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Introduction and Motivation
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%ﬁgﬁ Main research topic: nucleon spin -

Fascinating object

5 (‘Dend
FTTT 77T

Tippe-top
Stehauf-Kreisel

X .. .

University of Lund, 31.5.1951
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gﬁ;ﬁ Spin -

@ Spin: extremely important quantity in quantum
physics with properties of angular momentum

& Spin-1/2 particles (Fermions):

fundamental constituents [quarks, leptons (e, u,z,
neutrinos), proton, neutron,...]

@ Spin-1/2 responsible for stability of matter
(Pauli-principle):

.No two Spin-1/2 particles can occupy a state
where all quantum numbers are identical®
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$ M Spin and magnetic moment -

Maghetic moment [ =g(e/2M)s

Pointlike fundamental fermions: s = 3, g=2, <ue> =(e/2mg) hi
,gP = D,46

1
2
Neutronn: s = 3, g" = -3,82

< gP-"=2, <u">=z0

< ® p, nare not fundamental and pointlike
<r2>=0,84105m
® p, nare composite systems
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%gfgg Nucleon Spin: constituent quark model -

Nucleon Spin

I
EXTS

|

Contribution of quark spins:

AT =1
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ﬁ\f\?gg Nucleon Spin: constituent quark model -

lp>=|uud>, e, = 2/3
In>=|ddu>, e  =-1/3

Xp(\T" 2 Mg= 7)=2/3 3wl I)Xd( /%) - \/1/3qu(1 O)Xd( 3.7

[pT>= {2 ufuld'> - [ufutd™> - [utu'd’>
+2lutdt>-.... +2 dtu’>-....}/V18

® yM=u*=5/3 ; uM=u-=13;|u=u+u=2;| Au=u*-u—= 4/3
d™=d*=1/3 ; d™=d-= 2/3;|d =d*+d-=1; | Ad =d* - d-=-1/3
AY =Au+Ad= 1
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lp>=|uud>, e, = 2/3
In>=|ddu>, e  =-1/3

Xp(\T:%:mJ:%) = V2/3qu(1:1)Xd(%z’%) - \/U_3qu(1:O)Xd(%;%)

[p™> = {2 uTuTdds> - [uTuld™> - |utuTd’>
-’
+2lutdWuts-... +2 dWlu’>-....}/V18

& <pr>=<plu|p™ = 1/3{4<py> - <pd>}
& <p>=1/3{4<pd> - <pu>};

| <ur>i<pe>=-2/3 =-1,91/2,73  with m,=m,=m =M /2.73
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ﬁﬁgg Experimental tool -

Polarised Deep-Inelastic lepton (e,u) -
nucleon Scattering (DIS)

Longl’rudmally Polariced Detec
polarised :
target
e, L beam
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ﬁﬁgg Experimental tool -
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ﬁ\f\?gg Experimental tool -

Polarised Deep-Inelastic lepton (e,u) -
nucleon Scattering (DIS)

Longi’rudinally Polariced Dete
polarised +
arget
e, L beam
Measure probability that Nucleon Spinand e,
Quark Spin T4 or 1T,

Spin-dependent structure function g;P"(x,Q?)
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ﬁj\?gg Polarized deep-inelastic scattering -

k= (E'p)~"
" v
PRl r o Asymmetries:
Ry | THNL
U AT \ NN
A=
N+ N

QZ - _qz = -(k - k‘)Z' vV = PQ/M L:SE - E|,

x = Q?/(2Pq) = fraction of nucleon’s longitudinal momentum
carried by struck quark

q(x) = quark number density (quark momentum distribution)
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héertbs Quark helicity distributions Aq(x) -

More precisely: .helicity weighted momentum distributions”
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héertbs Quark helicity distributions Aq(x) -

More precisely: .helicity weighted momentum distributions”

Proton

f)Quar'k
q°(x) = q"" q-()=q"™

Aq(x) = q°(x) - 4°(X)| [Aq = [Aq(x) dx| [AZ =%, Aq

91(x) = 324 €42Aq(x) Iy = ‘91(X) dx
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t \j\%ﬁg Integrals and sum rules -

o I, :=[ g(x)dx; ® 9 I',P.(N= 4(1)Au +1(4)Ad +As
Q

SU(3): 2 relations
& a;=Au-Ad =g,/9,=1269+0.003 Neutron decay

& ag= Au+ Ad - 2As =0,586 +0.031 A2 decay

MS
JGO::AU+Ad +As:? TR e
/ ‘\Qeme;

36 I P(Q?%)= [ T 3az+ ag ] AC5(Q?) + 4AZ A C4(Q?) + 8n; AG AC4(Q?)

MS 1 ord 1
C AY = ag = - — —ag AC
0 QCJS (1 — %WD) 7 ° s
— D-state probability in
wD_O' 0520.05 deuteron wave function

Klaus Rith DESY - Summer Student Lectures 25/08/2008 13



The EMC experiment at CERN (1984-85) -

& Myon beam: 100, 120 and 200 GeV

- - - - v
mt > utv,, T uT v,

@ 'Natural’ beam polarisation: —~@——
" 70

& Polarised NH;-Target, T=05K, B=25T,
Fraction of polarisable protons: f = 3/17
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The EMC experiment at CERN -

—-—— Muon beam

- Polarized target
- Wire chambers

- Scintillation hodoscopes

B o Absorber

H3 DTB7 ST67

I VACUUM VESSELS

~——— SUPERINSULATION
I He-3PRECOCLER
EEE He-4 EVAPORATOR
I SEPARATOR AND SIPHON V3
E=m  THERMAL RADIATION SHIELDS
I DILUTION REFRIGERATOR
—
|
—
=
|

