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The spin of the nucleon

Naive parton model:
= AY = Au, + Ady, =1 gluons important in
EMC (1988) unpolarized case complete description:
AY =0.124+0.09 + 0.14 orbital angular momenta

1 1

E. KabuB, PICO5, Prague, 9.7.2005



Overview

e Introduction
e Polarised deep inelastic scattering
e Longitudinal spin structure functions

e Gluon polarisation
Open Charm production

High pt hadron pairs

¥ asymmetries in pp collisions

e Transversity

e Outlook
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Deep inelastic scattering

Q*=—¢ z=Q°/2Mv

(E. p) /
. p) v =F—-F y=v/E
AN

(h) 2 =En/v
<:<@> N G pt : hadron transverse momentum

NS \ h(p) - -
Dg(x) : fragmentation function
) (from quark q into hadron h)

e Inclusive cross section

d2o
dQdE’

~ glFl(aja Q2) T C2F2(:C7 Q22+g391(5€7 Q2) T 6492(337 Q22
spin independent spin dependent

Fi, F5, g1, go structure functions
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Leading order quark distributions

spin averaged
distributions

-

unpolarised
qguark and nucleon

vector—charge:
(PS|yy"y|PS) =

[ o) - atwas

hGIICIty transverse

distributions distributions

o= (@) - (<8 s500=(§)-

longitudinally polarised transversely polarised

quark and nucleon quark and nucleon

axial—charge: tensor—charge:
(PS[Y"' 59| PS) = (PS|pot y59| PS) =

/0 Aq(x) + Aq(x) dx /01 Arq(x) — Arq(z) dx

all three PDFs equally important to describe the nucleon
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Spin averaged distributions

e structure function F5

2Np 2

Fy(w) =xXq 7' eg q

e analysis of ()? dependence

dg(z,Q%)
d1ln Q? 27

dG(z,Q%)
dln@Q? 2«

(DGLAP evolution equations)

e extraction of g(x) and g(x)

q(x) and G(x) well known
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Polarised deep Inelastic scattering

E. KabuB, PICO5, Prague, 9.7.2005 6



Polarised deep inelastic scattering

e absorption of polarised photons (QPM)

—
- + quark 17 nucleon
s~
/ — quark |T nucleon
—

e photon nucleon asymmetry

A, = T2 032 5 €2 (q(z)T —q(2)7) _ i)
o1/2+ 032 Ngeg (q(@)T +q(@)7)  Fi(w)

e experimental asymmetry

A _ N —NT pB, pT beam and target polarisation
o NTL 4+ NTT f dilution factor
= pepr fA =pepr fDA D polarisation transfer
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Polarised distributions

\;; Tl oo simple fi e longitudinal spin structure
c\fo“ —  NLO QCD fit o N
A .- _ 1 fo2
aé 3.5 I - 0,014 B HERMES gl (:I;) — §Eq eq Aq(x)
[@)) : " * SMC
- _-F EMC
3 —’;—"% x=0.0245 o momerllts
i 1. ‘I’ L . .
. oosae ag = J, Ag(x)dx  contribution of
25| L quarks q
= =0.0490 : .
?ﬁ : } . o ap = ay + aq + a5 contribution all
2 gl =1
l o L x=00775 quarks
1 Tl ——
1L fEe I _ .
15| f R T e e E155 QCD analysis
4 AT s
ot T T axial charge ao(= AYX)
YT T Losee ap = 0.23 + 0.07 (sta) + 0.19 (sys&th)
i B e — * x_ .
05 |- s  x=0.490
E143 S - .
e 20,735 first moment of AG(x)
o L . i o +1.17 +0.42 +1.43
1 10 10° ag = 0.99 753 (sta) Ty55 (sys) Tgiy5 (th)
Q* (GeV?)
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Experiments
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160 GeV/c
2.1081/16.8 s

