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@) Proton Structure @) Generaliz ed Parton Distrib utions
spin-dependent parton distribution mapping out the proton
functions of the proton wavefunction

@) Diffraction @) Hadron Formation
“soft” processes at the highest spin and scale dependence of the
energies fragmentation process
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Deep-lnelastic Scattering (E, p)

2 = -mass? of virtual photon > 1 GeV? o (E.p)
W? = mass? of v*p system > 4 GeV?

stud y partonic substructure of \y
® proton target N ur) h
= parton distribution functions q(z, Q?) ad /)~
® hadron formation
= fragmentation functions D(z, Q?) -
beam target (Q?)
current experiments
H1,ZEUS 27.6 GeV e* 900 GeV p > 10 GeV?
HERMES 27.6 GeV e*, polarized fixed p,d, polarized 2.5 GeV?
CLAS 4 -6 GeV e, polarized fixed p,d, polarized 1.3 GeV?
future experiments
COMPASS 100 — 200 GeV pu, polarized fixed p,d, polarized 10 GeV?
STAR, PHENIX 250 GeV p, polarized 250 GeV p, polarized M3,
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Flavor Structure of the Proton

® Constituent Quark Model E866: |
Pure valence description: proton=2u +d

® Perturbative Sea Sea quark pairs from

. u=d
g — qq should be flavor symmetric: :

d/uo
I
IS
I

| - FNAL E866/NuSea

Non-per turbative models : alternate deg’s of freedom 08 | o sl

[ --- MRS(R2)
0.6 - — CTEQam

O.h\::,:,;:,;,:;::j:;::
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Meson Cloud Models Chiral-Quark Soliton Model Instantons
# meson e quark degrees of freedom 5%%&%: Qn_x
P In a pion mean-field L
! g e nucleon = chiral soliton Ug U
U U e One parameter:
d d dynamically-generated 'tHooft instanton vertex
"valence" "sea" guark mass ~ @mﬁhmm&h

Quark sea from cloud of 0~ e expand in 1/N,: 4 7> _ —
mesons: ?vm_ = ?vm_
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Spin Structure of the Proton

w — wDM +AG+ L, + L, Polariz ed Deep-Inelastic Scattering
mq

“You think you understand something? virtual photon
Now add spin ... -R. Jaffe <A N~ N~ XA -

l

polarized e polarized nucleon

Parton Distrib ution Functions

unpolarized:  ¢(z) = ¢"(z) + ¢*(x)

polarized:

From NLO-QCD analysis of inclusive
DIS measurements ... swMmc, PRD 58 (1998) 112002

® Constituent Quark Model

¢ — (in AB scheme)
Au=+44/3, Ad=—-1/3 — DMHH_ 4>M o.wm_

o AG = H.owrw”m (in AB scheme)
— barely constrained, positive value favored

® Relativistic Quark Model

orbital angular momentum is important
e As = —0.02 to —0.15 (model dependent)

4 AY ~ 0.60 — 0.75 _ L, =3(1—AY) —s slight negative sea-quark polarization?
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Anti-quark Spin in the Proton

Meson Cloud Models

Li, Cheng, hep-ph/9709293

0 meson

. <=

"valence" "sea"

— DQcaNmzom > 0
— Agseq < 0, but ...

= 4DQH©—

“Higher-order” cloud of vector
mesons can generate a small
polarization.

Chiral-Quark Soliton Model Instanton Mechanism

Goeke et al, hep-ph/0003324

Light sea quarks polarized: instanton n_o_m

L
4>ﬂR|DMVO— Ug u

0.10 — , , — _ .
A tHooft instanton vertex

——- xAd | ~ upurdgrdy transfers

0.05 - "~ Xbs helicity from valence u

quarks to dd pairs

0.00 | ==
\ - - — _
Nl 4 Ad >0, Au<07? —
i , ]
\ %

-005- \_7~

No such calculation yet
performed ...

|O.H_.O I | I | I | I |
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Quark Polarization from Semi-Inc lusive DIS

(E, p)

In semi-inc lusive DIS a hadron A . (E p)

IS detected in coincidence with the (v Qwv
scattered lepton 9

Goal: Flavor Separation N <
of quark and antiquark helicity @ (1)
distributions

& = m_b\N\ a

Technique: Flavour Tagging

The flavour content of the final state hadrons is related to the flavour of the struck
guark through the agency of the fragmentation functions bw?@& . In LO QCD:

&QM_\
dz

&Qﬁ 2 2 h 2
— dz “MUQ@DQT@“@vbQANu@v
q
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Latest Aqg Results from HERMES

_> —
Ve’

< | First 5-flavor fit to Ag(x)

(As(x) = As(x) assumed)

® positive As favored

® Au — Ad consistent with 0

2f Au-Ad
15k ¢« HERMES preliminary
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New Spin-Structure Function: Transver sity dq(z)

Fundamental  Vector charge (PS|yy"y|PS) = [ dx q(z) —G(xz)  — # valence quarks

Matrix axial charge  (PS|ypy 5| PS)= %OH dx Aq(x) + Aq(x)— quark polarization
Elements tensor charge (PS|¢yo*’y|PS) = ,\OH dx dq(x) — dq(x) — ??7?

