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  Use of lepton and hadron beams 
➠ Polarized beams of  e‐, e+, μ+, μ‐, p   

  Use of proton and nuclei targets 
➠ Targets in many cases are  polarized (p, D, NH3, ND3, 3He,) 

  ElectromagneQc probe: Compton scaSering, real and virtual 
➠ Exclusive, semi‐inclusive or inclusive (elasQc scaSering, inelasQc scaSering) 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N.P. 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Phys. N.P. 

!!!!!!!!

p′p

l
l′

!!!!l
l′

p′p

!!!
!

pp

l′l

X



Resolution of the probe and scale of theory 
tools 

Q2 

χPT OPE

Lattice QCD


pQCD


0 1 10 ∞ 

Models 



  Proton is not pointlike 

  Quarks as consQtuents of hadrons 
➠ Today’s consQtuent quarks 

  Partons as consQtuents of the nucleon 
➠ Today’s current quarks and (gluons) 

  AsymptoQc freedom discovery 
➠ pQCD  works   4 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Friedman, Kendall and 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Gross, 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Quantum Chromodynamics (QCD) and confinement  

What do we know? 
QCD works in the perturbaQve (weak) regime 
Many experimental tests led to this conclusion 

But 
Confinement in QCD is still a puzzle and among the 10 top problems 

in Physics! (Gross, Witten,.…) 
Strings 2000


Lagce, AdS/CFT …….?! 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What are the fundamental degrees of freedom of M-theory (the theory whose low-energy limit is

eleven-dimensional supergravity and which subsumes the five consistent superstring theories) and

does the theory describe Nature?

Louise Dolan, University of North Carolina, Chapel Hill

Annamaria Sinkovics, Spinoza Institute

Billy & Linda Rose, San Antonio College

7.

What is the resolution of the black hole information paradox?

Tibra Ali, Department of Applied Mathematics and Theoretical Physics, Cambridge

Samir Mathur, Ohio State University

8.

What physics explains the enormous disparity between the gravitational scale and the typical mass

scale of the elementary particles?

Matt Strassler, Institute for Advanced Study, Princeton

9.

Can we quantitatively understand quark and gluon confinement in Quantum Chromodynamics and

the existence of a mass gap?

Igor Klebanov, Princeton University

Oyvind Tafjord, McGill University

10.

These ten questions were presented by David Gross at the closing of the conference on Saturday July 15,

2000.

Listen to Prof. Gross's presentation of the problems.

See also:

CMI Millennium Prize Problems, the Clay Mathematics Institute

The Mathematical Problems of David Hilbert, David E. Joyce

David Hilbert, the MacTutor History of Mathematics archive

Unanswered Questions in Physics, Queen's University, Belfast
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 Generalized Parton DistribuQons  
➠ Matrix elements of non‐local operators with quarks and gluon field 

➠ Depend  on two longitud. momentum fracQons 

➠ For unpolarized quarks we have two distribuQons: 

Hq     conserves proton helicity 

 Eq      flips proton helicity 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Introduction Quarks and gluons Impact parameter Spin Conclusions

Generalized parton distributions in a nutshell

! GPDs ↔ matrix elements 〈p′|O|p〉
O = non-local operator with

quark/gluon fields

! p $= p′ ! depend on two longitud. momentum fractions x, ξ
and on t = (p− p′)2

! for unpolarized quarks two dist’s:
• Hq conserves proton helicity
• Eq responsible for proton helicity flip

! if p = p′ ! ordinary parton densities

Hq(x, 0, 0) =
{

q(x) for x > 0
−q̄(x) for x < 0

M. Diehl QCD in hard exclusive processes 3

p = p′ =⇒
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➠ IntegraQng  

Introduction Quarks and gluons Impact parameter Spin Conclusions

Generalized parton distributions in a nutshell

! GPDs ↔ matrix elements 〈p′|O|p〉
O = non-local operator with

quark/gluon fields

! p $= p′ ! depend on two longitud. momentum fractions x, ξ
and on t = (p− p′)2

! for unpolarized quarks two dist’s:
• Hq conserves proton helicity
• Eq responsible for proton helicity flip

!
∫

dxxn GPD(x, ξ, t) → local operators → form factors

∑
q

eq

1∫

−1
dx Hq(x, ξ, t) = F1(t) Dirac

∑
q

eq

1∫

−1
dx Eq(x, ξ, t) = F2(t) Pauli

M. Diehl QCD in hard exclusive processes 4

M. Diehl 



Impact parameter picture: M. Burkhardt 



 ElasQc form factors (with flavor decomposiQon)  
➠ Measured to high momentum transfer using polarizaQon 
techniques, either the beam, the target or the recoil  
parQcle is polarized. 