MICROWAVE CAVITY
TARGET HOLDER
TARGET
MAGNETHELIUM BATH
SUPERCONDUCTING COILS
MAGNET COIL FORMER

Polarized Spectrometer Muon

identification
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$ ﬁ;nfg The EMC result for g,P(x) -

n 1 + is experiment
o " i g&“ﬁ (2] Consequence (1987). {QPM:
_ AC (3] I
osb || Auz 0,78 1 4/3
A | Ad = -0,47 -1/3

0

As = -0,19
c 1) Quark-'Sea'’ is

negatively polarised

L
o~ £ 4 £
1

2) AY =AU+Ad+AS =
= 0,12 +0,09+0,14 1

I'?=0,126 + 0,010 £ 0,015 C Contribution of Quark Spins r
to Nucleon-Spin very small

J. Ashman et al., PL B 206 (1988) 364 (1403 Cit.)
J. Ashman et al. Nucl. Phys. B 328 (1989) 1 (1207 Cit.) ‘ Spi nh-crises' ‘

5th most cited paper in experimental accelerator based particle physics 16



¢ j\?gg Nucleon Spin: QCD picture -

—;— = % A (Quark spins)

+ AG (Gluon spins)

+Lq+Lg

(Orbital angular momenta)
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HERMES

HERA MEasurement of Nucleon Spin

Klaus Rith DESY - Summer Student Lectures 25/08/2008
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ﬁ\f\?&fg The HERMES experiment at HERA -

Tdea (1987):

Use
& polarized electron beam of HERA

& gas targets with high polarisation and low dilution

& storage cell target internal to HERA e-ring
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t M Conditions (1988) for approval (1992/93) -

| High flux of highly polarised atoms
from polarized sources

Performance exceeds design values by about a \/
factor of 2

| Experimental demonstration of
storage cell technique

Verified by pioneer experiments at Heidelberg
TSR and Novosibirsk e-storage ring

@ Experimental demonstration of high ‘7
longitudinal electron beam polarisation o
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EM Electron beam polarisation -

Mechanism: Spin flip by emission of synchrotron radiation

~ 1/ 101! emissions

Degree of polarisation: depends critically on machine energy
and magnet alignement

Longitudinal polarisation: requires spin rotators
6-7/91: first attempt

11/91: Py = 8-10 % (realignment of several magnets)
4-7/92: Py # 15-20 % (normal HERA running)

9/92: P+ # 60 % (dedicated running) =y approval
Winter 93/94: installation of spin rotators

5/94:. P 2 60 %

Klaus Rith DESY - Summer Student Lectures 25/08/2008 21
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. Electron beam polarisation

POLARIZATION (%)

POLARIZATION (%)

Heen l)a;f?a;‘rerfk o P RE LMy ARY Nov. 91
- HERA POLARIZATION  (statistical errors only)
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POLARIZATION (%)

POLARIZATION (%)

S

Heen Poryriterer -

CpRE LM AR5 1 Nov. 91
HERA POLARIZATION

Electron beam polarisation

(statistical errors only)
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D ESY Nov. 91

vom 24. November 1991

Erste Messung
von Polarisation der Elektronen
in HERA

Letzte Woche wurde in HERA zum ersten Mal die Polarisation von Elektronen, die
Ausrichtungihrer"Spins", beobachtet. Im Bereich des geradenAbschnitts HERA-
West wurde dazu ein Laserstrahl auf die umlaufenden Elektronen gerichtet, und
eswurden die an den Elektronen zuriickgestreuten Photonen nachgewiesen. Der
Laserstrahl war im Wechsel (90mal in der Sekunde) links und rechts polarisiert.
Bei einer Strahlenergie von 26,67 GeV wurde auf diese Weise einPolarisationsgrad.

der Elektronen von etwa 8% gemessen. Durch die Verdnderung der Beschleu- .

nigungsspannung in HERA konnte ihre Polarisation gezielt und reproduzierbar

variiert werden. Eine in 10MeV-Energieschritten durchgefiihrte Messung zeigt
Strukturen, die von Depolarisationsresonanzen herrithren.

Elektronen besitzen die Eigenschaft kleiner Kreisel, sie haben einen
"Eigendrehimpuls" oder"Spin". In der Teilchenphysik gibt es einige Fragestellungen,
die nur mit solchen "polarisierten" Elektronen untersucht werden kénnen.

TELEGRAMM

DESY - Summer Student Lectures 25/08/2008
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POLARIZATION (%)

POLARIZATION (%)

Electron beam polarisation
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t M Longitudinal e polarisation -

Installation of Spinrotators: winter 1993/94

10 20 30 40 S0 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 [m]
O O e A I T A A M Mt

normalconducting | superconducting

5004 | , vert, '
- bend mag. H]I\]
Ll T ,,
i Ll |

500

100{] | Tunnel Axis I .
1500 |——beom seporahon%‘——rf Feglon\.‘

2000 @ JPmTQ{Q{QTem in Ost-Halle vorh ™,
2500 @ Gevade Sektion wivd fay HERMES

modifizievt

Transvervsalé
Polavisa{ion

3000

[mm] | @ €& uﬁJP ‘Qt‘fahl \/g"l‘lau{'dn L..foOm PdT\l“&L \
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Longitudinal e polarisation -

Installation of Spinrotators: winter 1993/94

1000

I|0 2? 3|0 I.IO 5
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5004 J
MR T
P I, |

™
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S’ t_ L 1 .
= 00 ¢ b g 4t *-**++%+%*++++++*
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20 E
<201 Longitudinale Polarisation bei HERMES
10}
0! ST 4 136 138 14 M2 144
. e ' UHRZEIT (h)
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Electron beam:

E=27.6GeV, I, <50mA
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S HERA [

Electron beam:

E = 27.6 GeV, I, < 50 mA e

Transverse
Polarimeter

rection

407 g =
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HERA [

Electron beam:

E=27.6GeV, I, <50mA

Longitudinal

p————— 3 -~ -
e tarimeter
{_‘w-""‘w o T

Spin Rotator

Spin Rotator

= 80
15
£ ¥ Transverse Polarimeter
'E 4 Longitudinal Polarimeter
T 60
=
e’ﬂ-i
i
40 -