2
Forward ] ]
Im__o_.a\ &\v ~ Im (optical theorem applied to DIS)
Amplitudes P — 5

s >

QA&V ~ [ { V_ _M | ] + [ ]
—> —>

Aq(z) ~

- > - >
—p < ... but in \)E\/ « SN @
d0q(x) ~ \/\J/\/ transver se

[ { | 1 | 1

o = basis .
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Properties of Transver sity

® |In Non-Relativistic Case, boosts and rotations commute: 0q(z) ~ Aq(x)

O .
No Gluons Angular momentum conservation: A — A=A’ -\

- rm@@ = transversity has no gluon component
XX = = different Q% evolution than Aq(z)
= = =)

® Chiral Odd R: S

= only measurable in semi-inc lusive DIS, o | T
via a chiral-odd fragmentation function. ~0.0s | ‘ -
-o,g._u_:_._N____._A:__ﬁ_u:_;_::m:_%
First glimpse from spin-azimuthal asymmetry for Soos
: < 004 [
= production at HERMES =) or +
. ] T
Future: DIS with transver se target polarization "t -
at HERMES Run 2, COMPASS, RHIC-spin 008 B
¢

N.C.R. Makins, ICHEP 2002, Amsterdam



Proton Spin Structure: Status Mm”ﬁz lez.x

N

® quark polarization Agq(z):

— first 5-flavor separation from HERMES
— Ag(x) consistent with zero, in contrast
to xQSM model predictions

® transver sity dq(z):

— a new window on quark spin
— azimuthal asymmetries from HERMES
successfully modelled in terms of §q(x)

® gluon polarization AG(z):

— some indications that AG > 0 ...
— RHIC-spin and COMPASS will provide
some answers!

® orbital angular momentum L:

— how to measure? — GPD’s ...
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Diffractive Vector Meson Production

Even at highest energies W = 10 — 300 GeV, diffractive processes are alive and well

e.g. Diffractive Vector Meson produc?®

-+

3 scales

® { = momentum transfer to target

- |og~e ] @ lowt

— b reflects size of scattered p’cles

® ()? = photon virtuality

® myy = Mass of vector meson

A new class of factorization
theorems allows pQCD analysis of
exclusive processes at high scales

PQCD picture : 2-gluon exchange

=) {5st rise of xsec with W

2 2
or ~EEIE L a2 x &

g(z) ~ =) with A = 0.2

4Hv Q.hZS\o.m —
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Soft — Hard Transitions

Photopr oduction (Q? = 0)

onset of hard behavior:

charm mass

(J/%)

Diffractive p production

onset of hard behavior: high 2

—\OH.m\,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
N - e H1 preliminary
.OM I 1.4 I o H196 % A@M ]
= ~ ZEUS 96-97 pret.
=10k . 1.2 o~ H1IJW 1
o i ]
-— 1k -
O i ‘ 1
% 0.8 % Qﬁ .
n10 | i ]
% 0.6 % % ]
o 0.4 | %Mﬁ % .
T F e Soft pormeron
i 0 16 iE 20 28 @0 3E ac
_1l Q* [GeV
10 F &~ T
E [y : J/WH1
| $* b(Q?) : zsEr
I “ 12 - ° pHIL
-2
10 3 n
H o
; * H1, prelim. 1.8
_3| o fixed target olyp = ¥(25)p) W
10 F i
: o(yp = Tp)
_af 2
\_o | | | | | — | | | | | — N | | | L | | | L Lol L
1 10 10 <<AOm<v wo 3 1072 107"t 1 10 102
Q*(GeV?)
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Spin-Density Matrix Elements at High ¢

Angular distribution of p — 77 decay gives info about transition amplitudes T} .
at low ¢: s-channel helicity conservation (SCHC) ‘ only Too and 771 non-zero

SDME combination #1 ~ Ty SDME combination # 2 ~ Ty, /171
= V.6 — = , 4 . .

= : 2 2 s , : | 2 2

N e H1 diffractive Q" >25GeV o~ e H1 diffractive Q" >25GeV

+ OH1 elastic Q°>25GeV’ + 0.2 OH1 elastic Q> 2.5 GeV?

