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Understand the nucleon

%
<>




YV V VY

OUTLINE

Introduction to polarized DIS
— Also a bit of history
The HERMES Detector
The longitudinal spin Structure of the nucleon
Going beyond the quark helicity
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History of Spin %M

Stern-Gerlach Experiment 1922

Classical
prediction What was

jVac;tualz.« absewed7w atoms

M

,, f)
\ % Furnace

Inhomogeneous
magnetic field

Expectation from Classical Physics

F = V(ﬁlo ﬁ) m magnetic moment vector
F=mVB B the magnetic field

Mg the projection of m on B
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| History of Spin %M

= Uhlenbeck and Goudsmit 1926
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The hydrogen spectrum

nars Goudsmit

J St .
ewart GE‘@
/“l

| ' _ljlene_gk re

[,



Is Spin Important?

Pauli principle ...

Particle wavefunction is antisymmetric under
interchange of identical particles.

Two particles cannot occupy the same quantum state.

» Half integer SPIN
— QObey Pauli principle
— Fermi-Dirac statistics
= Fermions
» Integer SPIN
— Don'’t care about Pauli principle
— Bose-Einstein statistics:
= Bosons

J Stewart
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Is Spin Important?

Pauli principle ... FERMIONS S asses .
Leptons spin = 1/2 Quarks spin =122
> Half integer SPIN haw || M Ren | T e
o]
2 eledron
Matter P

JL muon

v tau
T neutrino

» Integer SPIN kit

farce carriers
BOSONS spin=20, 1, 2, ...
Unified Electroweak spin = 1 Strong (color} spin=1

F O rce S Mass Electric Mass Electric

M
i GeV/c?  charge bt GeVW/c?  charge
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- How to study the nucleon spin? A~
E Deep Inelastic Scattering %@é

From E,E”,and 0 three scaling
variables can be computed Q2

"X, 8 o are independent.
HERA }fﬁgRngéT/ P
0

BEAM T 0
E Q* =4EE'sin’ (%)
Target
2 Q2
HERMES is a Fixed target gxperimer?

The measured quantities in the I%M(E — E')  2Myv
system are E,E",and 0. ’
y=|[E-E'|/E

lab

with v=E-E'

v is the energy of the virtual photon in the lab frame



Deep Inelastic Scattering

Q2

Quark Parton Model

X The Bjorken scaling variable
The fraction of the total nucleon momentum carried by the struck quark.

Y The inelagliqiigen” <5 high resolution: Q2 >1GeV?

The,\
phot

J Stewart
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and

xy =Q’ (S—Mz)

is the squared 4-momentum of the virtual photon.
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leptonic hadronlc

LW leptonic part of the cross section
- Independent of the proton structure
- Purely electromagnetic — Calculable in QED

\\/ #" hadronic part of the cross section
- Contains info on the proton structure
- Not Calculable in QCD

J Stewart
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. uv |
Hadronic Tensor W %é@{é

» Parameterized by structure functions
(Lorentz invariance, current conservation, parity, ect.)

. 1 2 A
QPM: F1:§Zfef (Qf ( +qf ) Z € qf
momentum distribution of quarks

W/,n/ — MV n rr
\ J s .
Symetric part —>\épin independent
o §Q (X)= Polarized Distribution Function
+1& 1 ~
connected to the probability to have a struck _
- quark with th 2 fraction x of the nucleon -
momentum & nd spin in the same direction
as the nucleon.
_1 2
pa, (0=0, 00— === %32 (% (08 () -5 T eaa
’ _ helicity dlstrlbutlon of quarks
(f:u,d,s,Uu,d,s)
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Why do polarized leptons measure quark ' p&{z
helicity distributions? nes
Look at the virtual photon cross section.

g ¥ (v.Q?) ~ ¥ (v.Q?)

—_— q- - q

e

—
e

Photon and nucleon spins aligned Photon and nucleon spins anti-aligned

SY+SN=1+1/2=3/2 SY—I—SN:1/2
SEV: Gy
SN ___Sq SN :Sq
Gy~ q (X) G~ q+(X)

*Virtual photon can only couple to quarks of opposite helicity
*Select quark helicity by changing target polarization direction
*Different targets give sensitivity to different quark flavors

J Stewart ’i‘ |
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Cross section Asymmetries %@é

G,,, and o, ,are roughly the same size so you cannot measure
both separately and subtract the results. What you measure is the
ratio of sums and differences of cross sections called asymmetries.

o= —0"
A= ———
o= +0°

» Both beam and target helicities are reversed as often as possible.

