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How is the nucleon spin distributed
among i1ts constituents?

Nucleon Spin -;-: 1Az + A\G + L

quark  gluon orbl‘ral momentum

A e <—  Parton spin parallel or anti parallel
q9-=-49-9 to nucleon spin

Theory : QCD, Ellis- Jaffe sum rule assuming As =0, AX ~ 0.6
Experiment: World data on polarized DIS g; + SU:(3) > ag ~ 0.3

QCD (MS scheme) ay = A
- "Spin crisis” 1988, EMC measured a, = 0.12 + 0.17
QCD (AB scheme) ay = AX —n¢ (o /21) AG
- For ay~0.3, need AG ~ 2 5 torestore AZ~0.6. (Then L, ~- 2.3)
- AG enters in the spin 3 sum rule

— motivated measurement of gluon polarization AG



Three ways to determine AG/G

/1. LZF;Ton Nucleon \

Photon Gluon Fusion

AG/G(x)

@C, HERMES, COMPAS}

ﬁro’ron Proton collisiorh

Gluon-Quark + Gluon-Gluon +...
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Indirect determination assuming a functional form AG(x

[ 3. QCD evolution of g;(x,Q?): }
)




HERMES at DESY

1995 to 2007

Spectrometer :
Ap/p~2%, AO<1 mrad
Excellent separation of 7, K, p
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COMPASS at CERN

Fixed target
Secondary muon or hadron beams from SPS

Nucleon spin structure Meson spectroscopy

Polarized muon beam: Hadron beam :
160 GeV 1, P;=80% 190 GeV n/ p
Polarized target: ' LH, 2008-2009

6LiD PT=5O°/o 2002 to 2006 A N
NN+ ™
R aae - T
dipo
fCH <

- DIS events
0.003 < x < 0.5
10-3 < Q% < 10 (GeV/cy

Polarizeds TSA"RIH | )

v ’Mlcr'omegas

SciFi- o NIMA 577 (2007) 455 o




1. AG/G from Photon Gluon fusion (PGF)

-Need a process sensitive to gluon distribution : PGF
- Longitudinal spin asymmetry of cross sections
- polarized lepton beam & polarized nucleon target.

ALl = Regr <ay > <AG/G>

Two signatures for PGF:
*q=c  open charm ¢~ D%->Kn
Clean signhature of PGF
pQCD scale p2=4 (m2+ pr?)
Combinatorial background & limited statistics
— Difficult experiment COMPASS

- g=u,d,s high prhadron pair gq—= hh

High statistics

pQCD scale Q% or Xp+°

Physical background, better described for high Q2

HERMES, COMPASS



Results for AG/G direct measurements

w COMPASS, open charm, prel., 02-07
® COMPASS, high p_, Q%<1 (GeVic)?, prel., 02-04
0.6 [ | COMPASS, high p_, @%>1 (GeVic)?, prel., 02-06 in 3 bins
" - 2 2 ¥ L]
o) [] SMC, high P Q%1 (GEZW-:] "! \
— _ HERMES, high P all @
5" 0.4 T fit with AG>0, p°=3{GeV/c)?
Tl s fit with AG<0, p?=3(GeV/c)?
0.2—
D —
02—
04— Preliminary
0.6 | . NI 1 | |
10° 100 )(g

All measurements compatible with O for 0.04 < x < 0.2

Direct measurements exclude values for
the integral of AG as large as... ~ 0.5



Polarized proton luminosity L |pb]
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2. Polarized p p collisions at RHIC
s = 62,200, 500 GeV

PHENIX Detector

PC3  Cenwnl
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{longimdmal polarization)
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RHIC polarized proton luminosity L delivered to PHENIX

=100 GeV 2009 40%
—250 GeV
2009 55%
2006 55%
r/ 2008 45%
0,
2004 45% 2005 47%
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2002 15%

