Status and Prospects
of the Experimental Investigation on GPDs

Nicole d’Hose, CEA Université Saclay-Paris
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Deeply virtual Compton scattering (DVCS) and DVMP

D. Mueller et al, Fortsch. Phys. 42 (1994)
X.D. Ji, PRL 78 (1997), PRD 55 (1997)
A. V. Radyushkin, PLB 385 (1996), PRD 56 (1997)

DVCS: (p—> U p" y

the golden channel
because it interferes with
the Bethe-Heitler process

also meson production
lpo> U p' =, por (I) or JIy...

The GPDs depend on the following variables:

X: average long. momentum ! . . .
8 & The variables measured in the experiment:

EE) QZI a;|3~ 25/(14—5)1

¢: long. mom. difference = xg/(2 — xg)

t: four-momentum transfer
related to b, via Fourier transform

t (Or Gy*y) and (I) (EE’plane/yy* plane)




GPDs and 3D imaging

M. Burkardt, PRD66(2002) q(a,b,)

mapping in the transverse plane 7 ; N\ £
Impact parameter distribution ﬁ% g
el pal ).
X =01 [ j

Proton
moving
towards us

Correlation between the spatial distribution of partons
and the longitudinal momentum fraction



GPDs and Energy-Momentum Tensor and Confinement

GPDs can provide an experimental answer by exploiting their equivalence to the gravitational
form factors of the nucleon energy-momentum-tensor (fundamental nucleon properties)

mass & energy
distribution
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Angular momentum  Force & Pressure
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Deeply virtual Compton scattering (DVCS)

From Goeke, Polyakov, Vanderhaeghen, PPNP47 (2001)

The amplitude DVCS at LT & LO in oL:

1 Reﬁl part Imaginary part
9 = [, dx L) Q’j ("“)-an( — +,€,1)

X—&+ie

t, & fixed

Re H (&,t) = ?jdx Im H (x,t) «d(t)



The past and future DVCS experiments
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JLAB12- do/dt, A, ;. Ay Ay

[ future colliders: EIC...
ATter 2025

| current DVCS da‘[a at colliders:
7 — QO ZEUS- total xsec

O H1- total xsec
B Hi-dg/dt
B HI-A_,

[ current DVCS data at fixed targets:
- B HERMES-A [ A, A,
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@©0O Hall A- total xsec.
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The past and present experiments

Collider mode e-p forward fast proton
HERA: H1 and ZEUS

Polarised 27 GeV e-/e+ Examp|es for EIC
Unpolarized 920 GeV proton

~ Full event reconstruction

Fixed target mode slow recoil proton

HERMES: Polarised 27 GeV e-/e+
Long, Trans polarised p, d target
Missing mass technique

2006-07 with recoil detector

Nah: Hall A, €, CLAS High lumi, polar. 6 & 12 GeV e-
Long, (Trans) polarised p, d target
Missing mass technique (A,C) and complete detection (CLAS)

Bacceptdnce
~d @ detector
v I % =4 -

COMPASS @ CERN: Polarised 160 GeV p+/p- _ e, i
p target, (Trans) polarised target detector i ®: \:
with recoil detection CAMERA 2 7

T
Rejection of background: SIDIS, exclusive ii°/DVCS, dissociation of the proton x



Exclusive Meson production for GPD models

a(p) [nb]

po (— m*rr) production at COMPASS
with Transversely Polarized Target

and 6/10 for

07 visibility, ] - 2 of _ _
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1% Goloskokov, Kroll, EPJC42,50,53,59,65,74 GPD model constrained by HEMP at small x; (or large W)

dominant (longitudinal) y,* p — M p and transv. polar. y;*p—> M p
quark and gluon contributions (GPDs H, E, H;) and beyond leading twist



DVCS and Impact of the beam energy
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Study of t-dependence of
the pure DVCS cross-section (y* p = v p)



Gluon imaging @ HERA

doPVes/dt= eBltl B is related to the transversed size of
the scattering objects

— 10
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Sea quark imaging @ COMPASS
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Sea quark imaging @ COMPASS
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Study of DVCS-BH interference



el SNl A complete set of observables for DVCS
AC m " Results on the proton
Charge o ®Re (FH + §(F,+F,)H +kF,E) Asymmetry measurements
|
e FH  HERMES 27 GeV provided
Y g - a complete set of obersvables
Long|Pol Beam t= I'm (FyH + §(F,+F,)H +kF,E) 1995: start of data taking
UnpolTarget 2001: 15t DVCS publication as CLAS & H1
oot 2007: end of data taking
.- 2012: still important publications
A I'm (k(F,H +[F.E)}) JHEP 07 (2012) 032 A A,
uT e E JHEP10(2012) 042 A,
h—e—i with recoil detection (2006-7)
T, Rek(FHHFRE)
—— + 1998-2017 JLAB 6 GeV
R ~ s )
Ay s AT FEHFEFF)(H +8/(1+E)E) H Very precise data
A T Re (FIHH(FAR)(H +E/(1+OE)
Lo Lo v b T BT