— Changes to the beam, target, and detector on time scales
longer than the flipping time cancel!

» Enables measuring the effect of very small cross section
differences.

— HERMES few percent
— CP violation 10

» As the cross section differences are small large statistics are
needed.

J Stewart fi‘



A
Structure Functions and Measured Asymmetries ¢ P'\)r‘@{é

S _ o (S
O O _
A|| = - - AL - © ©
O_c _I_Gj GT—)_l_GT(— D,d,R,%iﬁl
kinematic
A‘| = D(A1 +77A2) A = d(A2 -I—§A1) factors

Virtual Photon Asymmetries

—fgz 19+,)

A1: A :q_L:
7 F

_|_

5 &q

S5 b<q

1

1 2 + )
F1=§Zfef (qf ( +qf ) Z € qf 91(X)=%Z (Qf ( ) Z € ACIf

Momentum distribution of the Quarks Helicity distribution of the Quarks
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Constituent quark model

= —_1 U larised struct fet.
Auv =3 Adv =—1 npolarised structure fc
Include relativisti Gluons are |mportant'
nclude relativistic _
Fyll f
wavefunction = AG — —(Au 51- Kﬁs 5"‘:;22: Joand J,
—) Sea quatks Aq.~
A = 0.75 orbital angular momentum

BUT AX =1
1989 EMC Ineadh
> = 0.120+D. ‘SSQg%(M *Ad, +A@+ L +M‘;4(i

—) Spin Puzzle (\ﬂ+Ad +Au+Ad+As+As)
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A
The HERMES Experiment t F@é

Necessary ingredients
» Polarized beam
» Polarized target
» Particle identification
— Lepton hadron separation
» Large acceptance spectrometer

Additional capabilities

» Hadron identification

» Acceptance at large angles
» Unpolarized heavy targets

e
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Hermes at HERA % =/

N
>Beam\Energy: 27.5 GeV

‘;s and positrons
;current

=~50mA start of fill

S Emy =~10mA end of fill

| S Polarized (<P>~53%)

'd-mJ e measyl @ég/en g{)beam

éf
=90zl ‘lzatlon with two ompton
oe) grimeBeram helicity reversable

APB'galrj é)g gejr(% each expt.

B
%
<o

Transverse
Polarimeter




The Polarized Target

Breit-Rabi Holding field ‘ l
Polarimeter and :

Deutscheslek
- i'll'!e_rﬁ -'.‘ _I ...' " %

L

) -tll- '-|_ l-'
i 4

"

% | . .’ ' @ Source
Cred.c. P Agency Bilderberg/ Ginter, Peter




f
The HERMES polarised gas target Y 4

- = E m, m m
dischargetube  Atomic Beam Source = ™
+1/2
\i%%§> 1$§%pnww1wﬂ 2 e
nozzle R 11> + |4>
' < F=1,<"
collimator ' 2nd sexp. magn. syst. F=0 _1 Pz_ = |2 > + | 3>
$wwn , maﬁa
i Sp> -1
' . 4> +172 } 172
storage .
' S % i 9 2 4 6 8
x = B/B{.
\exten_s'omube
injection tube sample tube

ADVANTAGES:

» no dilution; all the material is polarised
» no radiation damage

» rapid inversion of polarisation direction every 90s in less than 0.5s
J Stewart ’{‘



The HERMES target cell 1bZ

» Material: 75
» Size: Iength 40

J Stewart G‘E‘S@
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Target Performance $ P’\)%D{g

Longitudinal Polarization:
1996-1997 Hydrogen |P;| =85% p=7.6 x 10"} nucl./cm?
1999-2000 Deuterium |P;|=85%

Transverse Polarization:
2002-2005 Hydrogen |P;| = 0.75%

P =a,0P +a,(l1-a. )
P; = total target polarization
o, = atomic fraction in absence of recombination

o, = atomic fraction surviving recombination
P, = polarization of atoms

»Unpolarized Gases:
—H?,D2 He,N2,Ne, Xe

J Stewart ’i‘;
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08t



The HERMES Spectrometer %M
—— s “ - | ;‘

» Magnetic spectrometer for
momentum measurement.

» Electromagnetic calorimeter
for energy measurement
and photon detection.

Relatively large acceptance.