Weeks in physics

Bpin Rotators
(lengitudinal polarization)

o— Helical Partial
Siberian Snake

L Forward Time Projection Chamber

(35 Polarimeters

* Longitudinal spin asymmetries:
sensitivity to <AG>, <Ag>

* Transverse spin



2. Polarized p p collisions at RHIC

Several channels sensitive to AG

\ .
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Di-Jet product

NGV |
q9 ST
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Photon-Jet production

pp~>nlX

More abundant channel
3 processes contribute

pp > jet X

pp > Jet jet

pp—>vjet

1 process—> cleaner

[ AG (X,) .AG (X,)

A6 (x1) .Aq (x)

| Aq (x1) .AqQ (X3)

A6 (x1) .Aq (x)

Full kinematics reconstructed

Low statistics

pp2>v X



A | spin asymmetry from pp collisions at RHIC

Compare A, (py) data to GRSV fits

0
pp>n° X with various AG(x)
0.06 parameterizations
UL = GRSV std (4G=0.24) 0.005p
F;I_I B m=mm GRSV AG=0 | uI:ﬂ:j 0 E____!__q =
'_ GRSV AG=-1.05 :
P 0 e T
i ' pT{t:'nw-:}
A 1.1 GRSV,A6=-105
0.021 | <—— GRSV, AG std
e < [ N < GRSV, AG=0
u | =" e e ]
- PH ENIX
-D.DE_ l:a]
i N B |PqLI|0'|3’|0|] |0|03| (?Ologl)l [ v 0
2 4 6 ) 10 12 Pt

Constrains <AG> for 0.02 < x< 0.3 in glob_ai _Q_CD fits



New:

n0 production with run9, 200 GeV

%30.02 pH I E
< p oRL SN PSSV, AG=-0.08
I ry: L
0.01; I I /
of tempit b Lo X region probed ?
: ] estimated from MonteCarlo
oo «pr=5.6> > 0.02 < x < 0.3
-0.02"  pgsy
-0.03 . Run5+649
-0.04
_0_05ij.|...1um,.l|tjle

2 4 6 8 101 L12
pT(GeV/c)

B. Surrow, SPIN2010

Will improve constrain on AG in QCD fits, for 0.02 < x < 0.3



A | spin asymmetry from pp collisions at RHIC

STAR, jet +X New: STAR jet+jet
M. Walker, SPIN2010

A, [ # 2006 STAR Preliminary Dijet A m Data Run-6
- — GRSV-std ——— %081 pp @200 Gev [ ] Sys.Uncertainty |
0.4 __ GRSV ag=g LT = Cone Radius = 0.7 & ys. Uncertainty
" - -- GRSV Ag=0 - - 0.061 T2P1) > 10 GV praliminary Run 6
0.08 — GRSV Ag=-g - : min(pt) > 7 GeV j—
- / -—
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0.06 d 2 0a | 1801520
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GRSV, AG=0
GRSV AG std DSSV, AG=-0.08

New data favour AG parameterizations with smaller integral,
positive or negative
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Spin sfructure func‘rlons world data

Polarized DIS Lt k gg‘gus'\’e o g,(X) oc = 5 Zez Qa(x) +Ag (X)
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Input to global QCD fits
> Extract Ags(x) and AG(x) through Q? evolution



3. AG(x) from global QCD fits of polarized DIS data
gl(leZ)

Aglg

0.6

0.4

0.2

-0.2

-0.4

-0.6

b . ¢ COMPASS, open charm, prel., 02-07

o COMPASS, high p_, @%<1 (GeV/c), prel., 02-04

[ | COMPASS, high p_, @*>1 (GeV/c)?, prel., 02-06 in 3 bins

[] SMC, high p_, @*>1 (GeVic)* 7

HERMES, high p__. all Q? J/
r
---------- fit with AG>0, p?=3(GeVic)? g
.................... fit with AG<0, n?=3(GeVic)? j,c’
— '
— "
- I -l T .
B ’ * P
T -
- - ?' I i "
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B | |
— Preliminary
| | R | |
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10 10

AG measurements not included in fits

Xg

Use Q? evolution of spin
dependent gluon and singlet
quark distribution.