78% Polarisation
M —Filter

Muon beam COMPASS at CERN EMPA
e

Spectrometer

e Two stages:
~ GEM&MWPC SM1 1Tm, SM2 4.5Tm

Target
e e Tracking:
AN SciFi, Silicon, MicroMe-

Drift chamber

Scifi ; MicroMegas ga, GEM’ MWPC’ Drift’
Silicon Straws, Driftubes
e PID: RICH, ECAL, HCAL,
muon filter
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e

_' E-af 1m
= || *He-Precooler i
Superconducting
Solenoid

= 17 Acceptance
gy |- (70mrad)

Dilution refrigerator Targets

e Reconstructed interaction vertices

Vertex distribution along Z, N, >2|

3500[—
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500—

-1500 -1000 -500 0 500 1000
Vertex Position z/ mm

The polarised target P
@%

J

S~——

target material: °LiD
polarisation: > 50%
dilution factor: ~ 0.4

Dynamic Nuclear
Polarization

solenoid field: 2.5 T
SHe/*He: T,;,, ~ 50 mK

two 60 cm long target cells
with opposite polarisation

2006 new solenoid with
180 mrad acceptance
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HERMES at DESY

e atomic beam source:

frequent spin flips

Magnet

Magnet
Chambers

Back
Chambers

Front

Vertex
Chambers

Chambers

He-Target

S, )

‘ TRD HHodoscopes ‘

A\ Q\‘\,

e positron identification: TRD, preshower + calorimeter

e PID: dual radiator RICH for 2 < p < 20 GeV

e acceptance: 40 < 6 < 220 mrad

E. KabuB, PICO5, Prague, 9.7.2005
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Experiments at JLAB

E99-117 [

e Left HRS

/ Cerenkov N
\

/'/ VDCs \ Pb glass
/ couniters

/ Scintillators \.\

Compfon Raster Pol. 3He »\
Polarimeter Target .
Polar meter |

— EZEI - — i e i R
? \ 1;" F Q1 To Beam Dump
Q2

ARC ! BCM eP  BPM |
\ D ‘

\ Q3 /

\ Pb glass/

/ counters

Laser Hut

e electron beam:
5.7 GeV, 80% polarisation

e 3He target: 40% polarisation

e kinematic range:
2.7 GeV? < Q? < 4.8 GeV?,
W > 2 GeV

CLAS

e measurement of A} and A¢
for 0.2 < x < 0.6

e kinematic range:
1.4 GeV? < Q? < 4.5 GeV?
W > 2 GeV

CEBAF
Large
Acceplance
Spectrometer

DnC: Dirft Chamber

CC: Cereniow Count Iﬂ"
SC: Seintillation Counter 100 em JL' ol
EC: Eleatromagnetic Calormster f——t
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COMPASS
o SMC 0

QCD fit (All data) —
----- QCD fit (No COMPASS)

10° 10° X
high statistics A{ at low = for Q? > 1 GeV?
COMPASS systematically above SMC at low x

rg1 points at measured Q*
QCD fit to world data: AX = 0.2027( 577 — 0.23777 03
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Final g; data (HERMES)

u proton

® HERMES
* SMC

: =» E155
O E143

* Lf*,*, ﬁ’# &é

I deuteron
- O COMPASS

i % *
I i |
ey el
i Lol Lol Ll R
- neutron (3He)
l
i A
L % E142 A#M%ﬁ
- A E154 )
- [ JLAB
| m | | | |
10 107 107 107

W
Wil
High statistics measurement of A} and

Af

New method for smearing corrections
(rad. corr. and resolution)