Lo 2 2 o

O o AZEUS M, <4 GeV Q" >3.0GeV 1S AZEUS M, < 4 GeV ON > 3.0 GeV2

0.2

— pQCD based model

........ SCHC
0 N —— pQCD based model
a) | | I N SCHC b)
0 0.5 1 1.5 2 045 0.5 1 15 2

t (GeV?) t (GeV?)
— single-flip amplitude significant at high ¢ — single-flip > double-flip amplitude

Measurements well described by pQCD model of 2-gluon exchange
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Gluon Density from vp — J/¢p M

Diffractive J /v production well described by pQCD 2-gluon exchange models

Should be possib le to extract g(z)!

® W =250GeV — =104

® data precise enough to distinguish
between different PDF sets mmp»

® ... but theoretical uncertainties make
extraction impossible at present:
higher-twist correc’s and skewing
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<>

ZEUS96-97 J/Y — p'w
ZEUS99-00J/y — €'¢e

7 C— MRT (CTEQ5M)

FMS (CTEQA4L, A=4)

......... MRT (MRST99)
..... GBW double Gaussian

50

100 150 200 250 300
W (GeV)
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Generaliz ed Parton Distrib utions

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

Four new distrib utions:
Cleanest example: Deeply Virtual

. helicity conservin H E
Compton scattering Sliensy e g — H(z,¢,t), E A.M,um )

, T

helicity-flip — H(x,&,t), E(z,&,t)
4 DVCS _

Bjorken x : average quark momentum fraction

“ske wing parameter” ¢

— mismatch between quark momenta
= sensitive to partonic correlations

“handba g diagram”
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“Femto-photograph y” of the proton

Fourier transform of ¢-dependence
— iImpact-parameter space

b

Y

1  XP
N

1/

T

P

b

X

= spatial distrib ution of partons!

Connection to Many Obser vables

® DIS structure functions: forward limit
q(z) = H(z, £ =0,t = 0)

Aq(z) = H(z, £ = 0,t = 0)

® Elastic form factor s: first moments

GM(t) = \ a3 (Y, 6, 0) + B, 6, )

GE(t) = [ da 30 [H(w,¢ )+ B, .0

q

® Angular momentum J? =AY + L¢!

@H W H @ H Q H
Ji=g | wde[H'(z,§t=0)+E(z, ¢t =0)
—1

GPD’s offer a complete description of the proton wavefunction
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Modelling the GPD’s

® /(—dependence from elastic form factors

® ¢{— (skewedness) and x— dependence
— Iinterpolate between 2 regions:

o |z[>¢
Model of H%(z,&,t = 0) (forward limit)

Vanderhaeghen, Guichon, Guidal, PRD 60 (99) 094017

— x1, x9 both > 0 (quarks)
or both < 0 (antiquarks)

= PDF’s recovered inlimit | ¢ — 0

o |z| <& v Y

— see correlation
between g and g

= “meson-like”
distributions as o T

&E—1
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DVCS: Beam-Spin Azimuthal Asymmetr y

At intermediate energies, Bethe-Heitler cross-section > DVCS ...
‘ explore interf erence , using polariz ed beams

— Z/ZZ e =1 e — €
<+ <+ <+
o o YV o
P P P P’

Uu n—

Beam-Spin Asymmetr v mmp HERMES: (Q%) =26 Gev* CLAS: (Q%) =13 GeV’

o — 0O < 06F 04F
Ary(gy) = ——— | o3/
Y 04 | :
O_ + 0 : 02}
02 |
~ Im (BH - DVCS™)sin ¢, L o1
I << OFf
02| -O.“_.m
Beam-Char ge Asymmetr y H ool
04 :
~ Re (BH - DVCS™) cos ¢, 06| _ MM
3 2 1 0o 1 2 3 680 100 10 200" 20 300 30
also measured, at HERMES o (rad) ', dog
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DVCS Cross-Section from H1 and ZEUS

At high energies, DVCS > BH — measure cross-section ...
‘ high-ener gy DVCS explores gluon GPD’s (x ~ 1/W?)

