> 0 3
.--:-I | L iunld Lpn g
S ~ 5
w— o
=z -0.02 A. Bacchetta
ﬂ 4.4
b

-0.04 -0.4 -0.2 0.0 0.2 0.4

h px (GeV)

- ol Y - Tomographie in momentum space
107 102 107" 1

M.Anselmino et al., arXiv:0812.4366

-0.06

-
« Much progress in data on Sivers from polarized SIDIS
u and d quark Sivers function opposite
- Still more statistics needed to separate all variables: X, z, py |

Other processes:
- Single transverse spin pp asymmetries (RHIC, following E704),
- Future polarized Drell-Yan, where Sivers effect is expected, but with opposite sign.
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Collins and Sivers Asymmetry —

neutron

Preliminary results from
Jlab on neutron (He3target)

E 0.2 } N n(n+) -
S i + n(n’) I I
. ) I I
Collins ¥ % ; . 1 L#—
-I?-: -0 2:_ [ _ } = Di-quark (Ma)
.;E; : = @Global Fit (Anselmino)
2 0.4-_ | = === Light-Cone (Pasquini)
i E—
?: 0.2- -
) ] i
Sivers g b
o° r
'.l: -0.2_ B
=0
g
“’,’ 0.4 -
& i C_
01 02 03 04 01 02 03 04

Systematics under study Z.Meziani, IWHSS’11 Paris 2011

= Diquark Model (Ma)
- Global Fit (Anselmino)
- = Light cone (Pasquini)

Sivers Asymmetry smaller than expected,

Follow trend of Anselmino et al.
Lead to smaller d - Sivers function.
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DIS 2011, Newport News, VA, USA, April 2011 — 28



Single transverse spin asymmetries

A, (%)
- o B

& 8

( pp T — o+ X J predicted to vanish at high energy

4.9 GeV
ZGS

PRL 36, 929 (1976)

PP RPN PPN FPYTY PRVTY PYPPY PYOVY PYPPY PR Promy

02 04 06 08 1
Xe

6.6 GeV
AGS

PRD 65, 092008 (2002)

@
N
-20 + o

-40 +
<60 Losbiisbissbisiidisalas .|....|é Rassa

02 04 06 08
Xe

1

19.4 GeV
FNAL
60 PLB 261, 201 (1991)
40 E_ PLB 264, 462 (1991) * +
®
20 - LR
[ @
- 0 '. AR éé ...........
- o O
-20 . 5
-40 - Q é
_w :....I.. U TN FOTIY PPOTY YT TP PRI T e

02 04 06 08 1
Xe

62.4 GeV
RHIC

® PRL 101, 042001 (2008)
40| BRAHMS
20

0

o?
S ——
(@)
-20 F o
40 | o(%
B0 2 04 06 08

X

F
from Christine Aidala, Spin 2008 and

Don Crabb & Alan Krisch in then Spin
2008 Summary, CERN Courier, 6-2009

[Large transverse single spin asymmetries, persisting at high energy

-
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Single spin asymmetries

T +-lo 4 X Extensive measurements at BRAHMS
PPl — T see talk of EWei &
+ PHENIX & STAR R Fersch
Ay p+p —> 7 +X at vs=200 GeV Ay pt+p —> '+ at vs=200 Gev
0.15 1 Spin * STAR 0.15:
Spin 4 r
S I PRL 2008 01250 *‘me FMS
i i - __. Sivers (HERMES fit) E Prelimi
i : i _ - reliminary
0.1 - i | twist—3 0.1 -
VL r 2.3<n<4
0 025 0O 00751 %
¥y mass (GeV/c?) ; 5 05: E
005 537 <p>=3.3 N ¢
0.025 - s?
L i } E . [ ¥
0 _%f"i’ ---------- R } Ry AR O ""?"i’ii!li ““““““““ o
i —0.025
-05 0 05 -05 0 05y —0.05 e L
The two mechanisms describe data S.Trentalange, Star run 8, DNP Santa Fe X
- Nov 2010
« Confirms large pion asymmetries at higher energy
* Investigating mechanism: Collins, Sivers, twist-3
* Will extend measurements to higher mesons, xF, p+
irfu Y,
0
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Other Transverse Momentum Dependent DFs

k; effects = modulations in (unpolarized) SIDIS cross-section.