Transverse
Polarimeter

Klaus Rith

65 7

75 8
Time [hours]

DESY - Summer Student Lectures 25/08/2008 24



t {%{g The polarised atomic gas target -

e,

Target polarisation: P+~ 0.85
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—_

t M The polarised atomic gas target -

= ; f

Target polarisation: P+~ 0.85
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HERMES Spectrometer

b — o
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pggg HERMES spectrometer -
@® tracking: 5p/p~2%, 56<0.6 mrad, 40-220 mrad

FELD CRQMPS _\ TRIGGER HODOSCOPE H1

PRESHOWER (H2)
DRIFT A . \

A CHAMBERS I
1 /A (X VV "1 I
l i CzcilA:tlo

LUMINOSITY
Of=-=-fB--oos e e N - - SE T - - === eeseesesEEEE e essess e e e >
- MONITOR 375 GeV
\ A8 /o .
DVvC
SILICON f \/
4 HODOSCOPE jo /\
e NS/ CALORIMETER
CELL  STEEL PLATE 7 TRD

0 PID RICH TRD Pr'egh{weﬁr' Calor'llme‘rer 8

lepton- hadron separation > 98%
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11&@ HERMES spectrometer - RICH -

Photon Detector
iy

PMT plane

' R
Two radiators
Dry N, 85! | L
Phn{nns Particle
Particle Track
Lucite _ C,Fpo [

%«l - . - serogel Hllrlror

ﬁlumin&‘ A
. o

i f im ]
| r{,"f _~ Mirror . N
L C,Fy , |
I'.I:_ lf?_____.-r' = 0.15 B
Aerogel Tiles |
| Hadron: =~ 98%, K ~ 88% , P ~85%| .[.
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%{fg Data taking -

1995-2000: Longitudinal target polarisation
(1995: 3He, 1996-97 H, 1998-2000 D)

+ unpolarised targets (H,, D,, He, N,, 20Ne, 84Kr, 131Xe)

2002-2005: Transverse target polarisation (Hf)

+ unpolarised targets

2006-30/06/2007: Recoil detector (H,, D,)

exclusive reactions
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t ﬁgg Data taking with polarised targets -

& Longitudinal target & Transverse target
polarisation (1995-2000) polarisation (2002-2005)

x10¢ x103 Integrated DIS HERA Run Il (polarized)
i Hermes 2000 Online Analysis 6000 |
6L I o 2002/03
i ® 2003
: 5000 - & 2004
5[ ) ® 2005
’ o
0 | =4
=t @ 4000
g w
> o
wn [ —
Q. 8 3000
Y— 3r e
= o ;
5| @
[ j
o 'gzooo
g 2r = /
=z : + % = i
[ 199 (e + p) 1998/99 (€+ d) v
1 1000
i 1999 (¢"+ ) .4
Y 0 R R P B 0 L = . ‘ j [ =
0 50 100 150 200 0 0 50 100 150 200 250 300 350
Days of Running Day of Running
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t ‘j\?gg Data taking with recoil detector

x10*
Integrated DIS 2006/2007
2500
2250 — ® H (e, 2006) 7384690
[ ® H(e',2006) 20151104
2000 - ® H(e*,2007) 19208384
e D (e, 2006) 1447585
£D1750 -
S e D (e, 2007) 4910049
31500 -
22
_':'_1250 -
3]
21000 -
£
3
= 750 [
m —
250 |-
| v b b b b

0O 20 40 60 80 100 120 140 160 180 200
Day of Running
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Determination of AX

DESY - Summer Student Lectures 25/08/2008

32



t ﬁ;nfg The Asymmetry A, = g,/F; -

P.R. D 75 (2007) 012007

<1.4f - - n
beam ’ra;ge‘r 1.2F . 5 4
\\ 1F[(@%< 1 GeV? Q%> 1 GeV?
MNo_ 0.8[ *
9) - 0O -
Ay(x) = 0. HERMES T}
o'V + o 0.4f .t 4 ’
0.2F e Lo
L 248 A9) NP AR LR
~ i A e i
quqzq(x) -0.2j—| — . . — ._-.
-2 1
10 10 1
X
gl(x) N""“-.lo_ o ®
— > o’ *
Fi(x) 2 | R
t:l\c/ 1_ """"""" ;"";"6"'0'! """"""""""""""""""""""""""
.Q. | pa
1072 107 x 1
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?0.065- O - N
0-05 o o ° d
0.04F|(Q%< 1 GeV? (@%> 1 GeV? .
0.03f ) b }
. HERMES | |
0.02f | |
- l%& > o ¢ o
0 :— Q -g-?)e--O-. I ?— -. ----------------------------------------
C _
-0.01} ‘
.0.02E - -
10 10 X
 10F o*
> |
: o*’
9—: 1 RN
N ' """""""""""" 6"(')"0'0 """""""""""""""""""""""
g : ° o)
1 O. 1 ' | ' |
1072 10"

P.R. D 75 (2007) 012007
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héeribs 91(x) -

P.R. D 75 (2007) 012007

0.07
9 F = 2 2
2006 - n | + | Do.0s © HERMES (Q” <1 GeV?)
0.05k RN e HERMES (Q%> 1 GeV?)
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: ! "I o E143 .
0.03} HERMES ¢ 4 ¢ ,:, 0.03} ¢ E 155 '*
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P.R. D 75 (2007) 012007
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g\j\?ﬁ Integrals, AZ -

Most precise determination of A2

P.R. D 75 (2007) 012007
[Q?>1 GeV? data only]

0.16 Assumption: I';4saturates for x<0.05
-é 0_145_ I I I Q2%=5 GeV? (supported by COMPASS data at lower x)
)
S _x0.12 i 4 NS C r,4=0,042 £ 0,001(tat) + 0,003(vs)
* n
0.1 =d — ;

