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Generalized Parton Distributions Generalized Parton Distributions 

Quantum phaseQuantum phase--space space „„tomographytomography““
of the nucleonof the nucleon

GPD
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Wigner distribution in QM phaseWigner distribution in QM phase--spacespace

A classical particle is defined by its coordinate and A classical particle is defined by its coordinate and 
momentum (x,p): momentum (x,p): phasephase--spacespace
A state of a classical identical particle system can be A state of a classical identical particle system can be 
described by a described by a phasephase--space distribution f(x,p).space distribution f(x,p). The time The time 
evolution of f(x,p) obeys the evolution of f(x,p) obeys the BoltzmannBoltzmann equation.equation.
In quantum mechanics, because of the uncertainty principle, In quantum mechanics, because of the uncertainty principle, 
the phasethe phase--space distributions seem useless, butspace distributions seem useless, but……
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Wigner distribution in QM phaseWigner distribution in QM phase--spacespace

Wigner introduced the first phaseWigner introduced the first phase--space distribution space distribution 
in quantum mechanics (1932)in quantum mechanics (1932)
Wigner function: Wigner function: 

spatial projection

momentumprojektion

Example of a Wigner function
(here: a particle passing an 
interferometer): 
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Wigner functionWigner function

Integrating Integrating W(x,pW(x,p)) over over x x results in the results in the momentummomentum density. density. 
Integrating Integrating W(x,pW(x,p)) over over p p results in the results in the probabilityprobability density. density. 
Any dynamical variableAny dynamical variable can be calculated from it!  can be calculated from it!  

The Wigner function contains the 
most complete (one-body) info

about a quantum system.  !
In analogy, a Wigner In analogy, a Wigner operatoroperator can be defined that describes can be defined that describes 
quarksquarks in the in the nucleonnucleon
The reduced Wigner distribution is related toThe reduced Wigner distribution is related to
Generalized parton distributionsGeneralized parton distributions (GPD(GPDss))
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Integrating over x: Integrating over x: Parton 
momentum information is lost, 
spatial distributions = form factors
remain

What is a GPD?What is a GPD?

A proton matrix element which is a hybrid of elastic form factorA proton matrix element which is a hybrid of elastic form factor
and Feynman distributionand Feynman distribution
Depends on Depends on 
xx: : fraction of the longitudinal momentum carried by partonfraction of the longitudinal momentum carried by parton
t=qt=q22: : tt--channel momentum transfer squaredchannel momentum transfer squared
ξξ: : skewness parameterskewness parameter

There are 4 important GPDs (among others):There are 4 important GPDs (among others):
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Limiting cases: Limiting cases: 

tt→→0: 0: Ignoring the impact 
parameters leads to ordinary 
parton distributions
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33--D contours of quark distributions for various xD contours of quark distributions for various x

Fits to the known form factors and parton distributions 
with additional theoretical constraints (e.g. polynomiality) and model assumptions
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Quarks in quantum mechanical phaseQuarks in quantum mechanical phase--spacespace

Generalized parton distributions (GPDs) are reduced Wigner Generalized parton distributions (GPDs) are reduced Wigner 
functionsfunctions →→ correlation in phasecorrelation in phase--space space →→ e.g. the orbital e.g. the orbital 
momentum of quarks: momentum of quarks: 

Angular momentum of quarks can be extracted from GPDs: Angular momentum of quarks can be extracted from GPDs: 

X. X. JiJi relation:relation:

GPDs provide a GPDs provide a unified theoretical frameworkunified theoretical framework for many for many 
experimental processesexperimental processes
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Universality of GPDsUniversality of GPDs



Hard exclusive reactions Hard exclusive reactions 

Experimental access to GPDsExperimental access to GPDs
Hand
bag
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Hard exclusive reactionsHard exclusive reactions

QCD handbag diagramQCD handbag diagram

Deeply virtual Compton 
scattering (DVCS)

Hard exclusive meson 
production (HEMP)

Quantum number of final state selects different GPDs:
Vector mesons (ρ, ω, φ): H  EH  E
Pseudoscalar mesons (π, η): H  E H  E 
DVCS (γ) depends on H,  E, H,  EH,  E, H,  E~~ ~~

~~ ~~
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Handbag diagram separates Handbag diagram separates 
hard scattering process hard scattering process 
(QED & QCD)(QED & QCD) andand

nonnon--pertubative structure of pertubative structure of 
the nucleon (GPDs) the nucleon (GPDs) 

Deeply virtual Compton scattering (DVCS)Deeply virtual Compton scattering (DVCS)

DVCS is the cleanest way DVCS is the cleanest way 
to access GPDs: to access GPDs: γγ**NN→→ γγNN

GPDs = probability amplitude for a nucleon to emit a parton withGPDs = probability amplitude for a nucleon to emit a parton with
((xx++ξξ) and to absorb it with momentum fraction () and to absorb it with momentum fraction (xx--ξξ) ) 
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Factorization theoremFactorization theorem
is proven! is proven! 
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DVCS and BH Interference (DVCS and BH Interference (epep→→ee‘‘γγpp))

DVCSDVCSBetheBethe--Heitler Heitler 
(BH)(BH)
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Use BH as a vehicle to 
study DVCS. 