Excellent particle
identification.
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The HERMES Spectrometer

' FIELD CLAMPS —

TRIGGER HODOSCOPE H1

héerdfs

@%W%tbqt%ﬁ{]gﬁmr%@ﬁ x<0.8atQ*>1GeV? and W >2GeV
Particle IdemifigadipoieTRR, TreWiiAvet) Catsriristed 40 mrad

> grift:chambé ¥ plahgssigull Ohedehkeyist@®®y RICH + Muon-ID

»Large acceptancé

J Stewart

m%r:lT DRIFT CHAMBERS .- Z7omrad
HODO NP 170 mrad— -~
Ny PRESHOWER {H2) _ i
DRIFT d__rﬂ;/'"F - 140 mmad
CHAMBERS 4 T
FCir2
- = i Jfﬂ LUMINOSITY 27.5GeV
T -k -y gg - EEEEEEEERETERER - - == - - - - - - - - === - B et il -
TARGET '--. W™ {EH MONITOR e+
CELL -~
” mfcr‘ -
] HODOSCOPE HO B
STEEL PLATE BC 34 TRD  “CALORIMETER 140 mrad
Tl IRON WALL™ 755
“~L_ 270 mrea /qi'()mm&«_
WIDE ANGLE
MUON HODOSCOPES
~ MAGNET MUON HODOSCOPE
! T ! T ! T ! ! ! T !
0 1 2 3 4 5 6 7 8 g 10 m
Magnetic Spectrometer:

(%)
\...__Q_;‘



Cumulative Rate [ssriGeVv?

Which Particle is Which

Physics requirement: Need lepton hadron separation over wide momentum range

4 i
10 T
p
1035
K+
K-
1025
p
10 |
o
1 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\ \\\\‘\\\\
0 2.5 5 7.5 10 12.5 15 175 20 22.5 25
P [GeV]

In worst case factor 10° hadron
suppression is needed

0.035

0.03 |

0.025 |

0.02

0.015 |

0.01

0.005

10

10

10

J Stewart
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Hadrons

0 0.2 0.4 0.6

EM-Calorimeter

(| [ " P
0.8 1 1.2 1.4 1.6 1.8 2

E/p
Preshower
| ‘ | | ‘ | | ‘ | | ‘ | |
0 0.02 0.04 0.06 0.08 0.1
[GeV]

combined suppression 103

Factor 100 still needed



The HERMES TRD

Single Module Response

Counts

4500

4000

3500

3000

2500

2000

1500

1000

500

Pion dE/dx

1 Electron dE/dx

e

7\:,‘,L S S —l_77

50 60 70
Energy Deposition (keV)

%

5

fewart

0.045

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

Window Frame
Cathode Frame
Wire Frame
Radiator Frame
Radiator

Wires

Window Foil
Cathode Foil

Gap

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

o

Pion Rejection Factor

Detector Volume

-.J

Single TRD Module

'ﬂ
%\QL s

40 50 60 70

80
[keV]

combining all 6 modules

10

10

10

Truncated Mean

10 30 40 50 60 70
v
@

F e
- ) A
- *
5 qp
I =
L |
[ @ HERMES A ATLAS
I o DO ¥ HELIOS
I | UA2 ¢ PHENIX
3 = R * ZEUS

| | | A VE‘NUS 4-‘ NA31

20 40 60 80 100 120

L [cm]

80
[keV]



hadron/positron separation
combining signals from:
TRD, calorimeter, preshower

\
Which Hadron (r,K,p) is Which + M7

Dual radiator RICH for &, K, p

TOP RICH - ne | £l £l £

s P dE PR PR S

ot dF

0.2 1F * - 1

0.8 i e -
F K qE K *HE K B

(0]

- C P,ﬁ ulx PK . uln Pp ]
A N T N NN T NN TR N NN A N AN NN NN N R o4 | F ]

BOTTOM RICH . 3 Elg E
2€0SO® = —r 1k .* ]

Z: :p :pf:/mﬂc:: PP :: .PF' :
04 E_ 1_&:5

0z

I

]
[ =
-

: 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 I 3 - I10I N I1_5-I I.S-I N 10' B 13 3 10 I1-5 T
J Stewa P (GaV) k¢ )
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HERMES Recoil Detector timeline

From 1996 through 2005 HERMES ran with
the polarized H/D target.