Lack of polarized data
Fits not so well constrained,
however some results

. COMPASS NLO fit of g data:
2 solutions with

AG|=0.2-0.3



3. AG(x) from global QCD fits, more results

T IIIi U.3
DSSV 5 1 02
g; and p p data :
1 01
AG= -0.08 0
- 4 0.1 De Florian, Sassot,
C— — GRSV max. Ag I Stratmann, Vogelsang
:_ ] |- .I (I}IR;$I1;IJ|- m]II'l :&|g| Lol I 1: 11 ||i -0.2 PRL]O] (2008)07200]
04 10~ 10" X
LSS '10 0 X6 Q*=2.5 GeV*

DIS(g;) and SIDIS data 02l —— 1SS0

- —— LSS0 (pos)
AG= 0.25: 019 |
AG= -0.40: 043 |

L1 1 o3 31 aaal 1 A I
om 0.1 1
Leader, Sidorov, Stamenov,



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)? , PLB 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,? datq, MS scheme, Q?=5 (GeV/c)?,
heglecting 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 {AZ =0.25 +0.04 AG with node  Q2=10 (GeV/c)?
AY =021+ 0.03 AG >0



Consequence for nucleon spin

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

AL =@y +(30s/27) AG

within  0.06 for AG within + 0.35 at Q2=3

—AY ~ 0.30 small (# predictions)

possible scenarios:

3= A+ AG+L

( 30.3+035+ 00
1 30.3+00 + 035
- 30.3-035 + 0.7




Bjorken sum rule

Non-singlet combination : g;,°(x) - g,"(x)

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

/g dX_

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

QA CNS

PDG value:
1.268 +0.003



Quark helicities from SIDIS

« COMPASS
o HERMES
- DsSsvV

0.05 |

-0.05
L |||'IIIIII| | IIIIIII| | [
1072 10"

0.02

of

0.02}

|« Full flavour separation> x~0.004
. * Sea quark distributions ~ zero
Ul L il L

Q23 (GeV/cy 107 107 - Good agreement with global fits
to g, inclusive data




As puzzle

Inclusive data (g;N & ag from hyperon decay +SU(3))
> JAs=-0.08

While semi inclusive data - As(x)* 0

 Uncertainty on quark fragmentation functions (s-quark to K)

- would need a factor of ~2 from DSS value of FF
- COMPASS will try to extract FF from kaon multiplicies in SIDIS

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

- reconciliates the two approaches
- need data at lower x

« Assume SU(3) violation ag from0.58 to 0.42 > As=-0.02
Bass & Thomas, PLB684(2010) 216



Light sea quark polarized distributions,

x(Au-Ad) 15 °*

= 0.1
ﬂ

X 0.05

0

-0.05

-0.1

0.15

-0.2

0.3
._/0.0[14

Sizable asymmetry in
unpolarized case:

flavour asymmetry

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

.

B S

|

1072
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« COMPASS
o HERMES

(AT — Ad)dx = 0.052 + 0.035(stat.) & 0.013(syst.)

1 )
/ (O — d)dx =0.118 £ 0.012
0



Quark helicities from W production in pp

RHIC short exploratory run :first collisions at 500 GeV

u+d >W* et +v| ad Ay Parity violating, single spin asymmetry
_ _ d u  No fragmentation function uncertainty
Uu+d—-o>W —5e +Vv

Ar L P Hp o WEL X s etr+ X e
0.4F STAR /5 =500 GeV e
PHENIX STAR o3| 23 <Ei<50Gev ---
A W' > e (ly [<0.35) - | """
< fIZ Eii:"; ______________ Proliminary_ R
= | m— DMNS min ----
L | — - o, —0_
__E:::val 01: AL: +
0.2 0 S === o,+to_
. - T T W= W+ RHICBOS
0.4 0 1; : - - — DNSK
C ® . —0.1F s ---- — DNS-KKP
: 30-50GeV/c range F --- — DSSVO08
o6k <P>=0.39+0.04 _02F CHE
[ dilution 1.11:0.04 ' E: - DSSves
- L i
0.8 ’ —03F w S
._|||1|1||||11|||| ||||||l|||||]l|||||1|| _04:_ S - 1 P :‘I—I—
o yst. uncertainty due to background,
m\ﬁ- 30 35 40 45 50 55 60 B w/o pol. norm. uncertainty of 9.2% (B
L C | | |
PH ENIX [GeVic] -2 —1 0 1 ?e
J. Haggerty fCHEPZO]O J. Seele, SPIN2010

