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“Transverse extension of partons in the proton probed in the 
sea-quark range by measuring the DVCS cross section”, 
COMPASS, PLB793(2019)188

“Experiments on generalized parton distributions”,
Progress on QCD and nucleon structure in 2019
02/28 – 03/01 in 2019 @ KEK

世話人からのリクエスト世話人からのリクエスト

をベースに、更新
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Contents

● Proton Structure and Generalized Parton Distribution
● Total angular moment of quarks

● Hard Exclusive Production and GPD
● Deeply Virtual Compton Scattering (DVCS)
● Hard Exclusive Meson Production (HEMP)

● Experiments on GPDs
● Focusing on DVCS measurements

● Summary and Outlook 



2020/02/19 第16回 高エネルギーQCD勉強会

How to study “Structure of the proton”

Elastic scatteringElastic scattering

Form factors
→ spatial distribution

Parton distributions
→ momentum distribution

Deep Inelastic ScatteringDeep Inelastic Scattering

⟨r 2⟩=−6
dF(q⃗)

d q⃗2 |
q⃗2→0
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Proton Structure and 
Generalized Parton Distributions

“virtual photon elastic scattering”“virtual photon elastic scattering”

・ Virtual photon probes a quark

・ Momentum transfer
spatial distribution of quarks

+ =
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Generalized Parton Distribution

Nucleon

Parton Parton

(x+ξ) P̄ (x−ξ) P̄

F (x ,ξ , t ,μ2)P P '
t=(P'−P)2
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GPDs, Form Factors, PDFs

∫dx
t→0
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Form Factor GPD PDF
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F2(t )

GA (t)

Gp (t)

H (x ,ξ , t)

E (x ,ξ , t )

~H (x ,ξ , t)

~E (x ,ξ , t )

f 1 q (x )

g1 Δq(x )

f 1 T
⊥

g1T
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Mother distribution of the proton

W (x , k⃗ ⊥ , r⃗ )W (x , k⃗ ⊥ , r⃗ )

∫d x d 2k ⊥

∫d 3r

∫d 2k ⊥ d
3r

∫d 2k ⊥

Form factorForm factor PDFPDF

TMDTMD

GPDGPD

GDAGDA

s←→t

Wigner Distribution
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Total angular momentum of quarks

X.-D. Ji, PRL78(1997)610

X.-D. Ji, PRD55(1997)7114 



2020/02/19 第16回 高エネルギーQCD勉強会

Hard Exclusive Production and GPDs

Deeply Virtual Compton Scattering (DVCS):

Hard Exclusive Meson Production (HEMP)
Deeply Virtual Meson Production (DVMP):

e+N →e ' +N ' +γ

e+N →e ' +N ' +{ρ , π , ...}

Involved GPDs: 
clean reaction

H , E , H , E

vector meson:
pseudo-scalar meson:
Quark flavor sensitivity
Meson amplitude involved

H , E
H , E
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Chiral-odd GPDs

Chiral-even GPDsChiral-even GPDs

Chiral-odd GPDsChiral-odd GPDs

H , E ,~H ,~E

H T , ET ,
~H T ,

~ET

H T

h1
⊥

h1

2H T+ET

DVCS

HEMP
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Exclusive Process and GPDs

Exclusive Drell-Yan Process
Hard Exclusive Meson Production
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Experiments on 
Deeply Virtuial Compton Scattering 
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Experiments on DVCS

H1, ZEUS

HERMES

COMPASS II

JLab

160 GeV μ, 
σ, BSA+BCA

26.7 GeV electron, H, D, A
σ, BSA, BCA, TSA(L+T)

Electron (4 GeV→ 6 GeV→ 12 GeV)
σ, BSA

σ

PRL87(2001)PRL87(2001)
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DVCS vs Bethe-Heitler

DVCSDVCS Bethe-HeitlerBethe-Heitler
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DVCS @ COMPASS II

● Liq. H target + Recoil proton detector
● Pol. Muon @ 190 GeV
● Data taking: 2009 (test), 2012 (pilot), 
  2016-17

● Results from 2012 data are available.
●  Event selection

● Incoming muon (μ)
● single outgoing charged particle (μ’)
● One neutral cluster in ECAL (γ)
● Recoil particle ΔΦ~0 and Δp