Statistical correlations between x bins

Improvement of integrals in the measu-
red range
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g1 at high = (JLAB)

e E90-117 result for A}
o AT >0atx > 0.5

e combining with A} results:
Au/u >0, but Ad/d <0

e pQCD expectation:
Au/u = Ad/d =1 at high x

tum

hint for quark orbital angular momen-

(Au + AU)/(u + )
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Polarised parton distributions

ot XBu,(¥) o] XA

04 XAdV(X) 004 XAq(X)

o5 1 005 , ,

0.001 0.01 0.1 1 0001 0.01 0.1 1
X X

e Recent AACO3 analysis using all published data except final HERMES
e Valence quark distributions well determined, antiquark distribution larger errors

e Polarised gluon distribution not determined

E. KabuB, PICO5, Prague, 9.7.2005
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Gluon polarisation

E. KabuB, PICO5, Prague, 9.7.2005
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AG /G measurement in DIS

e Photon gluon fusion ' e Methods
v "
— Open charm production
Yg — CC
— DY - 7K BR: 4%
scale: m?

C

clean channel,
limited staticstics

— High pr hadron pairs

APGF _ f ds AUPGFAG(:Bga §) Yg — qq
" fd§ PG (24, 3) — 2 jetsor HTH™
par, AG scale: Q? or Xp=.
~  (arr >?
<aEE’F> analysing power oppositely charged hadrons

pairs with large p und A® ~ 7
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AG from open charm

D* tagging: D* — D'mow — (K7) 70w
50

M. (MeV)
S

w
o

Tt

MkmEMk
- N
o o

—1IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
-400 -300 -200 -100 O 100 200 300 400

M — M. (MeV)
KTt D

e No decay vertex reconstruction
e Kaon identification by RICH essential

e Cut on mass difference Mg n — Mg — M,

OMP

E. KabuB, PICO5, Prague, 9.7.2005
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Mass spectra

D* candidates 2003

N(D°)

S,1=523.0 +/- 25.86
Mass

Sigma 26.82 + 1.58 MeV/c?

1076.8 £ 55.0

6.14 + 1.38 MeV/c?

COMPASS preliminary

8 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII I

-200 0

m(D )-m(D

200 400

°)[MeV/c]

lit

D° candidates 2003

N(D")
S,=297.0 +/- 9.34 Mass
Sigma

4198.2 + 345.2

3.14 +2.11 MeV/c®

27.77 +2.63 MeVic®

COMPASS preliminary

O L
-400

-200 0

200 I I I 400
m(D°%)-m(DC)[MeV/c]

lit

>

J

1500 D from D*

Effective signal

S
1+ S/B

Seff —

Experimental asymmmetry

S AG
S+B G

Aexp — PuPT f aLL

No physics background
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? OMP.
Extraction of AG/G f/’é}%

/
~——
e needs (ai &%)
calculated from MC i
O -
g 4; ................... COMBASS Braliminary . 2002
* AROMA generator E . | = 2003
e good description of 1 O
data distributions by MC 1_+ ..................................... Lo
L B } ........................................................... e
° preliminary result 3;_ ........................................................... S B
at <:Ijg> — 0.15 (RMS 008) 42_ .................................................................................................................................
from 200242003 00 Df poapr 2002+2003
AG/G = —1.08 £ 0.73 (stat)
e improvements with 2004 data
and additional channels
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High pr hadron pairs (Q? > 1 GeV?) o
Ve

e contributions to experimental asymmetry

PGF QCDC

Aj APSF AG

5 Rpgr ( T ) e + (RQCDC ( AR ) + Rio | AIECL)>) A

e Monte Carlo for R, ( Arp)

e data selection

Current fragmentation: x > 0.1 and z > 0.1
Radiative corrections/ photon polarisation: 0.1 < y < 0.9
High p: pr.1,pr2 > 0.7GeV and p'2r,1 +pr2r’2 > 2.5 GeV?