Signs as expected from polarized PDFs
Promising channel



Nucleon Structure Functions

<97 Nucleon

Parton Nucleon
- unpolarized longitudinally pol. \{ransversely pol.
()
.g f S 1 Sivers
I 1@ density
=
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S E 1L helicity
51 e
©o g
= 1
= h1 Boer-MuIders“
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OO
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Collins and Sivers asymmeftries

- Transversely polarized target |H pt — up h/-
* Measure simultaneously the two azimuthal asymmetries

{ Collins: Outgoing hadron direction & quark transverse spin

Sivers: Nucleon spin & quark transverse momentum

Usual quark

atLO:  Collins Sivers
q transverse spin distr. fragmentation
function

/ Collins \ -
2 h fragmentation 2 ‘ ha
A _ Zq % Alq Tqu function, A = Zq % g Dq

Coll ~ 2 o Qh depends on spin Siv 2 . nh
ZQGQ g Dq quq g Dq

note: Aq also measured using
- "Two hadron” fragm. fct.
- lambda Transverse. Polarization



Transversity : Collins Asymmetry

deuteron COMPASS proton COMPASS & proton HERMES
- - gf o § —e— h' preliminary COMPASS 2007 —sa— h preliminary COMPASS 2007
n , n | n1 —&— n* HERMES 2002-2005 | HERMES 2002-2005 % ‘
of % ?ébg‘é&%’% ------------ - h+, * % }X h_,TC-
1 T R
-0.1 - #
} 3
+ - ' 01
K", K% . T L
fosi % T w0t w0 w0
o KB g . y
02} % | * Large signals in valence region
KO ; . . —~>both transverse quark distribution
ot . A+q(x) and Collins FF non zero
| S S
o * Opposite for + and -hadrons:
N —>opposite uand d Collins FF

« HERMES and COMPASS similar:
—~>data support assumption of weak Q?
dependence in this energy range

Compatible with zero:
- Atu+A+d opposite



Transversity : Collins Asymmetry

Several combined analyses of
HERMES-p, COMPASS-d data, and BELLE FF.

* A;u>0and A{d <O

0.1

- Do not saturate Soffer bound

01+
— |
> 0.05
St—
0
-
A -0.05
% -01F
-0.15—

-Smaller than helicity

_0-2 1 1 1 1
02 04 06 08 1 X

Ex: M. Anselmino et al. arXiv:0812.4366



Transversity : Collins Asymmetry on proton

Identifying outgoing hadron: kaons and pions (HERMEs-p and comMPAss-p)
HERMES

2 (sin(+dg)ur

2 (sin(+dg)ur

=
[&]

o
-
L= ]

o
-

0.05

-0.05

-0.1

0.15 |

0.05 |

-0.1

—m K*
o w

COMPASS

Coll

=

SRR FXF X AN—
¥ L }

0 s 0
X

X

_0_15||||I||||I|||I|

« K* & m+ : similar (u dominance)

01 02 IM;(' - K- & =n~ opposite, however still low statistics on K-

(K-=us sea quark dominance)
- Progress in flavour separation



Sivers Asymmetry- proton

Comparison with predictions from Anselmino et al/.,

based on fit of Hermes-p and Compass-d data o
Present data not in fit

AT } St 1. | “COMPAsS signal < HERMES signal
o ?H--é* Ak + S - -Possible W dependence
L0.05— L L e COMI‘:‘SSS protons h’ %\e:\&%
Positive hadrons e |
:‘:‘t:: o N l 1 COMPA‘;S protons h’