T
~0

PLB793(219)188PLB793(219)188

Δ Φ=Φpredicted−Φmeasured

Detected in the 
forward spectrometer

Detected in the 
forward spectrometer

Detected in the recoil 
detector

Detected in the recoil 
detector

μ +p→μ '+ p'+γ

https://www.sciencedirect.com/science/article/pii/S0370269319302710?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269319302710?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269319302710?via%3Dihub
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DVCS @ COMPASS II

PLB793(219)188PLB793(219)188

BH Monte Carlo normalization 
based on integrated luminosity

BH process dominant 
at the middle and large ν

π0 background contributing 
at the small ν

https://www.sciencedirect.com/science/article/pii/S0370269319302710?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269319302710?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269319302710?via%3Dihub
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DVCS cross section @ COMPASS

⟨W ⟩=5.8 GeV/c2

⟨Q 2⟩=1.8(GeV/c)2

⟨x Bj ⟩=0.056

PLB793(219)188PLB793(219)188

https://www.sciencedirect.com/science/article/pii/S0370269319302710?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269319302710?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269319302710?via%3Dihub
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Proton tomography PLB793(219)188PLB793(219)188

https://www.sciencedirect.com/science/article/pii/S0370269319302710?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269319302710?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269319302710?via%3Dihub
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Proton tomography PLB793(219)188PLB793(219)188

https://www.sciencedirect.com/science/article/pii/S0370269319302710?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269319302710?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269319302710?via%3Dihub
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COMPASS 2016 ~ 2017
(2 × 6 months)

10 times more statistics in 2016 ~ 2017

2012

w/ 13% of 2016-2017 data
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DVCS @HERMES, JLab

σDVCS≪σBH @HERMES, JLab
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Differential cross section

d σ ∝

Unpol. target

Beam helicityBeam helicityBeam ChargeBeam Charge
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Cross section asymmetries and GPDs

ALU

PRL 87 (2001) 182001PRL 87 (2001) 182001

AC
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Negligible

Sum of quark flavors

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

e

PRL 87 (2001) 182001PRL 87 (2001) 182001 JHEP 10 (2012) 042JHEP 10 (2012) 042

w/ recoil proton detection

Beam: 27.6 GeV polarized e-/e+ @HERA
1997 ~ 2005: H, D, L-pol H, L-pol D, T-pol H
2006 – 2007: H and D w/ recoil detector
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DVCS @ CLAS

PRL87(2001)182002PRL87(2001)182002

PRC98(2018)045203PRC98(2018)045203

⟨Q2⟩=1.13 ,1.67 ,2.86GeV2

⟨ xBj⟩=0.125 ,0.187 ,0.335

Pol. 4 GeV electron Pol. 6 GeV electron

Δ σΔ σ

σσ
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with a transversely polarized target
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DVCS with a transversely polarized target

UT →　GPD EUT →　GPD E
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DVCS with T-pol. H target HERMES, 
JHEP06 (2008) 066

AC
cos ∝ℜ[ F H ]

AUT , DVCS
sin− S

∝ℑ[H E ∗−E H ∗

 E H ∗− H  E ∗ ]

AUT , I
sin− S

∝−AUT ,I
sin −Scos

∝ℑ[ F1E −F2H ]

→　@ COMPASS++/AMBER, JLab12GeV→　@ COMPASS++/AMBER, JLab12GeV
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Extracted overall asymmetries @ HERMES  

Beam Charge Asymmetries

Beam Spin Asymmetries

Target Spin Asymmetries

Double Spin Asymmetries

Target Spin Asymmetries

Double Spin Asymmetries

T-
po

l. 
ta

rg
et

L-
po

l. 

ta
rg

et

H

GPD

E

~H

PRL 87 (2001) 182001
PRD 75 (2007) 011103
JHEP 11 (2009) 083
JHEP 07 (2012)032
JHEP 10 (2012) 042
NPB 829 (2010) 1

PRL 87 (2001) 182001
PRD 75 (2007) 011103
JHEP 11 (2009) 083
JHEP 07 (2012)032
JHEP 10 (2012) 042
NPB 829 (2010) 1

JHEP 06 (2008) 066
PLB 704 (2011) 15
JHEP 06 (2008) 066
PLB 704 (2011) 15

JHEP 06 (2010) 019
NPB 842 (2011) 265
JHEP 06 (2010) 019
NPB 842 (2011) 265
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DVCS @CLAS

"First Observation of Exclusive Deeply Virtual Compton Scattering in Polarized Electron Beam Asymmetry 
Measurements", Phys. Rev. Lett. 87, 182002 (2001)

