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1 Flavor Structure

flavor dependence of proton
distribution functions

2 High � Low ��� Transition

quark-hadron duality and
generalized GDH sum rule

3 Transversity

novel distribution and
fragmentation functions

4 Generalized Parton Distributions

mapping out the proton
wavefunction
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Structure Functions: Why Bother?

Proton Structure Function
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Important features:

� Perturbative and non-perturbative
QCD

� Essential input for all hard processes

Challenges:

� Spin and flavor structure

� Small and large� behavior

� Transition from high-
 � to low-
 �

� New types of structure functions and
fragmentation functions

� Models and lattice calculations for
PDFs
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Flavor Structure of the Nucleon Sea

Is 
��� 
� in the proton?

� ��� �� ����� �����  "! � #� ���   $� %� � � & (if '(� '% )

Violation of the Gottfried Sum Rule
observed by NMC

) *�+ ,-. /0 1 ,- ,. 2

'% $ '( flavor asymmetry confirmed in
Drell-Yan experiments
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Flavor Structure of the Nucleon Sea
3 -dependence of

45 6 47
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Several proposals to extend the measurements of

45 6 47 to larger 3
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Flavor Structure of the Proton Sea

Meson Cloud Models

p+ meson

"valence" "sea"

u
u
d d

u
d

u d

Quark sea from cloud of :<;

mesons: = >?

Chiral-Quark Soliton Model

@ quark degrees of freedom
in a pion mean-field

@ nucleon = chiral soliton

@ one parameter:
dynamically-generated
quark mass

@ expand in A BDC E : = >?

Instantons

uLRu

dR

dL

instanton
vertex

’tHooft instanton
vertex

F ? G? H = G = H

I = >?

These models also have implications on

J asymmetry between K LNM O and PK LM O

J flavor structure of the polarized sea
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Is Q RTS UWV XQ RTS U ?

meson cloud model
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Barone et al., hep-ph/9907512

Is Q RTS UDb XQ RTS U at largeS ?
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Is c dTe fWg hc dTe f ?

Dimuon Production ini j Fe and ki j Fe DIS from CCFR and NuTeV
i lm n op lq

ki l km n osr l kq

Results from NuTeV/CCFR

Goncharov et al., hep-ex/0102049

m t�u v
km t�u v

m t�u vxw yz {|} ~� ��� �r ~� ��� �� t�� � u vp �� � � km t�u vxw yz� y| ~� ��� �r ~� ��� �� t� � u vp �� ��

Parity-violation electron scattering is also sensitive tom � km asymmetry
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� �T� ��T� �T� � at large�

��� ���� �� ��� � ��� �¡  ¢£ �¡  ¢ �� � � � � �  ¢£ �¡  ¢ � for large�

Model dependence of extracting ¤¦¥ § from ¤ � §

¨

Need to measure� � � without using deuteron
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Model predictions at large ©

ª«­¬ ® ¯ °±²´³ ® µ³ ¶ ·¸¹ º »¸ ¼¹ º½ °± ° ¾³ ® µ³ ¶ ·¸¹ ° »¸ ¼¹ ºÀ¿ °Á³ Â µ³ ¶ ·¸¹ ° »¸ ¼¹ °

¿ °Á ¶ ® µ³ ³ · ¸¹ ° »¸ ¼¹ º ½ ±² Á ¶ Â µ³ ³ ·¸¹ ° »¸ ¼¹ °

1) SU(6) symmetry

¶
³ Ã Ä
Å

ÆÈÇ ÉÆËÊ É
Ã Å

Ì
2) Dominance of Í ¯ Î diquark configurations (Close, Carlitz)

Ignoring terms with Í ¯ Ä diquarks, then

¶
³ Ã Ï Æ�Ç ÉÆËÊ É
Ã Ä

Ð

3) Dominance of Í Ñ ¯ Î diquark configurations (Farrar, Jackson)

Ignoring terms with Í Ñ ¯ Ä diquarks, then

¶
³ Ã Ä
Ò

ÆÈÇ ÉÆNÊ É
Ã Ì

Ó
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Ô ÕTÖ from W production at CDF

production in ×ÙØ Ú× collision
ÛÜ ÝÛ­Þ ßáà Ü â
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ê�ë ì êîí asymmetry is
sensitive to ï ìñð
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Abe et al., PRL 81 (1998) 5744

“modified” Ô ÕTÖ PDF
fits the data better
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ò óTô from charged-current DIS at HERA

CC DIS at HERA
õ÷ö ø ù­ú û ü øý

þ õ ö øÿ ú û ü ø� �

õ�� ø ù­ú �û ü øý

þ õ � ø� ú �û ü øÿ �

hep-ex/0212043
� ô � � ò �

Data indicate thatô � at large � is smaller than PDF parametrizations

More data are forthcoming
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� �
	 � from Drell-Yan

Recent results from Fermilab E866

Proton-induced Drell-Yan is
sensitive to � �
	 �

l
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Data indicate that � at large	 is smaller than PDF parametrizations
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Implication on % &
' () * &
' ( at large' ?