; *p Ms 1 91 L
==l A2 = R [(i —3wp) 4 “\'(M]
0.06f C
004} . MS (exp)  (theory) (evol)

_ . i
azp N A2 =0,330+0,025 + 0,011 + 0,028

8 Eloxesmuenemuensassmpsnecsmeoessmmeg = -.i,.,*..-x.-qt.-.i:..ﬁ'.‘ ......

g T X X £ =
002f . rEEIFT remember:

T x 1 |EMC: AT =0,12.£0,0940,14
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Quark helicity distributions
Aq(x)
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' E Aq(x) from SIDIS -

(E, p']/f’"

o SIDIS = Semi-Inclusive DIS

Leading hadron originates with large pr'obabhi_ldli’ry from struck quark
L.S.
D,"(z):= Fragmentation function (FF) |Z = E./v

2. hq(x) D (z)
D &2 q(x) DA(2)

Measure hadron asymmetries | A;"(x,z) =

Targets: l: D:h= n*, K, p (identified with RICH)
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127

Semi-inclusive asymmetries -

In leading order QCD:

Alh(xlz) =

1e2Aq(x) D A(2)

2. 224(x) D,

"(z)

P.L. B 464 (1999) 123

e29(x) D;(2)

Aq(x)

= qu-eq'zq'ax) Dy"(2)

q(x)
1

Quark-"Purity' Ph, /

Different targets and hadrens h:

Solve linear system for 6:\i'\./i’rh

Az(A, A LA T AET A K
- 1pr "1 d"1p +7'1,d +7'1p

A=PQ

0.8

0.6

04

0.3

0.2

01 |

wmwmﬁ-

-0.1

-0.2

-0.3

- AP
- « HERMES

L & E143

- o

I

§

AT
- * HERMES
o SMC %

|

(P)

- O

- AT (p)

HERMES
SMC

|

- A, (*He)
e HERMES
- 5 E154 +
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¢ M Semi-inclusive asymmetries -

B =, K, pasymmetries identified with RICH

Pions Kaons
P.R.L.92 (2004) 012005

. i E I E
TR AT . AT | Eea t1 Ee A5

" F o SMC h+ H E o SMC h- E :

0.3 - 3 i - =

0.2 F 3 o -
bt 4»*-+- : I| SR 41* -

alE - 3 Y
-l:l.:.l'.lﬁ1 ' “IEIl!1 l 'D:l'-l . D.DE ”“EII{1 I IIl:ll.i'-'l' ' D':'.IE: ““1;1 l 'D4 . DDE 0.1 Dl.l'-l'

X

M Statistics sufficient for 5-parameter-fit
Q(X) = (Au(x)/u(x), Ad(x)/d(x), AG(x)/G(x), Ad(x)/d(x), As(x)/s(x) )
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PURITIES -

(Probability that observed hadron originates from quark of type q)

n+ = (ud)
K+ = (us)
- = (du)

(su)

~
1

Klaus Rith

Purity "

Purity K™*

Purity «

Purity K~

0.5

u quark u quark d quark d quark s quark s quark
r‘,,fp‘"" ‘;: x4 x4
L
* proton

neutron
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' ﬁgg Quark helicity distributions [l

PRL 92 (2004) 012005, PRD 71 (2005) 012003

x o bt jffA%ffiﬂi\ - .
- "\ M uquarks: large positive polarisation

0.2

B d quarks: negative polarisation

— =

?_Mu _;‘—%h—imﬁ;—“———-—iﬂ;_'F;_,i,;;'#’: -
== + Ad(x) = - 0.4 Au(x) (1?)

[ v B ! Q%= 2.5GeV? -
"E Tt .w.ml W Seaquarks (4, d, s): polarisation

_ it
aaf(xa)  AuAD? e compatible with O.

___“?_—T* T
0.2 [-
0 @ As<Q?
o |011 ' | 0.6
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Gluon helicity distribution
Ag(x)
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$ gs Direct determination of Ag/qg -

Method: Photon-Gluon-Fusion
q

TR DT At ~h/2m,

q

® Charm-production (Hard scale: mass of c-Quarks)

® (Pairs) of hadrons with high transverse momenta (Hard scale: p, )
h

v  VVVVVVVWN g
h1 1/ (_’)

Klaus Rith / 42




%Eﬁ ’ Direct determination of Ag/g -

Data: Deuteron target
B Single hadron with high transverse momentum

B No scattered electron in acceptance
MC: PYTHIA 6.2

B Simulation of total ep cross section
B Determination of relative contributions R of sub-processes
- Vector mesons
- anomalous (y* — qq ) processes
- direct photon processes (PGF, QCDC)
-LODIS (y*gq—>q)

and their asymmetries
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$ %S Measured asymmetries -

<03 _ ep—h'X H bMES[F‘rellmlnaryp U

02 | 1} ’ Comparison of measured

0.1 | , asymmetries with those
0 F2ITTNIC, AGiGE - 2 ) ’|+ l from MC for:

1T we 38::3;.21. |« vemespata e hotingoo)

0.3 | ed=h'x | ed—hX .~ ™ Ag/g = O (middle curve)

02 g : (contribution of quarks)

0.1 ¢ Ag/g = -1 (upper curve)
el | Ag/g = +1 (lower curve)

-0.1 ’

Determination of Ag/g:
sig _ Ag
47 = @r)( 57 ) (o2

g Rsig (fi>
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Sub-processes

sub-process contributions R sub-process asymmetries
(with GRSV std.)
£ {0 Qcbc A ela/diff. VMD | __
o 1= LoDIS ¢ low p; < 03 (L]C():DD(l:S ------ ela./diff. VMD
= » PGF ® QCD 2-2 2 - — low
g 0814 QCD 2— @ ® 0.2 {+— PGF QCSE—:E{q)
o ~ 59 = e QCD 2->2(g)
Ll_ Q\ ’,-0' 94.. g
0.6 | "9*9 \@\ (73] 0'1 =l - s =l e A
an * 7y 4 TSRS e TR TR
n = o, o 0 sesmm e L e aries J
O 04— ‘ﬁ._a ‘o b
8 i A a \\ E '0.1 =
g 024 7/ A &84 S -
a |4 "ﬁ--‘,gg-ﬁrﬁz A | 902
35 00— Hﬁ:ﬂ;ﬂ;ﬁi"‘! anpe E'HQ - .
wn T () -0.3 5 ed—h™X (e not in acc.)
0 025050.76 1 1.251.51.76 2 2.25 o T m
Pripeam) (GeV) = 0 0.250.50.75 1 1.251.51.75 2