— November 2005 the ABS was x 104 DIS 2007 (vs. day)
removed. i :
In January 2006 the recoil detector was [ e
installed. [ — allH 19208384
February started data taking. 1790 [ R R
— Scintillating fiber detector worked oo SOOI AR
immediately. : e 4910049
Full detector operations since September g [ D (Recoil Mag. on) 4910049
2006. % 1250 .. D (High density) 44454
— 20M DIS in 2007 2 |
— 20M DIS in 2006 5 1000 |
= Recoil only for part of data. 3 ,
€ 750
3 [
500 -
. 250 — ................
o

0O 20 40 60 80 100 120 140 160 180
Day of Data Taking 2007/07117 13.22

J Stewart ’{‘/
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Recoil Detector Overview «% "o

1 Tesla Superconducting Solenoid

Photon Detector
— 3 layers of Tungsten/Scintillator
— PID for higher momentum
— detects A*>pn®

Scintillating Fiber Detector
— 2 Barrels

— 2 Parallel- and 2 Stereo-Layers in each
barrel

— 10° Stereo Angle
— Momentum reconstruction & PID

Silicon Detector
— 16 double-sides sensors
— 10x10 cm? active area each
— 2 layers

Target Cell — Inside HERA vacuum

— momentum reconstruction & PID n
J Stewart ‘¢ )
DESY
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Yo'd
Back to inclusive physics

Measuring g,
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. , | G
How to measure cross section asymmetries $ p'\)r‘@{é

Cut: because of G(H,E’) <> G(X, Qz)

radiative

corrections N (AX, AQz )

S—\ 7(n Q) L
Spectrometer

>'0.£1-) - (\-=°‘9-1 ); \ / acceptance
08 | e ]
0.7 P
0.6 :
0.5
0.4 A 1 N<L= -N=L<
0.3 [ IR SN
Pth N=L= -N=L<=
0.2
Cut: exclude
resonance
region
01 | Resolve quark
0.09

structure

A8

oY/



World Data on 9,/F,

; Proton Deuteron
(o X o T~
m L
= e HERMES % 06| ® HERMES |
Dos| o E143 mos_o E 143
| & E 155 (Q’-averaged by HERMES) | L < E 155 (Q*-averaged by HERMES)
06 I » smc A 041 + smc
- 03 | ~
0.4 g : O COMPASS F
3 ¥ "2 NN
M‘# - | | :
0 | & i+ L#%’H' _____ *é*i"rt ...................................... 0 2 ]|! | ! l*lf ! ?q’ %“!
| ] EE—— e u ' L -0'1 __|| Lol II Lol Lol
4 -3 2 - 3 R
10 10 10 10 1 10 10 10 10 1
[y | *
> s N>
[0)] 10 * o T ‘g*
x * % O,&@:ﬁoﬁ Q
% 1 g7 : See b= S“D"
o~ -1 L * * . * e A
gt .- e/
V |* L L IIII| Ll LlLll L L I| L Ll LlLll V Y
-4 -3 2 -1
10 10 10 10 1 10 10° 10 10 1
X
X
Data shown at measured <Q2>:0.02-58 GeV/?
_ 1 N<L= -N-L¢ g 1A,
= 1
I > > - - = + 7/+77 A2
PP N“L= -N-L- F 1472 D ()
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Model-independent unfolding

» detector smearing
» QED radiative effects smearing within acceptance

meas meas = 9 = o n
S _ aG . 8 E BF +« + « « s & B B o
i T born born E r i’ . « o o B[] e
06 ON E6| +«=omfs -
o 5 = o B “‘ (5]
m e
N(I J><:(:>) 4 5 O E] 1] \
Nbom( 3 o E S s
J =5 2 of] =
. . C 1 . v
» kinematic migration inside ol B EE e -

acceptance for each spin state 012345678901234567829

» =0 bin: kinematic migration Ubesrvad Bins (1) e e

Into the acceptance radiative effects detector smearing

» systematic correlations between bins fully unfolded

» resulting (small) statistical correlations known



A
World Data on xg,(x,Q?%) %ﬁn)fé

6’_0'06_ proton
X | e HErMES $M%
004 * SMC
T Eas pﬁ} |
0.02} ; %
0;_._._‘.4_*,4‘&-_*- ##i
0.02 C COMPASS | iM%
[ |
o+ 4 +?? ‘?4 QT %
0.02 _ nelultrl'ltl:m (frorlnl gEI’ and gg')
of +l+ XT! }’H j#ﬁ‘Hw
o T
-0.04:| | | l %
e B S R