"Measurement of Deeply Virtual Compton Scattering with a Polarized Proton Target", Phys. Rev. Lett. 97, 072002 
(2006)

"Deeply Virtual Compton Scattering Beam-Spin Asymmetries", Phys. Rev. Lett. 100, 162002 (2008)

"Longitudinal Target-Spin Asymmetries for Deeply Virtual Compton Scattering", Phys. Rev. Lett. 114, 032001 
(2015)

"Single and Double Spin Asymmetries for Deeply Virtual Compton Scattering Measured with CLAS and a 
Longitudinally Polarized Proton Target", Phys. Rev. D 91, 052014 (2015)

"First Exclusive Measurement of Deeply Virtual Compton Scattering off 4He: Toward the 3D Tomography of 
Nuclei", Phys. Rev. Lett. 119, 202004 (2017)

"Measurement of Unpolarized and Polarized Cross Sections for Deeply Virtual Compton Scattering on the Proton 
at Jefferson Laboratory with CLAS", Phys. Rev. C 98, 045203 (2018)

"Exploring the Structure of the Bound Proton with Deeply Virtual Compton Scattering", Phys.Rev.Lett. 123 
(2019) no.3, 032502
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COMPASS 2016 ~ 2017
(2 × 6 months)
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Expected beam charge spin asymmetries
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DVCS @ JLab 12 GeV 
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DVCS experiments @ Jlab 12 GeV

Hall-A
E12-06-114 Measurements of Electron-
Helicity Dependent Cross Sections of Deeply Virtual 
Compton Scattering with CEBAF at 12 GeV

Hall-B CLAS12
E12-06-119 Deeply Virtual Compton 
Scattering with CLAS at 11 GeV
E12-11-003 Deeply Virtual Compton 
Scattering on the Neutron with CLAS12 at 11 GeV
E12-06-109A Deeply virtual Compton scattering 
on the neutron with a longitudinally polarized 
deuteron target

Hall-C
E12-13-010 Exclusive Deeply Virtual Compton 
and Neutral Pion Cross-Section Measurements in 
Hall C

E12-06-114 preliminaryE12-06-114 preliminary
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DVCS @ Electron Ion Collider
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DVCS @ HERMES

Beam Charge Asymmetries

Beam Spin Asymmetries

Target Spin Asymmetries

Double Spin Asymmetries

Target Spin Asymmetries

Double Spin Asymmetries

H

GPD

E

~H

PRL 87 (2001) 182001
PRD 75 (2007) 011103
JHEP 11 (2009) 083
JHEP 07 (2012)032
JHEP 10 (2012) 042
NPB 829 (2010) 1

PRL 87 (2001) 182001
PRD 75 (2007) 011103
JHEP 11 (2009) 083
JHEP 07 (2012)032
JHEP 10 (2012) 042
NPB 829 (2010) 1

JHEP 06 (2008) 066
PLB 704 (2011) 15
JHEP 06 (2008) 066
PLB 704 (2011) 15

JHEP 06 (2010) 019
NPB 842 (2011) 265
JHEP 06 (2010) 019
NPB 842 (2011) 265p←→

p↑↓

クォーク全角運動量⇔クォーク全角運動量⇔
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GPD extraction from data

GPD based analysis frameworks:
GeParD http://calculon.phy.hr/gpd/
PARTON(EPJC78(2018) 478) https://drf-gitlab.cea.fr/partons/core
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GPD extraction from data

GPD based analysis frameworks:
GeParD http://calculon.phy.hr/gpd/
PARTON http://partons.cea.fr/partons/doc/html/index.html

Data used in global fitData used in global fit

http://calculon.phy.hr/gpd/
http://partons.cea.fr/partons/doc/html/index.html
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Fit with PARTONS (arXiv:1807.07620)

CLAS(2015)

PARTONS18

HERMESCLAS(2015) HERMES

HERA&COMPASS
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Fit with PARTONS (arXiv:1807.07620)
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Summary and Outlook

H1, ZEUS

HERMES

COMPASS II

JLab

160 GeV μ, 
σ, BSA+BCA

26.7 GeV electron, H, D, A
σ, BSA, BCA, TSA(L+T)

Electron (4 GeV→ 6 GeV→ 12 GeV)
σ, BSA

σ

PRL87(2001)PRL87(2001)

ObservationObservation P
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