EX., spin orbit effect Boer-Mulders DF

correlation between guark transverse motion and transverse spin

HERMES, cos ¢

\‘)_

i

Jahn
Tptal

QCD
Boer-

= p oTU : HERMES prelimi ,
2 0.05F ot ! jep—enX 1 PrEimmEY see talks of C.Schill,
= [ ]
S 3 3 - L.Pappalardo,
3 i = . % 3 13 ¥ 3
= I = o Q O ] o P o
_e_.:-0.05_' L O o 5 E T o $ T o
—~ m}
n u} g
Q -0t 1 5 1
N 515 ! Sk COMPASS, cos 2¢
DTS 04 06 08 04 06 02040608 1
\/ X y z P, [GeV] 2004°LiD (part)
‘s /»’%;./
Depends on &t charge, not expected for Cahn: R o SR SCCES YTEE
- Boer-Mulders term important? o8 |

- k; effect flavour dependent?

preliminary

* Major progress in TMD measurement

position and momentum also observed

* Powerful tool to understand correlations
* Lattice: Strong correlations between spin,

F. Kunne

10"
X

04

0.6

Mulders

Z
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Spin at RHIC-11 2011 to 2015

Accelerator & detector configuration [Polar.=0.5 (2011) > 0.65 (2014)

* RHIC reaches max performance: Lma=1 X 10%cm?s (2011)> 3 x 10%cm?s™
* Upgrades of STAR & PHENIX complete for 2012 run

* New Drell-Yan experiment for transverse spin AnDY

see talks of E. O’Brien & J.Dunlop

Major Physics goals
« Anti-quark helicity distributions in polarized W-production

0041 = A W 200 pb'l _ s x Ad RHIC2 1’]_5
002 ]
G’_\/ ] \/7_
1 b 1 Courtesy
0021 1 F M.Grosse-Perdekamp
107 - lﬂlll - 1 107 - 1(;1 - 1

« AG(x) and low X wigh A, from di-jets and di-hadrons

» Sivers asymmetries in Drell-Yan (sign!) and jet production (large x)

irfu

» Collins asymmetries in di-hadron FF and hadrons in jets (large x)

saclay F. Kunne DIS 2011, Newport News, VA, USA, April 2011 — 32



irfu

saclay

—Future of COMPASS 2011-2016

OMP,

\

[2010 Transverse spin run : Collins, Sivers, TMDs

2011 Longitudinal spin run at 200 GeV : g,, 49 at lower X, 4G...

2012 hadron run: Primakoff + short muon run GPD preparation

2014 and beyond’ COMPASS_” : EXiAUT asymmetry in Drell-Yan process

Aur | S%9ng .- Anselmino et al.

« Polarized Drell-Yan p’ — puX - S
transversely polarised proton target g g el
TMDs, Sivers & Boer-Mulders " AZ#T Baccheliaeta
Test of factorization approach: . t COMPASS proi.
comparison SIDIS/ Drell-Yan T

*  GPD (Generalized Parton Distributions) wp— upy

by exclusive reactions DVCS, DVMP
br

ug-vxPz *Unified descrition of form factors & PDFs
D bi—‘i----.Pz *Transverse imaging 2+1 dim.

see talk of C.Quintans

Beam Charge and Spin Diff. (nb/GeV"rad)

015k [ES160GeV 1< Q'S 4GeV? 0.03 < x,< 0,07

= VGG Reggeized (x.t)-correlation

0.1+
—&— = VGG Factorized (x.t)-dependence

0.05

Mueller fit on world data
- . ww (with JLab Hall A)
AAAAAAA ; --==- (without JLab Hall A)

0 20 40 60 80 100 120 140 160 180
o

F. Kunne
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Future polarized ep collider

» Goal: access lower x in (polarized) DIS and with higher luminosity
* Wide physics program:
Polarized sea ¢ and g, Hard exclusive reactions, TMDs, gluon saturation...