ZEUS ZEUS
m/ T T 1T T 1T 7 T 177 7 T T T 7 T 1T 7 T 1T 7 T 177 7 T 177 7 T m \7 T T T 7 T 7 T T T 7 1
= ® ZEUS (prel.) 96-97,99-00 e p E 1 ® ZEUS (prel.) 96-97,99-00 e *p _
w 10 -] FFS . w - [ ] FFs .
a - DD : al12- [ ] DD .
> > - R
(G\ 40 <W <140 GeV (G\ 5< ON <100 O®<N
W =89 Gev 10 - Q? = 9.6 GeV? -
H -
8
6
-1
10 - 4
2
Ho |N L1 7 | 7 I | 7 I - 7 Ll 7 | 7 | 7 I - 7 - 7 I - o \7 | | | 7 | | | 7 | | | 7 | 7 | | |
10 20 30 40 50 60 70 80 90 100 40 60 80 100 120 140
Q? (GeV?d) W (GeV)

DVCS xsec agrees well with semi-classical dipole model (Donnachie & Dosch)
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DVCS Cross-Section from H1 and ZEUS

At high energies, DVCS > BH — measure cross-section ...
‘ high-ener gy DVCS explores gluon GPD’s (x ~ 1/W?)

2EUS ZEUS

—_— T T T 7 rTT 7 rrT 7 rrT 7 rrT 7 rTT 7 rTT 7 rTT — 7 T T T 7 T 7 T T T 7 T T T 7 T
m ® ZEUS (prel.) 96-97,99-00 e *p €14 e 7EUS (prel.) 96-97,99-00 & p b
% 10 [ ] FFS | g WOt ]

! ] DD . -
*W + 12 B —
5 40 <W < 140 GeV a mAONAHooom<N
_ > L i
W EEEe 510 - Q? = 9.6 GeV? ]
1 - i
8 - :
- 0=0.78 £ 0.10 ]
6 %
107 H |
O b. [ —
i ¢
2 - ]
H_.O K ol b b b b b b b by o \, L L L , L L L , L L L , L L L , L L L ]
10 20 30 40 50 60 70 80 90 100 40 60 80 100 120 140

Q* (GeV?) W (GeV)

W -dependence matches E behaviour of hard meson production
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DVCS: Comparison with GPD Calculations

ZEUS ZEUS

— R\ L L L LN LN BN BN — , , T ,
= e ZEUS (prel.) 96-97,99-00 e "p 214 - fel.) 96-97,99-00 e *p _
) — CTEQ6L — CTEQ6L a=0 | o) I _ TEO6L a= |
i\ N — CTEQ6M -~ CTEQ6M a=0 = A CTERS mlo ;
1 _ MRSTL m 112 ¢ CTEQ6M a=0 1
*W ..... _/\_mm|_|7\_ | *w,l H - H
5 : 510 - -/ MRSTM -
1r E 2 2 |
g ] 8 5<Q° <100 GeV 7
B ] Q%= 9.6 GeV? I -]
H ‘ 6 .
-1 H
H_.o m\ b. ----I--.-II\\.
- 40 <W <140 GeV e gl S :
- W=89GeV 2 o T IR
Ho IM Ll 7 | - 7 - 7 L1l 7 - 7 I 7 - 7 I 7 I 7 I O \7||||,||l| 1 7 1 1 7 1 1 7 1 1 7 1 1 |

10 20 30 40 50 60 70 80 90 100 40 60 80 100 120 140

Q? (GeV?) W (GeV)

‘ Precise new data have potential to constrain GPD’s

e Calculations by Freund & McDermott, based on LO (solid) and NLO (dashed) PDF’s

e explore correlation parameter a. ~ z-range over which quarks are correlated
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Hadronization: The Long-Rang e Dynamics of Confinement

What do we know?

The Lund String Model
Phenomenlogical description in terms of

colour-string breaking and parton clustering.

Evolution of the fragmentation functions

1000 _ _ _ _

1000
1000 [
1000 mm
100

10

0.1

0.01

A Tool for hadron structure studies
(e.g. flavour-tagging)
D,=D" =D} =.

u

Dy =D =D =.

u

What are we not so sure about?

e Spin transf er:
Is the spin of the struck quark
communicated to the hadronic final state?

e Single-spin asymmetries
How important is intrinsic transverse
momentum?
= phase coherence?
=> access to new structure functions

e Space-time structure
How long does it take to form a hadron?
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The Space-Time Structure of Fragmentation

By embedding the fragmentation process within a nucleus, one can use the nuclear
radius as a yardstick against which to measure the time scale of hadron formation

-~ 5fmMm ——»

Single Time Scale Model

Postulate: hadron formation time is a
constant (73), apply Lorentz boost

mb 4%
Tf — 3~|§ — q.w|3s
h h

— 74 depends on v, and z, mp,

final state interactions with nuclear medium R"(z,v) =
alzv) N.dz dv N.dz dv

Once hadron is formed, will be suppressed by A 1 %Zwv 1 &N,
(wa)
= study hadron multiplicity ratio A D
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(
Hadron Atten uation at HERMES Awmy_@m\m

v dependence shows the expected However z dependence does not
Lorentz behavior ...