Pr(eam) (GEV)
* VMD decreases with p+ _ . N
- DIS increases with pr * DIS increases with p;(x) - positiv

* Hard QCD2->2(q) small contrib. -+ |PGF| increases with p; - negativ
-Signal processes PGF&QCD2->2(g) * Alle others flat and small, but:
are about the same size - important for background-asymmetry!
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$ ES Direct determination of Ag/g -

* COMPASS, open charm, prel., 02-06
’_) ® COMPASS, high pT. Q=1 (GeVic)?, prel., 02-04
q 7
A

= ) COMPASS, high p_, Q%1 (GeVic)?, prel., 02-04
-~ o 1 HERMES, high p_, all Q2
a 08 < HERMES, single high p_ hadrons, all @°, prel >
N i P2
<] [ ] SMC, high .. =1 (GeVic)
—————————— fit with AG=0, p*=3(GeVic)’
0.6 e
C7 -------------------- fit with AG=0, p~=3{GeV/c)
0.4
0.2
=) r—— - _'__—--:
0.2 [ |
0.4
- —
-0.6
-0.8—
:| I I I | I I
-1

-
o
X

<pu?>=1.35 GeV? 10" X

Ag/g(x,12) = 0.071 + 0.034(tah) + 0,010 (ys-exp) 0157 (sys-model)




Gluon polarisation

RHIC: p p — n° (jet) X

"@""C PHENIX Preliminary
0.04—
p <fun® (B8 sceling emen De Florian et al.: hep-ph/0804.0422
0.035 2Runé (40% scaling error)
0.02 o) N L L L L
I O -\ ——-PHENIX [ 15
o P L -\ ----STAR | 1 Ay’
iy - ~ _—sps | 184
= ] ﬂ u III'I. IS ! -
-0.01;— Scaling errors not included ]'I:I
- Onli izati
o i 1 Ag seems to be rather small !l
A 21" = 2005 STAR Final /0.2 <1< 0.8 [ . . by i
L [ @ reliminary / -0.7 <7 < 0. - T e ’ -
u.15;— 2006 STAR Preliminary / -0.7 <1< 0.9 B . I:j_'l}_ 0

M: JZTS | 02 jgl?[cl.cs-c: ]EI 2
C l =

o wi ¥t el Ta ¥ |

:fil

NN N T S T Y ST T T T S T T T A T T
5 10 15 20 25 30

1 1 1 1 I 1
p, (GeVic)
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¥z [/

& Origin of nucleon spin still unclear:

Where do the missing 65% come from?
X. Ji: ,Dark Spin’

& Is there a substantial contribution of Ag and/or Aq
at very low x?

mm) FEIC

& What is the contribution of orbital angular momenta

P77
L. Ly 22

Klaus Rith DESY - Summer Student Lectures 25/08/2008 48



Klaus Rith

Transverse spin physics
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gﬁgg Transversity 6q(x) -

For a complete description of momentum and spin distribution
of the nucleon at leading-twist: 3 distribution functions (DF)

HERA F,

Unpolarised DF =
q(x)

¥, "o

well known

R m"""“"‘}gfi—% i k=13
N R

T g A By nea g § Ll

I e et R S SFS 'i 3025

T e ey wear g By b —'—-'—.—-i—- x=ilh4

= B s

— st
1 Lo 10 10 10 10
2 2

Q°(GeV")
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gﬁgg Transversity 6q(x) -

For a complete description of momentum and spin distribution
of the nucleon at leading-twist: 3 distribution functions (DF)

e HERMES (Q%> 1 GeV?)

Unpolarised DF Helicity DF %, - newes @ <1covy M

0.05 « SMC (low x - low Q?)

q(x) AQ(x) e j

0.03} & E 155
0.02}
0.01} i
- of » s xxt 4 WL
ko)
X0.03r 1 compAss
0.02}
well known known oo Ll
0O # X &l { *‘J,
L]
001} , | , .
107 107 107 10" 1

HERMES 1995-2000
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g&g Transversity 3q(x) -

For a complete description of momentum and spin distribution
of the nucleon at leading-twist: 3 distribution functions (DF)

Unpolarised DF Helicity DF  Transversity DF

q(x) Aq(x) f 6q(x) 1
well known known unknown
before

HERMES
HERMES 1995-2000 HERMES 2002-2005
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The transversity distribution S

Aq(x,Q?)

Helicity basis: |+), |-)

5q(x,Q?)

Transverse Spin basis: 1), |1)

0q is chiral-odd 5q in helicity basis: @{
+ —

associated with helicity flip of |t |y _ \E(Mﬂl =)

struck quark
/ N

Hard EM and strong interactions cannot flip the chirality of the probed

quark l

0 is not accessible in inclusive DIS 51
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How to measure transversity -

Need another chiral-odd object! = Semi-Inclusive DIS

=t

one hadron in the initial state and at
least one in the final state
(semi-inclusive leptoproduction)

5P e hX

chiral-odd chiral-odd

DF FF
\-._.v,._-/

CHIRAL EVEN
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The Collins fragmentation function -

Collins FF H;*(z k+?) correlates transverse spin of fragmenting
quark and transverse momentum P, of produced hadron h

Chiral - odd & ndive T - odd

produces left-right asymmetry in the direction of the outgoing
hadron
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The Sivers distribution function f, -
1