E. KabuB, PICO5, Prague, 9.7.2005

23



AG/G for Q* > 1 GeV? =
f /éj

e 2002/03 data \\_
AH/D = —0.015 £ 0.080(stat.) + 0013(Sy5t) N_cg w+dsa W+ 2h(high p ) + X
S1000- .
e Monte Carlo sample generated with LEPTO e/’/77/,7
. Uy,
reasonable agreement with data cool
e additional = cut = A{ small, LO and QCDC
neglected 0% 10° 100 1 10 10°
Q°[(Gevic)]
Apg"
o (=) =-0.75+£0.05 e only 10% of statistics at
Rpgr = 0.33 £0.07, (z,) = 0.13 (RMS 0.08) Q2 > 1 GeV?

AG/G = 0.06 & 0.31(stat.) £ 0.06(syst.) e single hadron analysis
started

e expectation for 2002-2004: 6(AG/G) = 0.22
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AG/G for Q? < 1 GeV? oMPA
e e

S~——

e Much more statistics
but additional background from resolved photon processes

e Data selection same as for large Q?

Ay /D = 0.002 £ 0.019(stat.) & 0.003(syst.)

e MC simulation with PYTHIA compared to data (blue points)
- 3000 F = y
2000 - S v, 4000 - -
1500 - * ’i 2000~ v % s
1000 - N - Y - T
;: ': 1000 — :t. 2000 . *.
500~ - = ) T, -
..‘. = - .’”’Tu- - *....‘“-“
20 2 1 2
. d
1 %h’#v*. Sapuat, e 1 - LIS 4.+++ +++ ++*+ 1 = L& Y ++?.‘++*
+
10° 102 100 1 10 20 40 60 80 0 1 2 3
Q® [(GeV/c)] p [GeV/c] p, [GeVic]
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fOM P

&

/
P,,/

Contributions to asymmetry %

Resolved photons

0
120
€0

i

PGF )

Y9-qq (PGF)_
——-Yd-qg |
. Yg-q]

QCDC aq’-qq’

q9-4d9
g99-99

low p;

LO

e Resolved photons: polarised PDFs in deuteron and photon needed

e Photon non-perturbative part unknown: estimate using unpolarised contribution

AG/G(zg = 0.095105% 12 = 3 GeV?) = 0.024 & 0.089(stat.) 4= 0.057(syst.)

e systematic error includes exp. syst., MC syst. and estimate of photon contribution
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AG /G measurements in DIS gonEpSs

AG/G

eacss

SMC Q2>1

COMPASS, Q2<1 ; S ; : :

COMPASS, Q2>1 """ """"""" """"

COMPASS, opencharm : : : : : : : :

HERMES, all Q2 :
1

i I T R A A | i P

102 10!

[
L | L | 1T | L

pLOONR

AG /G is small or has a node around z, ~ 0.1
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AG/G from pp collider

RHIC: pp at 200 GeV Methods
Absolute Polarimeter (H jet) RHIC pC Polarimeters —_— Clea nest Channel
e ./ BRAHMS
& pee prompt photons:  qg — qy

Design—Luminosity
Design Polarisation
Energy Range

Siberian Snakes

— needs high luminosity

. <
Spin Rotators

— up tonow: qg — Qg

P

Siberian Snakes
Partial Siberian Snakeé

LINAC Number of Protons

BOOSTER

Pol. Proton Source

500 A, 300us / -

|
200 MeV Polarimeter ¥~ AGS Internal Polarimeter

Y Rf Dipoles

e longitudinal and transverse polarisation
for PHENIX and STAR

P

e transverse polarisation for BRAHMS _ _ ,
— pionproduktion, jets

— other contributions:
gg — g8
gg — qq

e run 5 just finished successfully,
results from run 3 and 4
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Experiments

STAR

Ej Solenoid Magnet 7é EAR
Barrel
Electromagnetic DD DD D DDD DD X
Calorimeter — |
(EMC) T 7
Time
Projection
H | Chamber ‘ 100 om z
(TPC) —