04 02 0 02 04 0.6 k = t/4M2

Amplitude Value



Beam Spin Sum and Diff of DVCS - CLAS

21 bins in (xg, Q?) or 110 bins (x5, Q° t) eSp > e v p
3 months data taken in 2005 - Jo et al. PRL115, 212003 (2015)
-t=0.153 GeV? -t=0.262 GeV? -t=0.447 GeV?
E ) It
[ L & F .
~ Unpolarized crass section models:
-
g 1¢ - VGG Vanderhaeghen,
5 Guichon, Guidal
E I PRL80(1998),PRD60(1999),
< 107k - ~ = PPNP47(2001), PRD72(2005)

1rst model of GPDs

_~——BHonly | |a?=163GeV?|
i constant evolution

HE:0.135

KMS12 «roll, Moutarde,
Sabatié, EPIC73 (2013)
using the GK model

Goloskokov, Kroll,

1 P | _,_,_ .I....I.....I_l_l_‘_ PR T [ TR T TR T (N T TN TN T S T
100 200 300 100 200 300 100 200 300 EPIC42,50,53,59,65,74
@ (deg) ¢ (deg) O (deq) for GPD adjusted on
the hard exclusive

A(d%c) (nb/GeV?)

L 1

KM;Oa - ‘KMIO wesess  Kumericki, Mueller, NPB.(2010) 841 | meson production at
Flexible parametrization of the GPDs based on both a Mellin-Barnes representation
and dispersion integral which entangle skewness and t dependences small Xp

Global fit on the world data ranging from H1, ZEUS to HERMES, JLab  “universality” of GPDs



Beam Spin Sum and Diff of DVCS - HallA

EOO-110 pioneer experiment in 2004 with magnetic spectrometer
X3=0.36 Q= 1.5, 1.9, 2.3 GeV? Defurne et al. PRC92, 055202 (2015)
xg=0.34, x;=0.39 Q%= 2.1 GeV?

X5=0.36, Q’= 2.3 GeV?, -t= 0.32 GeV?

0.09
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, e Int-Twist2
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— -- Bethe-Heitler

== Total ya

=—— Total
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360

e p 2evyp ,/;:{--;\M i
LH2 target _ " l\ o=l .

‘Beam ?\/“—‘ =i

6 GeV r)\ e ;

Unpolarized cross section

Plastic scintillator array

FCS L Re ]

+ dc unpol

o« doPf

—> doP?

do™ +do™

DVCS

+ ¢, +c{}+cl cosgb+c§cos2qﬁ

Helicity Dependent cross section

do™ —do— « dcrfj;“ +Im 7/
— ‘{ sin ¢ + 53 sin 2¢

Further separation with different beam energies (2010 data)
arXiv:1703.09442 submited to

nature — 2 X\~
COMMUNICATIONS N

2 solutions: higher-twist
or next-to-leading order



Valence quark imaging at Jlab and HERMES

Fit of 8 CFFs at L.O and L.T.

Dupré, Guidal, Vanderhaeghen, PRD95, 011501(R)(2017)
Dupré, Guidal, Nicolai, Vanderhaeghen, arXiv: 1704.07330
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Future Beam Spin Sum and Diff @JLab12

with high resolution magnetic spectrometer
+ Calorimeter in Halls Aand C

Exp. 2010: run EQ7-007
2016-17: Hall A: E12-06-119
~2018: Hall C: E12-13-010

Different beam energies for a
Rosenbluth-like DVCS?/Interf. separation

Q’ VS Xg coverage in Halls AandC

““Hall C 11 GeV
[Hall C 8.8 GeV
&10Hall C 6.6 GeV
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Future Beam Spin Sum and Diff @JLab12

Physics Opportunities with o

the 12 GeV Upgrade at Jefferson Lab

Dudek et al., EPIA48 (2012) 7

Pressure Distribution 2%

0015 ‘ E12-16-010
' World data model fit result

Predicted error band
XQSm

Pressure r2p(r) (GeV fm1)

Stability requires
0.8 forces compensate
0.6
0.4
LONG RANGE PLAN 0.2

for NUCLEAR SCIENCE

L1l I N A
068 1 12 14 16 18 2



Beam Charge and Spin Diff. @ COMPASS

Re 3 >0 at H1

R i Predictions with <0 at HERMES
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Present knowledge of the GPD H in global analysis

251 Q% =2GeV? -=- GK |

% 1.5} ImH

& .