Preliminary result from CTEQ (W.K. Tung, DIS2003)
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+ ,
- measurement with neutron tagging

BONUS at Hall-B expected .0/ 1 2 .43 1 sensitivities
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• Q2 = 1.8 GeV2

• Q2 = 2.2 GeV2

• Q2 = 2.6 GeV2

• Q2 = 3 GeV2

• Q2 = 3.6 GeV2

• Q2 = 4.4 GeV2

• Q2 = 5.2 GeV2
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Quark-Hadron Duality

Bloom-Gilman Duality 5 6 Averaged 7 8 extracted at the resonance regime is
consistent with 7 8 extracted at the DIS regime

7 8 on H, D, Fe EMC effect clearly observed

New Data from JLab

Quark-hadron duality could help determining 9 : at large ;
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Moments of Quark Distributions in Lattice QCD

<>=@? A BDC EF G =@? HI H = JLK HNM O J? PF QI H = J J>R =

<>=@? AS BDC EF G =@? HUT I H = JLK HM O J? PF T QI H = J J>R =

< =? AV BC EF G =@? HXW I H = JK HM O J? PF W QI H = J J>R =

Parton Distribution Functions

unpolarized: I H = JC IDY H = JLK IDZ H = J
polarized: T I H = JC I[Y H = J M I Z H = J
polarized: W I H = JC I\ H = J M I] H = J

^ Moments for _ `ba have been
calculated

^ Comparison of quenched versus
full QCD lattice calculations

First moment of c andR

Dolgov et al., hep-lat/0201021
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Chiral Extrapolation of Moments of Quark Distributions

d>egf hji kf lUm no pq rts uvxw y z {}| ~{�| ~�� �| � n� f { | ~{�| ~� { | �

o pq r i ��� �� �| ���� v � ~ �| � � f i �� � � kf lm � � uo pq r �

� Linear extrapolation to the pion
mass gives results inconsistent
with the experiment

� An extrapolation formula based
on the leading nonanalytic
behavior imposed by chiral
symmetry gives excellent
agreement

Moments of � � �

Detmold et al., hep-lat/0108002
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Progress in Spin Structure Function Experiments

� First results on ��� � �>� �  � � ¡ � � �   and � ¢ � � � from HERMES

� First JLab results on spin-dependent structure functions

£ ¤   £ ¥   ¦ ¤   ¦ ¥ and the Generalized GDH integral at low § ¥

� Observation of Azimuthal Single Spin Asymmetry
Promise for study of new structure functions and fragmentation functions

� Observation of DVCS at HERA and Jlab
Generalized Parton Distributions

� COMPASS starts data-taking
160 GeV ¨ DIS

� Successful commissioning of RHIC-spin
Measurement of £ © at ª ¢¬« ­ ® ® GeV
First data collected on £ ¯ ¯
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Spin Structure Function: °± ²
³ ´

QPM: µ¶ ·>¸ ¹jº ¶ » ¼¾½ »¼¾¿ À ¼ ·¸ ¹Á ¿ À ·¸ ¹jº ÀÃÂ ·¸ ¹NÄ ÀÆÅ ·¸ ¹

¸ µ¶ for Ç , È , and É Ê ½
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Scaling violation of °ÎÍ± is clearly observed!
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Moments of ÏÎÐ Ñ and ÏÓÒ Ñ

Integrals of Ï Ð Ñ and ÏÒ Ñ are now well determined

Global PQCD fit to ÔÕ Ö>× ØÙ Ú Û gives the following values atÙ Ú Ü Ý GeV Ú :
PL B493 (2000) 19

Þ Proton first moment:

ß Ð ÑÃà

Ñ
á ÏÐ Ñâ
ã ä
å ã à æçè è éê æç æ æë ê æç æ æì

Þ Neutron first moment:

ß Ò Ñ à Ñ
á ÏÒ Ñ â
ã äå ã à í æç æî éê æç æ æî ê æç æ æ é

Þ Bjorken Sum Rule ( ß Ð Ñ í ß Ò Ñ à Ñïð ñð ò )

ß Ð Ñ í ß Ò Ñ à æç è ì óê æç æ æô ê æç æ æì
(in agreement with prediction: æç è éõ ê æç æ æî )

How do öø÷ ù and öûú ù vary as a function of ü ?
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ý Dependence of þÿ � and þ � �

GDH sum rule: �� � ��� 	 
�
��� ��� 	 ��
��� � ��� �� � � � � � �� ��� �

Generalized GDH sum
� � ! �" � �$# � � � �� 	 
� �� %" � ��� 	 �� �� %" � � �&� �� � ' ( � � �) � * '�" � �

JLab Hall-B Prelim Result on *,+ ' JLab Hall-A Result on �.- �  ! � " � �
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New measurements covering even lower ý are underway
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Flavor Structure of the Helicity Distributions

Polarized Semi-Inclusive DIS (SIDIS)
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DIS results
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Flavor Structure of the Helicity Distributions

Flavor asymmetry of
the polarized sea?
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I Measurement of Q
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provide crucial new information
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Transversity

Three twist-2 quark distributions:

\ Density distributions: ] ^`_ abdc egf ]ih ^_ ekj ]il ^_ e

\ Helicity distributions: m ] ^_ ab c egf ]ih ^_ e�n ]il ^_ e

\ Transversity distributions: ] ^`_ ab c egf ]o ^`_ ej ]p ^_ e

Some characteristics of transversity

\ q ] ^`_ egf m ] ^_ e for non-relativistic quarks

\ q ] and gluons do not mixf r bdc -evolutions for q ] and m ] are different

\ Chiral-odd, not accessible in inclusive DIS

It takes two chiral-odd objects to measure transversity

\ Drell-Yan (Doubly transversely polarized p-p collision)

s t tvu wyxc w q ] w ^_ e q{z ] w ^_ e two chiral-odd q ] ^_ e

\ Semi-inclusive DIS

|}u ~���� � ~ |�� ~ � � ~ � ~ ��

Chiral-odd distribution function (transversity)

Chiral-odd fragmentation function (Collins function)
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Observation of Single-Spin Azimuthal Asymmetry

��� �W� ��� ��

longitudinally polarized target
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�`���   ¡`¢ £ ¤ ¥ �§¦ ¥�¨ ¥ ¤© � ª�« ¬ ­ ¥® ©`¯ ª`° twist-3

± £ ² ¥ �³¦ ¥� ¨ ¥ ®© � ª�« ¬ ­ ¥® ©`¯ ª ° transversity
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SSA and Transversity
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´ Transversity is expected to peak around µ}¶ ·¸ ¹ (valence quark effect)

´ º -quark-dominance implies large effect for »½¼ and »�¾ , but not for »À¿

´ Effect should grow with Á and with ÂÃ

Collins fragmentation function appears to be sizable,
allowing for the extraction of transversity Ä Å ÆyÇ È
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HERMES, PL B562 (2003) 182

É New data on longitudinally
polarised deuterium target

É ÊÌË Í Ê�Î Í ÊZÏ and Ð Ë are
detected

É Data well described by
models of transversity

É Contribution from another
origin (Sivers effect) can not
be disentangled, yet..
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Collins versus Sivers Effect

Ñ sin Ò Ó�Ô Õ ÖZ×³Ø Ö,Ù Ö ÚÛÝÜ Þàßâá ã ÖÚ ÛÝä Þæå Transverse distribution function ç Collins frag. function

è Õ Ö× Ø Öêéá ë ÖÚìîí ÖÚ Û ä Þ å Sivers distribution function ç ordinary frag. function

Single spin asymmetry observed in ïð ïWñ òó (200 GeV ïð ) could be due to:

Sivers Effect

òÌô
ò5õ

ò�ö
E704

Collins Effect
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Collins Function: Correlation between the quark’s transverse spin and the
transverse momentum of the leading hadron

Sivers Function: Correlation between the quark’s transverse spin and transverse
momentum within the proton
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First ÷ ø Result from STAR

STAR hep-ex/0212013

—– Collins effect

—– Sivers effect

Experiments at HERMES, COMPASS, and RHIC-spin
will shed much light on transversity