Luminosity x 10%/cm?/s

10%0

1019
1018
1017
10186
1018
1014
1018
1012
1011
1010

Mainz JLab6

[CJ MW MW Labi2

1 II I 1 LI L I|
e+p facilities

[ s1ac

O Bonn

O

Bates(Int)

ELIC
MEIC

Swged ERH[C

ENC W -

COMPASS

[
HERMES

=7 E665 [0 H1/ZEUS

EMC/NMC

LHeC

MSTW2008 (NNLO)
=10 GeV*

JLlab
12 GeV

0.8

1 RHIC!
COMPASS |

10° Ll
1

10

102 102
CM energy [GeV]

[EIC / ENC projects in US and Europe J

see talk of A.Deshpande

F. Kunne

NLO i
Q*=10 GeV>

dg1
1109(Q?)

DSSV
X Ag z, L
L

4 -

- ; 2 -1
10 10 10 10 x |
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Conclusions

@uon contribution to nucleon spin

All measurements point to zero. Strong constraint on fits from RHIC.
Only 0.05< x <0.3 probed: cannot exclude yet a substantial contribution

Quark contribution to nucleon spin
Extraction for all flavours from SISIS
Agreement with Lattice QCD calculation for AX
As(x)~0 from SIDIS in measured region, and JAs<0 from DIS

Transversity and TMDs
A large set of data > A;u>0and A;d <0

Sivers u and d opposite
Statistics needed to disentangle all variables /

Exciting future programs in preparation at RHIC,
COMPASS-II, Jlab-12GeV, and... EIC/ENC
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Quark spin contribution AX from QCD fits

COMPASS AX =0.30 + 0.01 (stat) = 0.02 (evol)
fit to g, "¢ world data, MS scheme, Q2?=3 (GeV/C)? pLe 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, 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 with node Q2=10 (GeV/c)?,
AY =0.21 £0.03 AG>0
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NLO extraction of AG/G from COMPASS charm

AG/G

C [ | COMPASS, highp_, Q?1 (GeVic)?, 02-06
0.8 :— ] COMPASS, high p, Q<1 (GeVic), 02-04
0.6 :_ (] COMPASS, Open Charm, all @, 02-07 (NLO
) E O SMC, high p_, Q%1 (GeVic)?
0.4 C A HERMES, high p_, all Q? 3GeV?
0.2
f———————
0.2
0.4
- |imiﬂary
0.6 re
-0.8—
1 - | | L 11 11 | | |
107 10 X
g
LSS at 4GeV3, AG=0.32 AG=-0.33
DSSV at 3GeV? AG=0.02
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Bjorken sum rule

Non-singlet combination : g,P(x) - g,"(x)

The first moment provides a test of the Bjorken sum rule,
a fundamental result of QCD derived from current algebra

/1 gNs(x)dx:1|gA CNS
0o 6|gv

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

PDG value:
1.268 +0.003

irfu
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Light sea quark polarized distributions

. _ S5
X(Au-Ad) ':% o

> 0.05

0F

-0.05

-0.1

-0.16

-0.2 -

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

I |IIII|II|I|III|||IIII|I|II|II|I|I
: T
L '_._'||
|
{

__i______}____ e

« COMPASS

{,_H_T“'J ~% | 0HERMES

0‘3 AN : \ I s 7
/ (AT — Ad)dx = 0.052 + 0.035(stat.) + 0.013(syst.)
J0.004

Slightly positive, compatible with zero.
Recall value for unpolarized case: I(a —u)dx=0.118+0.012
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Consequence for nucleon spin

AG = Ag(x)dx not large, both from measurements
(essentially PGF + RHIC) and g, QCD fit: |AG|<0.35

AT = 8, + (30,/27) AG

within  0.06 for AG within + 0.35 at Q2=3

—AX ~ 0.30 small (= predictions )
in good agreement with Lattice

possible scenarios:

Vo= A2 + AG + L

[ 10.3+0.35+ 0.0
Y %0.3+0.0 + 0.35

- %0.3-0.35 + 0.7
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SIDIS, transverse case

ppl — pph

do

dx dy dip dz doy, dP 1,2 1 -

2

o

JHEP 0702:093,2007.