: 20’%%
Anselmino et al, Eur Phys. J. W
0.05— i [ A39(2009) 89

T [T ey L
ok ! Extraction of Sivers fct
Negative hadrons
_ITIverTr® L — (HERMES p and COMPASS d)
e o x ° i 0.6 0. - 0.5 pT :
p‘;'r(GcV/c)
0.05
Comparison with calculations of Arnold,Efremov et =
al., which are in agreement with Hermes-p data. — 0
2 positive hadrons N negative hadrons H o
0.0 e COMmSS 207 ko v B[ = 0 _ LY
arXiv:0805.2137 L ﬁ —— ) x\
005_ % — Z m,x\‘\ x\ / hr
., ", _/I .l
0—4 t ¢ i '} l : ﬁ \\‘1
t l L -0.05 - W
o0, rositivehadrons | Negative hadrons e N
10”2 107! 102 10" . 10° 10?7 10" 1><

Ex: M. Anselmino et al. arXiv:0812.4366



Sivers Asymmetry on proton

Signal seen in K+,

.. but not ir) K-

positive K
111 I 1 1 1l

® COMPASS
O  HERMES (PRL 103 (2009))

______ ?iﬁ%ﬁﬁé_%mm_

negative K
I 1 1 1 Ll II

1072

Other observation in HERMES andICOMPASS: K* signal Iargelf than =*
- Much progress in flavour separation (sea quarks)

COMPASS 2007 proton data

107!

positive K
negative K

preliminary

1072 107"

Possible unexpected dependence on W:
Higher signal in HERMES (low W) and in
low W part of COMPASS data



Example of one azimuthal asymmetry

Unpolarized target.

cos(2¢) modulation
comparison with theory

V.Barone, A.Prokudin, B.Q.Ma
arXiv:0804.3024 [hep-ph]

—

cos 2 o

A COMPASS 2004°LiD

positive hadrons
+

P

cos 2 O

10° 10"

Cahn

p
Bo
ML

Total

CcD

pr-
lders

Sensitivity to Transverse Momentum Distributions



Future: COMPASS II
approved by CERN SPSC for initial period 2013-1015

* GPD (Generalized Parton Distributions) up— ppy

by exclusive reactions DVCS (Deep Virtual ComptonScattering)
and DVMP (Meson production),

2 year 'beam charge and spin asymmetry’ measurement DVC
5.iy

* Polarized Drell-Yan ntp? — prp-X

Sivers & Boer-Mulders

Transverse Momentum Dependent distributions
2 years with transversely polarised proton target
Test of factorization approach :

Comparison SIDIS/ Drell-Yan




Summary

* Gluon polarization
at LO, AG/G ~0at x~0.1 7 independent points (5 from COMPASS)

Confirmed by A, (p7) at RHIC
J AG could still account for a substantial part of the nucleon spin

* Quark helicity : extraction at LO for all flavours
As(x)~0 from SIDIS in measured region, and JAs<O from DIS

* Transversity:
Collins and Sivers deuteron, compatible ~ 0

Collins proton: Signal in valence region, for pos. and neg. hadrons

Extract A;ju>0and Ad <O

Sivers proton: Signal for positive hadrons, especially kaons
Extract Sivers u and d, and possible k+ dependence

And exciting future programs in preparation
COMPASS II, RHIC-spinand Jlab-12 GeV



Spares



Table II. First moments (total polarizations) Af of polarized NLO parton densities

Of(z,Q?) and ¢! (z, Q?), defined in (1.3) and (1.4), as obtained in the ‘standard’ scenario.

The marginal differences between Au and Ad at Q? > 2, generated dynamically by the

NLO evolution, are not displayed.

Q% (GeV?) | Au | Ad A | Ag | AX IR I
1o 0.863 | -0.404 | -0.062 | 0.240 | 0.211 || 0.119 | -0.054
1 0.861 | -0.405 | -0.063 | 0.420 | 0.204 || 0.127 | -0.058
5 0.859 | -0.406 | -0.064 | 0.708 | 0.197 || 0.132 | -0.062
10 0.859 | -0.406 | -0.064 | 0.828 | 0.197 || 0.133 | -0.063
Table IV. First moments (total polarizations) Af of polarized

parton densities

§f(x, Q%) and ¢gP"(x, Q?). defined in (1.3) and (1.4), as obtained in the fully flavor broken

‘valence” scenario. The marginal finite As = A5(Q? > ;o) are generated dynamically

by the NLO evolution.