DVCS-BH interference I gives 
non-zero azimuthal asymmetry

FF
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Laser and nucleon holographyLaser and nucleon holography

(Belitsky/Mueller)
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Azimuthal dependenciesAzimuthal dependencies
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Measured azimuthal asymmetriesMeasured azimuthal asymmetries



M. Düren, Univ. Giessen 18

Connection to GPDsConnection to GPDs
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GPD ModelsGPD Models



Experimental resultsExperimental results

AsymmetriesAsymmetries
HER-
MES
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DVCS: Selection of exclusive eventsDVCS: Selection of exclusive events
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Beam charge asymmetry (1996Beam charge asymmetry (1996--2005)2005)
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Beam spin asymmetry (1996Beam spin asymmetry (1996--2005)2005)
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Beam spin asymmetry (1996Beam spin asymmetry (1996--2005)2005)
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Deuterium Deuterium –– Hydrogen comparisonHydrogen comparison
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Transverse target spin asymmetry (TTSA)Transverse target spin asymmetry (TTSA)
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Transverse target spin asymmetry (TTSA)Transverse target spin asymmetry (TTSA)
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Angular momentum: model dependent resultAngular momentum: model dependent result



Experimental resultsExperimental results

Many results Many results 
on exclusive meson productionon exclusive meson production……

…… here only one examplehere only one example

π+
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Exclusive Exclusive ππ++ differential cross differential cross sectionsection



HERMES recoil detectorHERMES recoil detector

Hard exclusive scatteringHard exclusive scattering
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Hermes with recoil detectorHermes with recoil detector
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HERMES recoil detectorHERMES recoil detector
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Silicon Detector
● Inside beam vacuum
● 16 double-sided sensors
● Momentum reconstruction & PID

1 Tesla superconducting solenoid
Photon Detector
● 3 layers of tungsten/scintillator
● PID for higher momenta
● detects

Scintillating Fiber Detector
● 2 barrels
● 2x2 parallel and 2x2 stereo layers
● 10° stereo angle
● Momentum reconstruction & PID

Novel techniques: Recoil detector for exclusive physicsNovel techniques: Recoil detector for exclusive physics
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Recoil proton identificationRecoil proton identification



Universality of the conceptUniversality of the concept……

Future
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π, ρ, φ, ...

Hard exclusive 
meson 

production 
(large pT)

Handbag diagram at proton-antiproton annihilation 
(e.g. PANDA/FAIR)

Generalized distribution amplitudes

GPDs at FAIRGPDs at FAIR
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GPDs at LHCGPDs at LHC

diffraktivediffraktive HiggsHiggs produktionproduktion
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Measure multidimensional GPDs in detailMeasure multidimensional GPDs in detail

NowNow as HERA has as HERA has beenbeen retiredretired, , wewe needneed a a 
newnew polarizedpolarized high high luminosityluminosity ee--p colliderp collider

e.g. at FAIR:
using the HESR proton storage ring
(+ e.g. MAMI + ELSA)
and the PANDA detector
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Good
bye

Conclusions and OutlookConclusions and Outlook

New concepts of New concepts of GPDs, Double Distributions, etc.GPDs, Double Distributions, etc. are used to are used to 
describe describe hard exclusive reactionshard exclusive reactions, especially , especially DVCS asymmetriesDVCS asymmetries
HERMESHERMES and and JLabJLab have done first explorative measurements of have done first explorative measurements of 
the the orbital angular momentum of quarksorbital angular momentum of quarks in the proton in the proton 
Results are consistent with Results are consistent with modelsmodels of the nucleon of the nucleon 
and with and with lattice QCD lattice QCD calculationscalculations
New exclusive data from HERMES using New exclusive data from HERMES using 
the the recoil detectorrecoil detector are being analyzed are being analyzed 
GPDs are also important for experiments GPDs are also important for experiments 
at FAIR and LHCat FAIR and LHC
A precision mapping of GPDs requires A precision mapping of GPDs requires 
a a polarized high luminosity polarized high luminosity epep--collider,collider,
e.g. at FAIRe.g. at FAIR