)

y- Y.

et i
0P 271 =) ( B

,\e [\/1 — €2 Los(pp — ds| FEsPn=98) L\ f2e(1 —¢)
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9 ) { From A. Bacchetta et al.,

e-Print: hep-ph/0611265

— Sivers

J _ Ssin( @y —ds) “sin{ ¢y —dg)

(1))

—  Collins
ey ST e -\ psin(3on—¢s
sin(op + os ;:;1'(0,, +08) g sin(3¢y, — og] BR3P —0s)

6 other
modulations

26(1 + ) |sin dg| FE2%5 4+ \/2e(1 + 2) kin(2¢p, — ds
Ul

COs (,‘)5

2e(1 — &) |cos(2¢0n — ds)

szjbl'(?(?h—(f)s)] } ’ '

8 azimuthal asymmetries extracted at once
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Transversity : Collins Asymmetry

HERMES and COMPASS proton data

COMPASS 2007 proton data

= N COMPASS
25 preliminary O HERMES PLB693 2010)
T o - 5
i
0_ """ * "'é"'i"'j'"li'"ﬁ"ia'"?"% """""" . "!"'!"E"'F """""""""""""
-0.1— -
” 14 - T
_oak positive T L negative T
! Y Lol Ll | L
107 10" 10° 107!
x
CUMIAdD LUU/ profon data
3 ®  COMPASS eliminary
°;€’ O HERMES PLB 693 (2010) prefimindr}
0.1— rescaled by (1-y=)(1-<y=+=y=>?)

- {*%%%¥++%% .........

N | N RS B
i " W*m I

_02 positive K
| L

{] -

negative K K
trl 1 L1 1 Lo

1072 107!

107 107!

(0% (GeV/e)

(Q% [GeV?]

COMPASS

« Weak Q? dependence in this energy range.

» Confirms that signal is not higher twist effect

v (p))(GeVic) | -~
25 o <Z>2 ﬁ 1 -%
20k ® () (GeV/e) 10.8 ‘%
-S:Q‘[-
15 10.6
b
10 104
5+ 10.2
0 0
X
HERMES
10+ g 0
- - .
q) | |
o .
o g "
g [ S |
-1
10 X
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Sivers asymmetry - proton

Signal seen in K+, ... but not iniK-

® COMPASS
O  HERMES (PRL 103 (2009))

______ ?iﬁ%ﬁﬁé_%mm_

_o2k positive K L negative K
: IIIIIII 1 IIIIII IIIII 1 1 1 IIII

1072 1;:1“ - | ulzr2 | 107" _
Other observation in HERMES and COMPASS: K* signal larger than =*

- Much progress in flavour separation (sea quarks)

COMPASS 2007 proton data

a}.ﬁq«; : Eg;ﬂii preliminary
0.1
0 Possible unexpected dependence on W:
Higher signal in HERMES (low W) and in
0.1 low W part of COMPASS data
irfu
& — oap
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pp collisions at RHIC: other channels

charged pions: different FF for favored or unfavored
different qg contributions for 7%~ = access sign of AG

<j0_12;_ "+ X + 10'12;_ p+p—>nt+ X -
o1 \ps+ 5 ;og:v TC 01 \'s = 200 GeV TC
0,08~ PHENIX Preliminary Runs-05, -06, -09 0,08~ PHENIX Preliminary Runs-05, -06, -09 b ] —
" AT, > AT, > AT, = AG >0
0.04; 0.04;
X E u.osz } ] -
" < AT <Al = AG <0
.u_usz T -0.02 :—
-0-04; -o.o4f— |
4""s""‘a‘""%"“é‘"‘5""1‘::"‘;1'1(;3‘9"”':1}2 I
L ~N— Run 5 PHENIX Preliminary
d I r eCt y 0.4 = PH%%ENIX RunG.FHENIX Preliminary
n.z:
clean channel o

gg dominates

Promising channels when more statistics available
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