o 105 | HERMES 1.05
L . m h,u>7GeV
e S
‘ . : + mh\: ;L Omu>8Gev.
0.95 - . ¢ o I . ., [
Fe | | e \\W‘
09 1) F 0.95 W
0.85 n | 09
L n , L
0.8 W " 0.85 -
075 | *® . ® "N hadrons | — B. Kopeliovich and J. Nemchik
§m>%1 _\59,‘@3@ 08 ._..ﬁHCNH:\_zD:
0.7 - PRELIMINARY o ) ﬂHcAH-NvH:\Bs
r w,v\w. c30ﬂ39.5¢@,m 3% Am‘,@Nv N ,AEXQ | | | 0.75 T S T S S NS EO N R
0.65 8 10 12 14 16 18 20 22 0 0.2 0.4 0.6 0.8 1
\% _HOQ/\”_ 7

Gluon Bremsstrahlung Model At high 2:

struck &%N hadron — few gluons radiated
quark f — short formation time 7; = v(1 — 2)7/my,

— larger attenuation by nuclear rescattering
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f
. = —
Hadron Formation Time ﬁ%

Good fits obtained with the gluon New RICH detector allows separate
bremsstrahlung parametrization measurements for 7, K, p
— . S a 12 v HERMES PRELIMINARY
Tf =Cn- V(1 — 2) o T \
x -
3 08 i & 5B 2
oLt " o) [ A A A
_N_<_ mm r.nlu 0.6 L e
I © 12 ey
1 — R i w
| et et
0o L +\ﬁw\@ . 506 ¢ : o
I yﬁ.\.\ g E12f
L7 1EXP R _
0.8 |- z>0.2 08 I
| | | | O@ -
8 10 12 14 16 18 20 22 04 L
S
v (Gev) A R x<0>i3
For pions 061 ¢ o 5 * * % 1O
04 & & ° < g o a " ZU._
— r L o |2
Crt = 1.4+ 0.21mM/GeV-c o2l @< ot ooy . O
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v [GeV]
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1.1

1.05 | <v>=11.5-13.4GeV, <Q*> =2.6-3.1 GeV* _
Ll ]
zQ,o.om i
0.9
<085
G 08
5 I
~=<0.75
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0.7 + O ™HERMES \
0.65 B ® ™Kr HERMES (Preliminary) —
O @ i PRI N RN AR RN NN H I NS N T BRSNS R R
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Z
N T T T T T T T T i T T T T i T T T T i T T T i T T T T
Z\/Ho I= 0 UA1 v/5=200 GeV E
© - p+pbar — (h*+h7)/2 ]
_v “_.O E DD =, =
1 - al PP —eme-e VS=200 GeV :
1L % vPHENIX 7° ‘W
E m
N10
3 -2C ]
Z | .
i
/T -3¢ ]
o 10 & AutAu =
M,Ho.b V=130 GeV kﬁ,JT ]
~ E 4B/ dx=0 gl N0
o |mu N N ]
© 10 b --- dE/dx=0.25GeV/fm “~. ~
HO.@ | | | | 7//, |
0] 1 2 3 4 5 6

or (GeV/¢c)

|I<|l

f
yfm Parton Energy LOSS | pH ENIX
I

<mm calculated from HERMES 7= data:

X.N. Wang, hep-ph/0111404

—h 1 z
D ~ D
fA~ T aE P \T oA/
= dFE/dz ~ 0.3 GeV/fm

<= and from 7' yield in Au + Au
collisions at PHENIX: dFE/dx =~ 0.25 GeV/fm

but after correction for expanding system:

= dFE/dr ~ 12 GeV/fm

Suggests that gluon density in Au + Au at
RHIC is 40 x that inside cold nuclear matter
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Conclusions and Outlook

Recent theoretical and experimental progress has given us the tools to
explore non-per turbative QCD phenomena ata new level of detall

® Deep Inelastic Scattering
mmpP explore spin-dependence of distribution and fragmentation functions

® Hard Exclusive Processes
— scattering subprocess at hard scales understood in terms of pQCD ...
mmdP cxplore GPD’s = map of the proton wavefunction

Can we achieve the same level of under standing here as with Fy?

The Next Round of Experiments

® New Experiments: COMPASS and RHIC-spin commissioned in 2001
= precise data on quark and gluon polarization soon forthcoming!

® HERMES Run 2 with transver se target : focus on transversity

® H1 and ZEUS with spin rotator s :
polarized beam — DVCS interference effects at the highest scales
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