P d 3He
> 0y >0, >0
» Very precise proton data
» The most precise deuteron data

0! = J5(1- %5 w, )(9” + g7

» 0.021-0.9 measured range:
. glp =0.1246£0.0032+0.0074

[g¢ =0.0452+0.0015+0.0017

“ Stewart AZ = O . 3 3 /e @\
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World data on g1

g°(x,Q%) + C(x)

v SMC

g x = 0.0141 (+6.2)

107

g%(x,Q%) + C(x)

| * COMPASS

|
*

I,
—%;.%» x = 0.0063 (+8.1) v SMC
|

___—;-—L:Tz. x = 0.0141 (+6.7)

rf~#~=~==§= x = 00245 (+5.6)

x = 0.0346 (+4.5) ﬂ;.......u_g_?_ x = 0.0346 (+4.8)
m E155 x = 0.0490 (+4.0) [ WE1S5 e x=0.0490 (+4.2)
- 4 ‘ -
£143 x = 0.0775 (+3.5) E143 O TIRSURESEEI 0.0775 (+3.7)
x = 0.122 (+3.0) I o i X = 0,122 (+3.2)
A HERMES . 3 A HERMES
g -Whmmr X = 0,173 (+2.5) I I —— v R b A N R 2|
___ BB 21" BB
A ———a——x  x = 0,346 (+1.5) | B ooy X = (0,346 (+1.6)
f e GRSV . x = 0.490 (+1.0) 1 GRSV Al X = 0,490 (4+1.1)
R AAC esm——w  x=0735(+05) e AAC i mu X =0735(+0.5)
L Ll Ll Ll L 07 o] L R . L
1 10 100 1 10 100
2 2 2 2
Q° (GeV?) Q" (GeV?) _
J Stewart /.
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A
Semi-Inclusive Deep Inelastic Scattering %@é

. (E, R)) Q2 — — _(k . kr)2

o v=E—FE'
®
P | © X = Q
@{ — U7
@ lab | .
g z :% ‘Flavor tagging \

The cross section can be expressed as a convolution of a
distribution function and a fragmentation function.

Gep—>eh~z DFp—>q ® c5eq—>eq ® FF g—h
q

J Stewart ’{‘/
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Fragmentation 4 g@{é
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Fragmentation 4 é}r‘@{é
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Fragmentation $ g@{g

\\J e,
o° /e
/@ o Toy
\O © =
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Fragmentation $ M

o®

X )
/@ o
~ - 7
| — "‘::: N l
CX
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Fragmentation 4 g@{é
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Fragmentation $ M

o®

€/

Q\- S

Q‘= . g — I’O” )
. . - Ly
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Fragmentation $ M
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Fragmentation $ M
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Fragmentation

n 7T+

K
K~ A++«
W o + 1

HADRONS
are formed, in

lll ETS”

Fragmentation functions:

Fl: q—h ( Z) The probability that if a quark q was struck
that a hadron h is formed with a fraction z of

the energy of the virtual photon.

J Stewart



Fragmentation 4
ermes
&/
eoffo
< '
n T+ no P
- A+ HADRONS 0
K : » KO PP
® ¢ + 7 are formed, in AD "
“IETS”
»Normally lund string model is used to simulate the
fragmentation process. b |
*Need to tune the model to the data. 7 — __had
» The fragmentation process cannot be calculated \Y

theoretically.

Favored: struck quark is in the formed hadron 7 =ud

N +
Favored DJC (z, Qz) Istewart  Unfavored DuIc (Z, Q2 ) .9
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Quark Polarizations $ 3\?35

Correlation between detected hadron
and the struck quark allows flavor
separation

Inclusive DIS —AX
Semi-inclusive — AU, AU, Ad,ACT ,AS

ol =0hs > reiAd, (x,Q*)[dzD}(z,Q) 55 e1d(0[dzD} (2,Q")  Aq(x)
1/2+03/2 Z €7, (%, Q )J'dZD (z,Q%) Z f,E?,qf,(X)IdZD?,(Z,Qz) q(x)
Linear System in Q P (Vx,z)

A= (A, (), A 4 (X), AT (X), A (X), A (X))

G- [Au Ad AT Ad As AS 0) A = PQ
J Stewart @
/"l

Al(x,Q%) =
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The Measured Hadron Asymmetries ¢
PROTON r