& Describes correlation between intrinsic @ - @
quark p+ and transverse nucleon spin l

& fi+"9(p+?) describes probability to find an unpolarised quark
with transverse momentum in a transversely polarised nucleon

Chiral - even & ndive T - odd

requires a quark rescattering via
soft gluon exchange (gauge link)
(Brodsky, Hwang, Schmidt)

& Non-zero Sivers DF requires non-vanishing
orbital angular momentum in the nucleon wave function

Klaus Rith DESY - Summer Student Lectures 25/08/2008 54




The Sivers effect

Attractive FST deflects quark inwards

Left-right distribution asymmetry is converted into
right-left momentum asymmetry

& Impact parameter formalism (M. Burkardt hep-ph/030926)
B Orbital angular momentum of quarks
m) Virtual photon sees different x for different b

¢ ¢

B Quark distributions depend on b

A'J'r -I_'_ ".. f - .,_I- p

lensing effect

___green quark z P
_— L 001 —
_________ S N - Mn Gev
B - = 0’1 Gev? R

10 SR T T -
— Wi, (b}
e 1+ LT .
g @ \‘I "Il'!:l’:r.[- )
by %\ Uy
1 T ' l*ﬁ“‘r —
\ / "
i“-ll
= 0|
L M 1 1 L
i 1 M I 1 J
0 0.2 04 0.6 08 10

anti-green remnant 7 UL
Klaus Rith

x=0% 2Mv

55



The Sivers effect

Attractive FST deflects quark inwards

¢ ¢

right-left momentum asymmetry

B Orbital angular momentum of quarks

Left-right distribution asymmetry is converted into

m) Virtual photon sees different x for different b

B Quark distributions depend on b

Impact parameter formalism (M. Burkardt hep-ph/030926)

A'J'r ..-'. ".. f - .,_I- -~

lensing effect

Y s /Mree n quark Q)

_________ |_______________|_______

/

anti-green remnant

Klaus Rith

/ b
| | >|/ |
'—b
“-J.f 1 ..__\I — I{__‘_\ 4.2
A L LY M T

u(x,b)
= DS - b= 0.3
=05 r=05

o)



Angular distributions in SIDIS [

¢: angle between lepton scattering plane and hadron
production plane

¢s: angle between lepton scattering plane and
transverse spin component S, of target nucleon

=
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$ g\?ﬁ Azimuthal angular distributions -

Amplitude has 2 components:

Transversity DF

2(sin(¢ + ds)Myr ~ 8q(x)-H,19(z)

Collins Fragmentation Function

Unpolarised FF

2(sin( - dshyr~f1r19(x)-D;9(2)

Sivers DF

U: unpol. ex-beam
T: transv. pol. Target

Z= Eh/V

(Requires non-vanishing orbital
angular momenta L, of quarks)
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) : :
t Ll Collins amplitudes (proton target) -

2(sin(¢ + o)yt ~ 9q(x)-H,19(z)
M. Diefenthaler @ DIS07, hep-ex 0707.0222

(also: A. Airapetian et al, P. R. L. 94 (2005) 012002) J FII"ST measurement Of non-

‘2'?50 o1 [ x ~HERMES PRELIMI(I':JOII-:hY 2002-2005 zero Collins effect
- isj%mummm 3 & Both Collins fragmentation
~ ] function and transversity
ol 4 + + g + distribution function are
e TR NIANS sizeable
—— — T .
2 o3 ] ] & Surprisingly large
Zonlt g P _
Sonf 4 S R n- asymmetry
% oo | + - t +
200 [ - - & Possible source: large
o0 |- + - - contribution (with opposite sign)
:1; S S from unfavored fragmentation,

.e. u— 1
Hl,disf ~ - Hl,fav

0.1 0.2 0302 03 04 05 06 02 04 06 08

1
X z P, [GeV]
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K . g Collins amplitudes for n*/- und K*/- -

Fits of HERMES (p), COMPASS (d) and BELLE data
by Anselmino et al. (from A. Prokudin @ DIS2008)

HERMES Afn(#ntos) COMPASS Agin(#ntésm)

042 .
. ' T - COMPASS " 2003-2004
& o HERMES | 2002-2005 %
o - i 0.05
=) (] ]
-E 0.04 = ® = 0 glte—%a =y .—_-...._’;._. e
= .02 i e o E g
'-"qs ol | =% = el @ -5 »

-0.02 < -0

0,02 - : = ]
— [\ - = .,‘\_._ = - T 3
? -002| e e S e *1__.___._ sl = il
o -00d L : r % v.e ! L]
& o o o e % ss . oo @

— Y ] ® e,

£ [=-008 E =
L] ol w o

012 i { 0.4

e i — .

O 010203040506 02 04 06 08 1 02 04 06 08 1 10'2 10—' 1 s i 0.5 1 1.5
X z Py (GeV) X z Py (GeV)
> >
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%gﬁ ’ Collins FF and Tr'ansver'si'ry-

Fits of HERMES (p), COMPASS (d) and BELLE data
by Anselmino et al. (from A. Prokudin @ DIS2008)

05
04
o,
% 03
N 1 s
& = 3w
O o8- S o8 b=
g N g o
N 0.6 z 0.6
& = X o
o oal = 04
= <] .04
<1 02| 0.2
E 0.1
1 — 1
g —I ’;20.05
a 0.8 2 s )
= o] T 0
Noosl tE 06
— S J h
5 (] = j
O o4l z, 0.4 < ”
= - al - al .
< ; X 0 -
v02- 0-2—/’\ Ik 515 x=01
u I I i L a I i I
02 04 06 08 0 02 04 06 08 1 02 i i . 02 . . i i
Y4 pJ_(GeV) 02 04 06 08 1 0 02 04 06 08 1
X k;(GeV)
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t ﬁ;ﬁl{g Sivers amplitudes (proton target) -

2(sin(9 - o)y ~ 1719(x)-D49(2)

M. Diefenthaler @ DIS07, hep-ex 0706.2242
(also: A. Airapetian et al, P. R. L. 94 (2005) 012002)

g’.-lé rm ot " HERMES PRELIMINARY - . .
¢ ;::5':,3';:;;";:3;7;;;"!1Siversamﬁgdzeszoos & First observation of non-zero
Bt + - - | Sivers distribution function in
RS ST L S A DIS
i b z
0.02 [ - f f
o T . .