=l =N

[E

M o0
H X Vertex f
Tracker Endcap

magnet I
poletip > J Forward TPC EMC

FUDDDDDDDDD[%

e analysis of 2 jet events at mid rapidity

PHENIX

e analysis of ¥ production

first prompt photons
PHENIX Detector
Central PQ3

Magnet TE

Beam View
01’1?} %O Central Magnet /
&
Z-DC South ZDC NOI’E)

Side View
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PHENIX results

70 production

10"

2

10
3

10

10"

E*do/dp ® (mbGeV 2@3)

10°
6

10

10"

10°

a)

E PHENI X Data
— KKP FF
----- Kretzer FF

Ao/ o (%)

\l\H‘H\ \H‘\Hl\A\HHW‘ \HHW‘ HHHH‘ \HHW‘ \HHW‘ HHHH‘ \HHW‘ \HHW‘ HHHH‘

(Data-QCD)/QCD

N
I

R T
11
10!

10 15
pr (GeV/c)

3 - 1 A,, from pp at \s=200 GeV
< B LL
0-1_— ¢ run3+4 combined
B (PHENIX preliminary)
C GRSV-max
0.05F-
O
-0.05F
-0.1+ Scaling error of ~65%
Cis nolt inclulded. | | | |

70 asymmetries

0 1 2 3 4 5 6
p; (GeV/c)

e good description of cross section
with NLO QCD

e small asymmetries observed

e favours standard GRSV or smaller
gluon distribution

E. KabuB, PICO5, Prague, 9.7.2005
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Transversity

E. KabuB, PICO5, Prague, 9.7.2005
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Transversity

transversity not measurable in inclusive DIS as
quark helicity must flip = SIDIS

polarisation of struck quark measured e.g. by
azimuthal asymmetry of produced hadrons
= Collins—Effect

o @)@

azimuthal asymmetries also due to quark transverse
momenta
= Sivers—Effect

q_
flT_

other possibility to measure transversity uses inter-
ference in the angle between two hadrons

. KabuB, PICO05, Prague, 9.7.2005

32



Collins and Sivers effect

Using a transversely polarized target allows to disentangle Collins and Sivers—Effect.

1 o =gV
|S|oT + ot

Al =

> eiArgi(z) Ar Dy, (2)
D i 6?%(33)1727;(2)
D e; #(@Dg(z)
D 6?%(33)1737;(2)

Collins—Effect

~ ..sin(¢ + ¢s — )

Sivers—Effect

+...8in(¢ — ¢4)

o Arq(x) transversity DF
e fiw(x) Sivers DF
e ¢(x) unpolarized DF

e ArDg(z) Collins FF
e D{(z) unpolarized FF
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HERMES results

A=
Collins Sivers % rmes
= = .,
F??;) . ™ F HERMES PRELIMINARY 2002-2004 F??;) T F HERMES PRELIMINARY 2002-2004
g 01rp [ virtual photon asymmetry amplitudes g 012 [ not corrected for acceptance and smearing
& 0.08 F F not corrected for acceptance and smearing g o1 b E F
+ £ s | C £ 3 5
7T M 006 - | o o ‘ ™M o008 F o o I
B B o B B
[qV} 0.04 L l '] [ | T [ | 0.06 L | [ l r [ ]
| 1] : | : I : T
Fo. 1 | " : + L - [ '
002 | = " = | 0.04 ¢ = ) S
r | | + + |
Ry S S 002 - -
-0.02 }| - - I R AL EEEEEE T GEEEEEEPEE TP R RGEEEEEEEEEEEPEEEY
= 7 | T f = I T . = *\ﬁ’l ! | T 1 T
E 0.02 ~a 1T 6.6% scale uncertainty [ E Fa T - 6.6% scale uncertainty f
& | - g 006 |- - -
g O R I o N
N L N =~ 0.04 — —
S onf| | | - G ol |
— @ C 02 |- - -
7T o~ 004 F | T -1 I 7lT | A N002;+ 1 l L o] 1 ]
r T || | I3 S L B [ S R RREEE
-0.06 - - A A - T | ro4 i T 3 t
c T c | | -0.02 | - -
-0.08 [ | - - T
L -0.04 = =
-01 T - - L L
r r r -0.06 [ - -
oRE e L T | —. — e
v T v Ty Tl by Ty Ty T T b T T T Ty T v T v vy Tl Ty Ty T T s T T T s T T
0.1 0.2 0302 03 04 05 06 0.2 04 06 08 1 0.1 0.2 0302 03 04 05 06 0.2 04 06 08 1
X z P, GeV] X z P, IGeV]
e Collins asymmetries positive for m", negative for 7~ = unexpected for 7~
e Sivers asymmetries postive for 7t and zero for 7~ = hint for L,
34
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COMPASS results o
V2