➠ Light cone frame interesQng for a descripQon consistent 
with DIS and GPDs. 

➠ Measurements have been extended to a larger momentum 
transfer for the proton and the neutron 

➠ New precision measurements at low Q2 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See talks by Liyanage, Kivel, Haegler 



E04‐108 GE
P‐III  E08-007: High Precision Low Q2 GE

P 

E94-017:  GM
N  E02-013:  GE

N 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induced EDM : dy = F2p (0) . e / (2 MN) 

data : Arrington, Melnitchouk, Tjon (2007) 

densities : Miller (2007); Carlson, Vdh (2007) 

Courtesy of Vanderhaeghen 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GE,M
u,p = 3− 4sin2θW( )GE,M

γ ,p −GE ,M
Z ,p

GE,M
d ,p = 2 − 4sin2θW( )GE,M

γ ,p −GE ,M
γ ,n −GE,M

Z ,p

GE,M
s,p = 1− 4sin2θW( )GE,M

γ ,p −GE ,M
γ ,n −GE,M

Z ,p

•  Assuming charge symmetry: 

•  Need three independent observables to extract individual  

 quark contribuQons to form factors  



  Using interpolaQon of G0 forward measurements 

G0 forward/backward 
PVA4: PRL  102 (2009) 
Q2 = 0.1 GeV2 combined 
(G0,HAPPEX, SAMPLE & PVA4) 

Global uncertainQes 

G0 forward/backward 

SAMPLE 

Zhu, et al. PRD 62 (2000) 

Some calculaQons:  
     Leinweber, et al. PRL 97 (2006) 022001 
     Leinweber, et al. PRL 94 (2005) 152001 
     Wang, et al arXiv:0807.0944  (Q2 = 0.23 GeV2) 
     Doi, et al,  arXiv:0903.3232 

Global analysis 

CIPANP 2009 

E. Beise 



  Preliminary results rule out the long-standing dimensional scaling quark prediction. 
  Both 3He and 4He data are in qualitative agreement with the conventional  

nucleon-meson theoretical framework predictions 

16 Talk by J. Gomez 



M. Burkardt 

Total Angular Momentum of the Nucleon (1) 



M. Burkardt 

Total Angular Momentum of the Nucleon (2) 



: input to the old GRSV‐analysis 

: input to the DIS & SIDIS – analysis by DNS 

See talk by de Florian 



not in DNS 



NLO @ Q2=10 GeV2 

χ2
DIS


 χ2
SIDIS


 Δuv Δu Δdv Δd Δs Δg ΔΣ 

206

206


225

231


0.94

0.70
 -0.26


-0.34

0.087
 -0.11
 -0.045
 0.31


0.28


0.813
 -0.458
 0.036
 -0.115
 -0.057
 0.242


For more details see talks 
by: 
De Florian, Boyle and Kabuss  



•   Nearly free neutron target by tagging 
low-momentum proton from deuteron at 
backward angles 

•  Small p (70-100 MeV/c)  
  Minimize on-shell extrapolation (neutron 

only 7 MeV off-shell) 
•  Backward angles (qpq> 110o)


  Minimize final state interactions 

Spectator tagging 

@ x = 1  F2n/F2p  0.25 (d/u     0) for 
scalar diquarks 
F2n/F2p  3/7  (d/u  1/5) for hard gluon 
exchange 

Neutron to Proton ratio at large x 

How: Slow 
(2‐7 MeV) 
proton recoil 
detector 
(radial TPC) 



Q2 

Factorization 

1 GeV2 

σh
l,S ∝

∑

f

σqf ⊗ pdf(x)⊗ fragqf ,g→h(z)

• Beam polarized 
• Target polarized transverse (T) or longitudinal (L) 



 Transverse Momentum DistribuQons 
➠ Semi‐Inclusive DIS, polarized pp, Drell‐Yan 
➠ While there has been a strong acQvity recently with new 
discoveries this avenue started in the 70’s when people 
were looking for “clean test of QCD”. 