5 g [ e e Experimental evidence for
L ool a 1 orbital angular momentum L
T T 3 i of quarks
R & ST e fr pop . A

oual + g 3 But: Quantitative contribution

oo of L, to nucleon spin still

0.1 0.2 0.3;(0.2 03 04 05 06 5 0.2 04 I(:l):l(i&e{,]
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Sivers distribution -

Fits of HERMES (p) and COMPASS (d) data
by Anselmino et al. (from S. Melis @ DIS2008)

en — emX Mab = 27.57 GeV/ie en — e X
! I
o o I } | HeRmEs [ zoozoms - g K* r HEF:ME: I EEIEIE-Z:)EIf} _+
& ul L F 4 [ = g b i b | bt
e -r-llrlf'f+ P S T s Y R I o | et e
< Ll N E £ -
q;ﬁ n - - I.ﬂlq: ]
[ -1} . + B
E:E . gf‘*'* o Y t Y S N
£ o . [« . C
< - < o +
> ' —— ¢ lealo [ b Ly ¢
= o A .+_' ek L ] B -i E 5 ik ) r
Eg'_‘l:E I q 0.2 -l{ " L " 1 1 I I TR M S MR |
...r i PRI TR D 01 0F 03 04 06 02 04 DB OB 02 0.4 08 08 1
X z F. (GeV) X Z Pr (GeV)
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%Eﬁ S Sivers distribution -

Fits of HERMES (p) and COMPASS (d) data
by Anselmino et al. (from S. Melis @ DIS2008)

ep — ¢ TX Pray = 27.57 GeVie ep — el X
= PRI HERMES [ zoozaoee - o K" HERMES r2002-2005
"é‘ i i} +_ i _ +-+ i i+"{ 'Er ok *_f 4 _f L *++ L ++-+
T el ST G T IR s S S S Y
< N E £k
= - n 4
I £t <
g " 4,-"4"* ¢ o [ W t e TR U S SR T
E ‘ oz
“‘:[5 o l [+ T !
> — - - b4 4|
004 — oe - . 1
i - ® 2 el /\ > 3 /’_\_ r — r i
- B ] o e x=01 |
ST = E
7 5 = 5 v I s =01 -
< = [E] <] <] ji \/ 0z 04 08 08 1
L 205 [— L]
X 08 - Pr (GeV)
oz = 0z [ —y
|= —_— = . _
I = w2 p
o _ o _
a0z - a2
noz 0z = x=0.1
wn w
0 E— — ) —
a0z L 02
.oz nz =01
[th e 17 .
0 I —
2
1 oz 0.4 [ o= 1
X k| (GeV)
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Quark orbital angular momentum
L

q

Klaus Rith DESY - Summer Student Lectures 25/08/2008
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Determination of L, -

Tool: Generalised Parton Distributions

Formfactors:

AV

Fouriertransform of e.g. a
radial charge distribution

Klaus Rith

PDFs:
T .

52, ~1/Q
xp ("j ) /
® 1
/ ‘ \

Number density of quarks
with longitudinal
momentum fraction x

DESY - Summer Student Lectures 25/08/2008

Generalised description in
2+ 1 dimensions
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S

Determination of L, -

Ji sum rule:

Jo=1/2AS + L = Lmafclix x [H(x,C,1) + E(x,C,1)]
H(x,C,1), E(x,C,1): Generalised Parton Distributions (GPDs)
Access: exclusive processes

QZ/-A e’
: :f>™  Final state sensitive to different
i ]{ GPDs
. Vector mesons (p, o, ) H, E
ww Pseudoscalar mesons(w,n) ﬁ E
N

t DVCS (y) H, E, H, E
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t gs Example: DVCS -

DVCS = Deeply Virtual Compton Scattering

Bethg-HeitIer

c__ VX (| Toves
(1Q2£1X3dfd© 2(2r 4Q4\/1

‘4| Tpu|* +7)

Klaus Rith DESY - Summer Student Lectures 25/08/2008 66



t gg Example: DVCS -

% 10° _:
o
9 - — DVCS
O 5 -
5 10 < BH
= -
. - | |
-: 10 = At HERMES kinematics:
'----\|‘.'|"r 3 .
5 1 = |Toves|® < |7Tpu |
S 102 _;
.'g .
-10 20
14 2)
dQ2dxgdtdd 4M2x2 (‘TDVCS‘ +|Teu|” + 1)
B f “ 4(;)4\/1_'_ B
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t gs Example: DVCS -

Fourier expansion in ¢ for
e beam polarization Pg
e beam charge (g

e unpolarized target:

K
‘ ,]-BH ‘2 _ I- BH
P1(¢)P2(0)
2 1
[ Toves|° = Kpves {Z ¢y P cos(ng) + Py s, Sin(”fﬂ)}
n=0 n=1
T _ CBKI

Zc cos(ng —I—PBZS sin no}
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3 gs Determination of L, -

DVCS: Beam charge asymmetry
_A. Airapetian f‘r al., arl'Xilv: 08022499 |

as( D)

A

0.4

Pioneer measurements

I
-
~
-
-~

+ A PRD75, 011103
T = 0O this work

——DD:Reg.no D E

T T T T ! ! |
——+-DD:Fae,D ]
------------ DD:Facno D
— — -DD:Reg.D ]

2 4 6 8 10
Xg Q’ (GeV?)