GRSV-std

Q2 (GeVY) | Au | Ad | Aa | Ad As=As | Ag | AY || 17 rr
12,5 | 0.693 ] -0.255 | 0.087 | -0.232 0 0.330 | 0.293 || 0.119 | -0.053
1 0.691 | -0.257 | 0.086 | -0.234 | —1.95 x 10~3 | 0.579 | 0.282 | 0.127 | -0.058
5 0.689 | -0.258 | 0.085 | -0.235 | —3.31 x 103 | 0.974 | 0.273 || 0.132 | -0.062
10 0.688 | -0.258 | 0.085 | -0.236 | —3.64 x 103 | 1.140 | 0.272 || 0.133 | -0.062




2 (sin(¢+og)XiT

2 (sin(¢+og)Xi

2 (sin(¢+dg))i

Transversity : Collins Asymmetry on proton

o
-

0.05

0.05

-0.05

-0.1

HERMES pions

-HERMES PRELIMINARY 2002-2005

| lepton beam asymmetry, Collins amplitudes
- 8.1% scale uncertainty
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X
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P, [GeV]

Both transversity
& Collins fragm.function #0

- Opposite results for
n+ & n- suggest opposite
u & d Collins fragm.function



SIDIS, transverse case
ppl — pp h-

do

dx dy di) dz doy, (U’,';) |
5 " 5 From A. Bacchetta et al.,
& ¥ (, . ;) JHEP 0702:093,2007.
xy@Q? 2(1 —¢) 2z e-Print: hep-ph/0611265

— Sivers

in(on = 05)|(FERG )+ FHE)
— ollins

1‘“ Sl @y, +os)
ur

Fsin(fit.’u, —os)

+ g|sin(3¢p — o <@L

+ £ Sill((x’)h + og

6 other
modulations
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Transversity via "two hadron”

as an alternative for Atu and Ad, no FF needed

0.1 ~@— /i ' pairs COMPASS,|x > 0.032 COMPASS| 2007 transverse proton data

h™h pairs COMPASS,|x< 0.032
—o— ' pairs, HERMES (for comparison *1/Dnn)
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« Confirms non zero effect at large x; larger than Collins asym.

« Smaller signal seen in HERMES in different phase space, but
difficult to describe both simultaneously A.Bacchetta et al., Mah et al.
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Sivers Asymmetry on proton
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HERMES PRELIMINARY 2002-2005

lepton beam amplitudes, 8.1% scale uncertainty
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Recent results - Transverse spin program \

O PHENIX: IFF measurements
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Generalized Parton Distributions

«  Unified description of form factors and parton distribution functions
«  Transverse imaging = nucleon fomography
and (in far future) sensitivity to the quark angular momentum

Kinematic domain : intermediate between HERA and JLab

Ex: Beam charge & spin asymmetry
in DVCS process (interfering with BH):

First signal of DVCS&BH from 2009
short test run, compared to simulations

nb of events
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= VGG Reggeized (x.t)-correlation

— VGG Factorized (x.t)-dependence

Mueller fit on world data
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Polarized Drell-Yan wp' 2> pu'uX

transversely polarised NH;target
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- Transverse Momentum
Dependent (TMD) parton
distribution functions

Sivers and Boer Mulders fct will
be measured :

- in Drell-Yan process

- in up SIDIS process

Expect opposite sign

- Test of factorization approach
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Ex: Ayt asymmetry in Drell-Yan process
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Measurement of unpolarized PDFs

* In parallel o the DVCS/DVMP program,
get (for free) SIDIS data on LH, target

« Extract strange quark PDF s(x) as well as quark fragmentation functions
from kaon multiplicities

Short term goal: LO analysis from COMPASS data alone integrated over z

e COMPASS Proj.1 week
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Longer term goal : provide p and K multiplicities as fct of x, z
for global QCD analyses