All Hadrons Leading hadrons \ -
302F all hadrons ~ leading hadrons - leading hadrons ~ leading hadrons
< 01f % L } L E L
conslisganed, | binitl] Les ot 3
T T I T o
N e S T N I %f _________________ % _____
méﬁﬁﬂh _{{)g% %}%j _*;,g%% ¢ 4 | g%g)
_0.2_””1'6»2 T X_l(I)Z ' 1(;1 ' x 04 06 08 zll 05 1 of 1.?GeV/C]2
xXr xXr z Pt

e Collins and Sivers asymmetries
for positive hadrons (closed symbols) and negative hadrons (open symbols)

e asymmetries small: cancellation in deuteron?

e more statistics from 2003 and 2004, proton target (NH3) in 2006
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Measurement of Collins fragmentation function

o Access to AD/(z) in eTe™ collisions
e Method: Hadrons pairs in opposite jets
o~ A-SDN21) DY (22)

e Transverse momenta included

e BELLE: 8 GeV e~ + 3.5 GeV e™
e Off resonance data: eTe”™ — (g q=(u,d,s,c)
e Use unlike and like sign 77 pairs

e Determination of double ratios =—- cancellation of acceptance

E. KabuB, PICO5, Prague, 9.7.2005
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Asymmetry U/L-ratio

O
o
ol

Asymmetry U/L-ratio

O
o
o1

Asymmetries from BELLE

cos(2q,) method

A
A
S U S S R
_______________________________________________________________ 4
| | | | | | | | | | | | |
0 2 4 6
combined z-bin
- cos(g,+@,) method 4 Tebars
- i
A A A 4 A 4

combined z-bin

e [wo different
methods used

e Significant asymmetry
rising with z
—
observation of Collins FF

E. KabuB, PICO5, Prague, 9.7.2005
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Single spin asymmetries from RHIC

e (Collins and Sivers not distinguishable

STAR

p+p —> m’+X at vs=200GeV

e <n>=4.1 (preliminary)
v <n>=3.8 (PRL 92(2004)171801)

0.4
0.3 F

0.2 F

¢
i L
.o ¥
Y
<pr>(GeV/c)= 1.1 E,W\
L <p;>(GeV/c)= 1.1 - 2.4
B o 2 S S S
-0.6 =0.4 -0.2 O 0.2 0.4 0.6 X¢

A7T0)>Oat$p>0

Awo):()at:vp<0

0 —
70 hT™, h
=02
< Ela h+
0.15H v h-
0 15 o TP PHENIX Preliminary
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Results from Brahms
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Summary

Spin physics is a very active field
Many new results from COMPASS, HERMES, JLAB, RHIC and BELLE

Gluon polarisation measured with several methods
= more statistics needed

New precise data for the longitudinal spin structure functions
= improvement of polarised PDFs

New puzzling results from all experiments on transversity

Many more results on semi-inclusive DIS, single spin asymmetries, p meson pro-
duction, A polarisation ...

Plans:

— COMPASS: more data from 2004, data taking continues on 2006

— RHIC: run 5 just finished

— HERMES: more data from 2005, measurements of GPDS e.g. via DVCS
2006/2007
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