DESY - Summer Student Lectures 25/08/2008

overall -t (GeVz)
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3 gg Determination of L, -

DVCS: Beam charge asymmetry | Pioneer measurements

0.4 __A. Airapetian et al., arXiv: 0802.2499

< | ~§ DVCS: Tr'ansv farget spm asymme’rr'y (SA)

cosf

-,gf 02l 8.1% scale uncertainty’ E N IAI['TI._ . R
= J =0.6 - -
*Im(F1E) 5 o b o . —r
H - F intfne [
H-Tint 02} L 5 ges ¥ = ]
j | iy [ e e e 1
g 02} -+ 1 1 -
£ ol 1 1 ]
s
<02 1 1 -
x =Im(F1E)
=] _ ' I I I l
z 02] I L ]
nucleon & [ LJ
helicity Z= o} I - - I . _.i _
flip w | +T
02L Nl — N — %
&l othars: ! 16 0 01 02 03 T 1 6.3 10
twist-3 GPDs overall -t (GeV") Xp Q™ (GeV")
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%{ ’ Determination of L, -

DVCS: Beam charge asymmetry | Pioneer measurements
__A. Airapetian et al., arXiv: 0802.2499

cosf

047

< | ~§ DVCS: Tr'cmsv farget spm asymme’rr'y (SA)

S

= - 8.1% seale uncert A
_ 02} A, "]
cvrry 55 Fo...t DVCS:ilong. target SA | e
m(F ) % 0 :_ﬁﬁ_—_ ﬁ-’-e- 0.4 l l | A—— __
BN Y LR A 73 HERMES PRELIMINARY |
5 g5 0.3 +. + | &
_ IR ep/d—eyX (M<L7GeV) !
[ I 0.2 = proton :
z 02f il Iy » deuteron -
£ ol g _ :
oz A I { ----- fuc, -3 ]
- ¥ : 1 -~ Regge, no tw-3 1
% —Im(F;E ) 0.4 N = — fac., notw-3 i
= | — 1 7 Regge, tw-3 —_—— ]
g 02} T -0.3 1
nucleon ¢&” j 1 -
helicity F= of-— s ‘* -0.4 )
fli o I
g = 02 L _"_I'+"— -0.5 I | ‘ p—
- 1 | | |
All others: 0 06 0701 02 03 04 05 06 07 08 0.9 6.8 10
twist-3 GPDs overall -t [GeV?] Q* (GeV?)
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%{ ’ Determination of L, -

DVCS: Beam charge asymmetry | Pioneer measurements

= o4 __A. Airapetian et al., arXiv: 0802.2499
£ ~§ DVCS: Tr'cmsv farget spm asymme’rr'y (SA)
E,;f 02l 8.1% scale uncert AIL-T: [.I m
PSS -l P R DVCS Long. tfarget SA | 1=
H - F intfne £ . HERMES PR l
021 pY%: Transv. target SA
; 0.4
- HERMES PRELIMINARY
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Determination of L, -

A. Airapetian et al., THEP 0806 (2008) 66

HERMES DD
05
: QCE
[ ' LHPC
ol |
-05
neutron bt%eam-
I spin asymmetry
_1 1 1 1 | 1 1 | | | | | | | | |
-1 -0.5 0 0.5 1
Jd

Lattice: L, =-L 4= 0.2 122
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Determination of L, -

Program until June 30t 2007:

Detailed study of exclusive processes with Recoil-Detector:

Photon Det. Lightgulde Connectors Photon Detector
(3 layers tungsten/scintlilator)

SciFl/Lightgulde
Connector Ring

T,

—SclFl 2
——— SclIFI 1
Water i - A e —— .\ TIGRE Sensors
Coollng ——— . - =
for Sl Det. S| Det. Frame

(Aln}

Target
Cell

-
Sl Det. Hybrid

N\
™\, Thin-walled
Scattering
Chamber

Flange to
HERA j

Sl Det.
Connectors

C2 Collimator  C3 Collimator
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¢ Eg Determination of Lq - Recoil Detector -

j FIELD CLAMPS —\ TRIGGER HODOSCOPE H1
m
DRIFT CHAMBERS
2 -
PRESHOWER (H2)

Recoll c::I:;ens /
15 Detector / \

— o2 | -

= pROP.
]
S LUMINOSITY e+
0= FeEEE . e R - e A L T Bk cmmesnnenan <
MONITOR 37,5 Gev
L MC1-3
DVC f
SILICON
1 HODOSCOPE HO
p BC 1/2
CALORIMETER
TARGET
CELL  STEEL PLATE e TRD
5 RICH
~— MAGNET
)
0 1 2 3 4 5 6 7 8 9m

Summer students: Hanna, Cory, Falk
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Unpolarised DIS
SLAC, BCDMS, NMC, HERA...

2>AX

=0.330£0.025(xp)

B, HERMES (Q° < 1 GeV?) "
% 0.06] d 2 i
* HERMES (G° > 1 GeV?) ;
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* SMC ol
o
“ . Eva ) ;.' t
003} & E 155 t‘ '+
0.02 # .
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o PP S ér-‘:" '{)+Ca¢
-3
003, compass
0.2
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o) v ff §
[176F
001 :| y .
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02
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- individual

quark helicity,|..

distributions

Klaus Rith

08

2Ag/g
= 0.071+0.035(exp) - i

| » Gompass (Open Cham)

| O Compass (6" - 1GeV) gy
{ @ Compass (07 < 1 GeV’)

> Signals for GPDs > J,+J,

éLq;tO

After Delia Hasch,
Spin06, Kyoto
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Tﬁéﬁﬁs Further results - Outlook -

Many more results on various subjects: at present >50
publications with in average 60 citations each

Examples:

B hadron multiplicities and fragmentation functions

B SSA for inclusive and exclusive © production

B vector meson production

B DSA for exclusive VM production

B DIS on nuclear targets

® Nuclear attenuation of coherent and incoherent p's (coherence length,

colour transparency)

B |ongitudinal and transverse A polarisation

ceees Still much more to come |
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