<‘-°-8:_ N h+ k L {
L " Atp . A1=P . ATP
08 | ++ C o sme ﬁ% - +
04 | " - 0 -
o.zf— T ;.ﬁn?g#ﬂl*# -, +*++
N " T I S
DEUTERIUM TS ST rT——
- : ; ; 0.03 0.1 0.8;—. A C e
af " " A . AT - A 06 [ o smc - '
_ ot E_OSMC Ww + _ “ 0af % F '
: Lo : ‘ﬁ% **: ' : + + 02| f — +~
;__g_-_:_‘ _________ E_WHL"*% ______ 2:_;_¢_¢f_+ ______ | _+++++ _____ . jﬂ S_“E]_ﬂ”iéj_ | _; q._*_+i+_+_ B
AN O ,
2p ¢ S —
0'15 ¢‘% % | a \ — — .
-n.f ;ﬁ*-’% % phet 3 ;HM = K™ =Us is an all sea
T R I Y T R T object and Ale_ = ()
J Stewart ;’%\g{\'\
E{ w}j



e
Meas. hadron

multiplicities

~

r_

9

Unpol. PDF

~\

q(x, Q?)

r_

/

!

.,

Detector

™

geometry

y

I

\

fr Dis
\_ N / N y,
- ™\
Measured
asymmetrles
Ab@)

e DIS generator (LEPTO)

¢ Hadronisation (JETSET)

¢ Detector model

|

ﬁl Purities P(? ($)

J Stewart



Purity 7t Purity K Purity &

Purity K

n* comes

mainly form

u quarks
u quark

05°¢

0.5r

0.5

0.5r

0.

Pu

rities

0 quark d quark d quark S quark S quark
%3 %3
. proton
A neutron
M E%M seet00,,, etvasgy ., [ S S
K* comes | | %3 |
mainly form
u quarks T
%‘7 M 0000499949 00400000
: : : : ‘
d N %3 %3
M/ T sensitive
0 I T to d quark
% o ——
000094 ,, || 000, ,,,, | Gy, ,
><3 x3
I il 1l K sensitive
X $a
% ;/: ¢ L to s quark
Freeto09, |
02 o1 002 01 002 01 002 01 002 01 0.02 0.8
X

J Stewart
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N _ Pt .:.ﬁ;:-f:-:\.\_\_\ Polarized Quark Densities % F"\)?{’D{:
e | aa(x)=d(x)-a(x)

S Au(x) > 0

0 ;—.—,—.—.iﬁ.:.:.iz.:.{.:.:~\f 77777 i.;,:*:.,.:.: > Polarized parallel to the proton

ol “pretesges Ad(x)20

_,5cev2| » Polarized anti-paralle dl/%.p)roton
i,?: 2.5 GeV? /

0 ?—._._._.._._.i_.—. __+_I;_‘;:—_::—ZR_S\_/2_O;O_ Au(X) and Ad X)

LO std

-0.2 + X-Au R BBO1LO

ith LO-QCD fit

e | % Good agreement wi




Polarized Sea
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»Unpolarized data on sea shows the Gottfried sum rule is broken
d-u>0

>Reanalyze polarized data: Fit for Q= (
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»Polarized data favor a symmetric sea Ad —Au ,out large uncertainties
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' @EJ& The HERMES Experiment ¢ éfwfé

Measuring the spin structure of the proton

with a polarized

photons ... proton tanged

| Only 30% of the proton’s spin
is produced by the quarks
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The Spin Puzzle Yo'l

Measured both in a

inclusive and
semi-inclusive
polarized DIS

Leading order

C: measurement
using high pt
AG hadrons

Indications
AG small

&

Transversity
Unmeasured!

ISt “
ewart GE‘%
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Both transverse

target data and

GPDs sensitive
(o |



Distribution Functions {;M

Leading Twist

» 3 distribution functions survive the integration over transverse quark momentum

unpolarized DF Helicity DF Transversity DF
a0 =040)+4(X)  Ag=q()-q(x) &=9"()-q"(x)

Transversity
Fl (X) gl (X) basis
vector charge axial charge ¢—— tensor charge
4

] =i
cb(x)=%q<x)P+%Mq(x)v5P+%6q<x)Pv5$L|

HERMES 1996-2000 2002-2005 Gg@
L)

Quark
Correlation
Matrix
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Properties of the Transversity DFs $ M