Jen-Chieh Peng, CIPANP 2003, New York City

Generalized Parton Distributions

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

Cleanest example: Deeply
Virtual Compton scattering

DVCS

x x

x x

Q
t = D

2
2g* g

x + x −

P (1 +   ) P (1 −   )

“handbag diagram”

Four new distributions:

helicity conserving ù ú û`ü ý þ ýWÿ � ý � û`ü ý þ ýWÿ �

cchecc helicity-flip ù �ú ûü ý þ ýÿ � ý �� ûü ý þ ýÿ �

Bjorken � : average quark momentum
fraction

“skewing parameter” þ

ù mismatch between quark momenta
� sensitive to partonic correlations
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Connection to other Observables

� DIS structure functions: forward limit

� �	� 
�� 
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� Elastic form factors: first moments
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� Angular momentum "$# % &')( * +, # !
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�
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GPD’s offer a complete description of the proton wavefunction
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Modelling the GPD’s
0 1 –dependence from elastic form factors

0 2 – (skewedness) and 3 – dependence

4 interpolate between 2 regions:

5 6 3 687 2

4 3 9 : 3 ; both7 < (quarks)
or both = < (antiquarks)

> PDF’s recovered in limit 2 4 <

5 6 3 6 = 2
4 see correlation

between ? and ?

> “meson-like”
distributions as

2 4 @

* gg

pp

hi there

x x

x x

Q
t = D

2
2g* g

x + x −

P (1 +   ) P (1 −   )

Model of ACB D 3 : 2 : 1FE < G (forward
limit) Vanderhaeghen, Guichon, Guidal, PRD 60 (99)

094017

H(x,  ,0)x
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DVCS Cross-Section from H1 and ZEUS

At high energies, DVCS H BH I measure cross-section ...
high-energy DVCS explores gluon GPD’s ( JLK M NPO Q )

ZEUS
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ZEUS 96-00 e+p (95.0 pb-1)
ZEUS 98-99 e- p (16.7 pb-1)
Wd fit to e+p data

Q2 = 9.6 GeV2

e+p: d=0.75 ± 0.15(stat.)
+0.08
- 0.06(syst.)
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ZEUS 96-00 e+p (95.0 pb-1)
ZEUS 98-99 e- p (16.7 pb-1)
Q-2n fit to e+p data

e+p: n=1.54 ± 0.07(stat.) ± 0.06 (syst.)

(a)
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W = 89 GeV

(b)

hep-ex/0305028

DVCS xsec agrees well with GPD-based calculations
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DVCS: Beam-Spin Azimuthal Asymmetry

At intermediate energies, Bethe-Heitler cross-section R DVCS ...
explore interference , using polarized beams

P P’

e

e’

P P’

e

e’

P P’

e

e’

Beam-Spin Asymmetry

S T U VW XY[Z \ ]_^ \ `

\ ]a \ `

b cd Vfeg h i j kl mYn op W X

Beam-Charge Asymmetry

b qr Vfeg h i j kl mYs tn W X

also measured, at HERMES

HERMES: uvxw y = 2.6 GeVw
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DVCS on D and Ne
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HERMES PRELIMINARY
e
fi  + d → e+ g X    (Mx< 1.7 GeV)

P1 + P2 sin f  + P3 sin 2f

<-t > = 0.20 GeV2, <xB> = 0.10, <Q2> = 2.5 GeV2

P1 = -0.04 ± 0.02 (stat)
P2 = -0.15 ± 0.03 (stat)
P3 =  0.03 ± 0.03 (stat)
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HERMES PRELIMINARY
e
fi  + Ne → e+ g X    (Mx< 1.7 GeV)

P1 + P2 sin f  + P3 sin 2f

<-t > = 0.13 GeV2, <xB> = 0.09, <Q2> = 2.2 GeV2

P1 =  0.00 ± 0.02 (stat)
P2 = -0.22 ± 0.03 (stat)
P3 =  0.04 ± 0.03 (stat)

Ellinghaus et al., hep-ex/0212019
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Future Prospects for DVCS Experiments

DVCS at JLab 12 GeV Upgrade
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CONCLUSIONS
z Important progress continues to be made in understanding

the spin and flavor structure of the nucleon

z Promising new areas of research (transversity, new types
of structure functions and fragmentation functions,
Generalized parton distributions, etc.) are being identified
and vigorously pursued

z New results from many accelerator facilities (HERA, RHIC,
JLab, RHIC, CERN, Fermilab, SLAC, etc.) are anticipated
in the near future


