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Let's keep it inside, then.
We may access the orbital motion.

4. Generalized Parton Distribution functions
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4. Generalized Parton Distribution functions

● Hard Exclusive Production and GPD
● Marriage of PDF (DIS) and Form Factor (Elastic Scattering)

– Deeply Virtual Compton Scattering

● Experimental highlights
● COMPASS II
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Deep Inelastic Scattering

q

P

p p’
Deep Inelastic Scattering

Parton distribution: q(x), Δq(x) 

Q 2=−q21 GeV 2
- Scattered off “a free parton”
- Elastic scattering

l-N “Inelastic scattering”
→ braking a target 

だるま落とし
Daruma
Otoshi
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Deep Inelastic Scattering

Proton

Scattered l'High energy lepton

Partons

How many parton with x in the proton? How many parton with x in the proton? 
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Elastic scattering and Form Factor
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Form Factor: F(t), G(t)

Elastic scattering
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Hard Exclusive Production and GPD
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GPD
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Multi-Dim. structure of the proton M. Stratmann, DIS2013M. Stratmann, DIS2013

SpatialSpatial

Momentum
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Hard Exclusive Production and GPD

q q'

P P’

t

Deeply Virtual Compton Scattering:

eN e 'N '

Involved GPDs: 
clean reaction

H , E , H , E

Hard exclusive meson production:

q q'

P P’

teN e 'N '{ ,  ,...}

vector meson:
pseudo-scalar meson:
Meson amplitude involved

H , E
H , E
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DVCS vs Bethe-Heitler e+ N → e '+ N + γ

Bethe-Heitler (BH)

σDVCS≪σBH
@HERMES

DVCS
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Azimuthal angles in DVCS

e
e'

γ

Lepton sc
atte

rin
g plane

Photon production plane

eN  e 'N '
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DVCS cross section

d σ∝

Unpol. target

Azimuthal angle dependence

Beam helicityBeam helicityBeam ChargeBeam Charge
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DVCS asymmetries

ALUAC
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@HERMES@HERMES

Negligible

Sum of quark flavors

Compton form factorsCompton form factors NPB629 (2002) 323-392 
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Beam spin asymmetry

GPD H
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Beam spin asymmetry in 2001
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Beam spin, charge asymmetry
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DVCS with a transversely polarized target

UT: Unpol. Beam
T-pol. Target

UU: Unpol. Beam 
& Target
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DVCS with a transversely polarized target

Target spin asymmetry: UTTarget spin asymmetry: UT

UT →　GPD EUT →　GPD E
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HERMES polarized electron/positron beam

Polarized by itself (Trans.)

Rotate to Long.

electron/positron
Beam spin asymmetryBeam spin asymmetry

Beam charge asymmetryBeam charge asymmetry
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Measurement of exclusive production at

e

e+ N → e '+ N + γ

Missing-mass spectrum

1996 ~ 2005: 
No detector for the recoil proton
Cut on missing-mass spectrum
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DVCS @ HERMES

Year Beam Targets Detector
Charge Helicity Pol. Unpol.

19961996 ++ ++ H(l)H(l) H, D, H, D, 33HeHe
19971997 ++ +, -+, - H(l)H(l) H, D, H, D, NN
19981998 -- +, -+, - D(l)D(l) H, D, H, D, KrKr
19991999 ++ +, -+, - D(l)D(l) D, D, N, KrN, Kr
20002000 ++ +, -+, - D(l)D(l) H, D, H, D, 44He, Ne, KrHe, Ne, Kr
20022002 ++ -- H(t)H(t) H, D, H, D, KrKr
20032003 ++ ++ H(t)H(t) H, H, KrKr
20042004 ++ +, -+, - H(t)H(t) H, D, H, D, Kr, XeKr, Xe
20052005 -- +, -+, - H(t)H(t) H, D, H, D, XeXe
20062006 -, +-, + +, -+, - H, DH, D RecoilRecoil
20072007 ++ +, -+, - H, DH, D RecoilRecoil
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- Beam spin, charge asymmetry H PRL87 (2001) 182001 
H JHEP 11 (2009) 083
H JHEP 07 (2012) 032
D NPB829 (2010) 1-27

- Beam spin with Recoil detector H JHEP 10 (2012) 042

- Beam charge asymmetry H PRD75 (2007) 011103

- Longitudinal target spin asymmetryH JHEP 06 (2010) 019
D NPB842 (2011) 265-298

- Transverse target spin asymmetry H JHEP 06 (2008) 066

- DVCS on nucleus targets PRC81 (2010) 035202

DVCS @ HERMES
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Beam spin asymmetry
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Beam charge asymmetry
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DVCS with T-pol. H target
HERMES Collaboration, JHEP06 (2008) 066
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DVCS amplitudes measured at HERMES
S. Yaschenko, DIS2013S. Yaschenko, DIS2013

With Recoil
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● Sub-detectors in 1 T Solenoid
– Photon Detector (PD)

● 3 Tungsten/Scintillator layers, π0, 
π/p

– Scintillation Fiber Tracker (SFT)
● 2 x (2 Parallel and 2 Stereo 

layers), momentum reconstruction 
and π/p

– Silicon Strip Detector (SSD)
● 2 layers of 16 double sided 

sensor, momentum reconstruction 
and π/p 

● Unpol. H&D targets: (2006, 
2007)

HERMES Recoil Detector:
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HERMES Recoil Detector 
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Exclusive production with Recoil Detector

e

e+ N → e '+ N + γ

without Recoil Det.without Recoil Det.
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DVCS amplitudes with Recoil Detector at
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DVCS amplitudes measured at HERMES
S. Yaschenko, DIS2013S. Yaschenko, DIS2013

With Recoil
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Fit to the HERMES data

M. Guidal and H. Moutarde, arXiv:0905.1220K. Kumericki and D. 
Muller, arXiv:0904.0458

♦ HERMES Data
●■ Fit
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COMPASS II

2014

2015 - 2016
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COMPASS polarized beam

Proton beam from SPS
→ secondary hadrons
→ weak decay to muon
→ select muon charge & momentum by magnet
→ polarized muons
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COMPASS II : GPD
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COMPASS II: GPD 
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COMPASS II: GPD, expected asymmetry

SPIN2010, 
A. Ferrero
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COMPASS II: GPD setup

Replace the pol. target

Detect recoiled p
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COMPASS II: GPD 2012 “short” RUN

Vacuum chamber for 
Liq. H target

was tested at Yamagata
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CAMERA study
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