» For non-relativistic quarks 5q(x)=Aq(x)

— 3q(x) probes the relativistic nature of the
quarks

» Due to Angular Momentum Conservation
— Different QCD evolution
— No gluon component
> X)) = [300)—3q(x)]
— Predominately sensitive to valence quarks
» Bounds
= [39(x)|<q(x)
= Soffer Bound: [3q(x)| < [a(x) +Aq(X)]
» T-even
» Chiral odd

— Not measurable in inclusive DIS

J Stewart ;i‘)\‘
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Measuring Transversity 4 p'\)r‘@{é
Gep—)ehNZ DF p—q ® cSeq—>eq R FF q—h

q

» Need a chiral odd fragmentation function:
‘Collins FF’

» Transverse quark polarization affects transverse

;L%L”‘ Rﬁ)tum % l\ﬁ\:t

nmetry in azir
ng plane L S

*Forbidden *Need chiral odd
fragmentation function

J Stewart . :
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Azimuthal angles and asymmetries % o'

Beam and scattered
lepton define the
scattering plane

Target spin transverse to
the beam

Measure azimuthal angles
around = referenced to the
scattering plane

Hadron production
plane defined from g
and the hadron

momentum
¢,, angle between ¢, angle between
hadron prod. plane proton spin and

and scattering plane I Stewant scattering plane 9>
%t



p" o,

lepton plane

Quark photon interaction preserves
spin component out of plane and
reverses component in plane

7T+ (¢, — @s) aza

(¢h + gps angle of hadron relative to ” - hl(x)H]J_‘ (2)

final quark spin (Collins) mi

( _ ) angle of hadron relative to v — f; (x)D,(z) .
Dr = Ds ) initial quark spin (Sivers) ——

ISt ¢
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t : : lf‘ -
~)-(+) | Sivers Function f;""? 4
U I S

Cyep—>ehwz DF p—q R CTeq—>eq X FF q—h
q

»  Distribution function : 2 ¢ 1(1/2)
~~ Naive T-ODD Ayr~simn(¢, — ds )Zq e; fr (X D/'(2)

—  Chiral even

» aremnant of the quark transverse momentum
can survive the photo-absorption and the
fragmentation process

» Can be inherited in the transverse momentum
component

— influence azimuthal distribution

» Non-vanishing Sivers function requires quark
orbital angular momentum

» Cross section depends on the angle between
the target spin direction and the hadron

production plane
d
J Stewart GE‘%
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Single target-spin asymmetry

I NI(9,06) - Nﬁ<¢ bs) _
S I NG (0, 0g) + Ny (6, )

ABT ((1)9 d)s) _

= Al sin(o & <I>q) +_ATS?¥“SSIH(¢ Ny

angle ofh
to finai =M

0.4
0.05 3
0

amplitudes fit simultaneously 0.08

-0.1

(prevents mixing effects o
due to acceptance) 02

August 2005 J Stewart
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Sll/ers moments %é@{é
ASivers oC fllT (x)Dl (z)
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Collins moments
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@ Collins moment:
nt>0 <0
@ " unexpected large

®» role of unfavoured FF
Hfav = - Hunfav

@ first data for Collins-FF
available from Belle
» extraction of h, from
Hermes asymmetries

®K">0 K>0

K* and t* consistent with
u-quark dominance

® K and 1T
complicated sea quark contr.
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Generalized Parton Distributions

Analysis of hard exclusive processes leads to a new class of parton distributions

Cleanest example: Deeply Four new distributions = “GPDs”

Virtual Compton scattering helicity conserving — H(x,ﬁ,t),E(x,ﬁ,l‘)

‘ DVCS I helicity flip — H (x,&,t),E(x.&,1)

2
Q@

T* T “Femto-photography” of the proton

Fourier transform of t-dependence ...
b

Y

1/Q xP
N0k b

T

P(1+&) P(1-&)

X: average quark momentum frac”
P

C: “skewing parameter’ = x| — x» b,

I msml) spatial distribution of partons
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Summary %ﬁ@{é

Quark helicity distributions are now well measured.
— Inclusive using NLO fits (sea assumption)
— Semi-inclusive data using flavor tagging

Gluon polarization extracted using leading order
extraction from high pt hadrons.

Transversity data now being analyzed. Clear signal is
seen.

Large DVCS data set collected for the GPD
determination.

First steps toward understanding angular momentum.
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