•  Transversity (integrated with respect to kT)   Tensor charge 

•  Collins fragmentaQon funcQon 

•  Sivers distribuQon funcQon  ( final state interacQon) 
•  Boer‐Mulder distribuQon funcQon (iniQal state correlaQon) 

24 

Sivers(SIDIS) = −Sivers(Drell − Y an)

An important test  “Universality”  

See M. Burkardt talk for possible connecQons between GPDs and TMDs 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ep  h X 

first observaQon of T‐odd Sivers 

effect in SIDIS (PRL 94, 2005) 

u quark dominance suggests sizable 
u quark orbital moQon  

[arXiv:0906.3918] 

f⊥q
1T (x, kT )⊗Dq

1(z)

See talk by  

cancellaQon for π- : 
    u and d quark Sivers DF of opposite sign  



[arXiv:0906.3918] 

  clear rise with z 

  rise at low Ph 
plateau at high Ph 

T 

T 

p+ dominated by u‐quarks 

       u‐quark Sivers DF < 0 

cancellaQon for p- : 

    u and d quark Sivers DF of 
    opposite sign  

all asymmetries on deuterium target ≈ zero! 

[PLB673(2009)] 



[arXiv:0906.3918] 

T 

T 
? 

proton data 



[Anselmino et al., EPJA(2009),89]  combined analysis:  

LaIce [Haegeler et al.] 

Lu>0 

Ld<0 



spin‐orbit effect (Boer‐Mulders DistribuQon FuncQon): 

correlaQon between quark transverse moQon and transverse spin 



H1fav
⊥ (z)= −H1unfav

⊥ (z)

h1,u⊥ = h1d⊥

Unpol. SIDIS cross secQon:  Boer‐Mulders x Collins FF 

dσ
dxdydzdΦdPh⊥

2 = 2π a2
xyQ2

y2
2(1− ε) (1+

γ 2
2x )[FUU ,T + 2ε(1+ ε) cosΦFUUcosΦ + ε cos(2Φ)Fuucos(2Φ)]



  Calculations of both the Madrid group (medium modification of the proton) and Schiavilla 
et al. (spin-dependent charge exchange in FSI) are shown  

  The inner error bars are statistical only. Total error bars include systematic uncertainties 

  False asymmetries are controlled at an unprecedented level of < 0.005, allowing for the 
1st time a comparison of induced polarization versus pm. 

  The induced polarization data are corrected for acceptance to facilitate the comparison 
to Schiavilla et al. The latter calculation overestimates the data. 

  Both explanations of the data seem to do equally well (or poorly). 

E03-104:  Polarization transfer and induced polarization in 
4He(e,e’p)3H 



Deeply Virtual Compton ScaPering ‐ e1‐DVCS (2) 

E06‐003 

Data set covers 
a broad range 
of xB and Q2 

•  The second part of e1-dvcs took data from 10/12/2008 until 
01/23/2009 and accumulated about 90% of the projected charge.  

•  All 3 particles in the final state [e, p, g (π0)] were detected. 
•  The graphs show kinematical coverage, exclusivity of reaction,  

and missing mass resolution 



Generalized Parton Distributions (GPDs) 

Unprecedented set of Deeply Virtual Compton ScaSering data 
accumulated in Halls A and B and more to come 

See talk by F.X. Girod 



(*) 

Deeply Virtual ρ0, ρ+ production and GPDs   

E‐99‐105 

GPDs model agrees 
fairly with the data 
at low xB (high W) 

ExploraQon of  GPD applicaQon in meson sector. 

L/T separated differenQal cross secQon ρ0: Eur.Phys.J.A39:5‐31 ,2009 
ρ+: In preparation 

Differences of GPD predicQon 
and measurements shrink 
with increasing Q2 at fixed xB. 

See talk by F.‐X. Girod 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Monte‐Carlo simulaQon  
    of BH (dominant) and DVCS 

A}er all cuts, 
Q2>1GeV2 

DVCS  Bethe‐Heitler 

Azimuthal distribution for exclusive single photon events 

φ 

θ μ’ 
μ 

γ* 
γ 

p 

Clear signature of dominant BH events N. D’hose 



Decay Width for Γ(π0→γγ) HALL B 

π0 

Chiral anomaly of 
QCD predicts exact 
value of decay width.   

Primakoff effect 12C 208Pb 

E02-103 Precision measurement of π0  life time  

γ 

γ 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 A large number of new results as this conference 
will prove it. 

  Serious progress in many fronts but sQll a lot to do. 

 More to come for the next meeQng. 

  Stay inspired and share the excitement! 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