8 10l is rather
05| well known
00 } :I
20 + N N = _

2 |2 3
15 | < = —| i
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10 - o I-II-I i .
E O Re H linked
B SEEEEEN - s\t | to the dterm
° e — is still poorly
[ t=—0.3GeV? | 1 constrained
10 10 10 10°

KM15 K Kumericki and D Mueller arXiv:1512.09014v1
GK S.V. Goloskokov, P. Kroll, EPJC53 (2008), EPJA47 (2011)



http://arxiv.org/abs/1512.09014v1

Present knowledge of the GPD E in global analysis

Figure made by D. Mueller and K. Kumericki
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is rather unknown

KM15TK Kumericki and D Mueller arXiv:1512.09014v1
GK S.V. Goloskokov, P. Kroll, EPJC53 (2008), EPJA47 (2011)



http://arxiv.org/abs/1512.09014v1

GPD E at JlIab 11 GeV with CLAS12

Exp E12-11-003: DVCS on the neutron Exp E12-12-010: DVCS on a transversely
: ~ i _ — &0NO — 2O
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GPD E at COMPASS 160 GeV with u+ and p -

Desr = or @) - or (1) I”‘

OCIm(F';]f— F1 f)sin(d)- ¢s) cos ¢

From Pawel Sznajder
Using the PARTONS code
Formalism at LO

GK and CFFs@LO
I[dem with GPDs E =0

VGG and CFFs@LO
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at RHICin 2017 and 2023

2.3.1 Run-2017, Run-2023 and Opportunities with a Future Run
at 500 GeV

Lltra Peripheral Collisions to access the Generalized Parton Distribution E gluon

Two key questions, which need to be answered to understand overall nucleon properties like the spin
structure of the proton, can be summarized as:

for 2017 to 2023 * How are the quarks and gluons, and their spins distributed in space and momentum inside the nucleon?

APortal toth¢ EIC J 45 _ : : e -
/ *  What is the role of orbital motion of sea quarks and gluons in building the nucleon spin?

¢ of © GeV* and 107 < x = 107", A nonzero
asymmetry would be the first signature of a non-
zero GPD E for gluons, which is sensitive to

................. RHIC. with 1ts capability to col-
lide transversely polarized protons at vs=500
GeV, has the unique opportunity to measure 4y
for exclusive J in ultra-peripheral p'+p colli-
sions (UPC) [99]. The measurement 15 at a fixed

spin-orbit correlations and 1s intimately connect-
ed with the orbital angular momentum carried by
partons in the nucleon and thus with the proton
spin puzzle. Detecting one of the scattered polar-
ized protons in “Foman Pots™ (RP) ensures an
elastic process. «ooeveennnnes

11k J/y in 2017 (p"p @ 510 GeV) and 13k in 2023 (p" Au @ 200 GeV)
Important input for the photoproduction of J/y at EIC



Key measurements for imaging partonsiwith EIC

Stage 2
Ee=20 GeVEp=250 GeV

Stage 1
Ee=5 GeVEp=100 GeV

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

SECOND EDITION

Deliverables Observables What we learn Requirements
GPDs of DVCS and J/P, p'j._ O transverse spatial distrib. f dt L ~ 10 to 100 fh_l:_
sea quarks | production cross section | of sea quarks and gluons: Roman Pots;

and gluons

and polarization

asymmetries

total angular momentum

and spin-orbit correlations

GFPDs of
valence and

sea quarks

electroproduction of
7. K and p™, K*

dependence on
quark flavor and

polarization

polarized e~ and p beams;
wide range of rp and QE:_
range of beam energies;
eT beam
valuable for DVCS

Exclusive J/y production
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DVCS publications and data taking over the years

J CLAS
HERMES@DESY el-dvcs Jlab 12 GEV
ALU _ . AL E12-06-114: HallA DVCS diff energies
6 : G O CLAS E12-06-119: CLAS12 DVCS p, pol NH3
CLAS@JLab HERMES| [HERME e1-dves E12-12-001: CLAS12 Time Like Compton and J/y
ALU | I ALU/ACU|l | AuT x-sect, ALU E12-06-108: CLAS12 it°,
& 2 5 - CEETRTr— E12-11-003: CLAS12 DVCS n
H1@DESY ZEUS@DESY H1 HallA . Ha“A. E12-12-007: CLAS12 ¢ meson
Cross-section Cross-section ACU E00_110 )fiir;fr/g\'le C12-12-010: CLAS12 Hdice
y ‘ - ' E12-13-010: HallC DVCS
Zggl 2323 2227 2329 2_10111 29“15 ZPE7 F12-16-010; CLAS12 DVCS 2 energies
2006 C 2008 - 2010 | |2012 2016 2025? E I C
D HallA@Jlab | 9 CLAS HERMES N HERMES
F00-110 el-dves ALU deut || |BSA with recoil
y Cross section p J ' ALU = - RHIC (STAR/SPHEN|X)
[ ,—Q r
@HallA@J1ab | [{uermeg || HERMES|[] HERMES not DVCS
E03-106 ALL proton BCA/BSA

Cross section n )

ACU/AUT

rmplpfp data 9607

Compass

DVCS:4 weeks

Pilot run

COMPASS

DVCS: 2x6 months

FUTURE @ CERN



Conclusions

. . . Jlab 12 GeV
Jlab 12 GeV will perfectly investigate E12-06-114: HallA DVCS diff energies

E12-06-119: CLAS12 DVCS p, pol NH3
the valence qua rks at la rge Xg E12-12-001: CLAS12 Time Like Compton and J/y

E12-06-108: CLAS12 % n
E12-11-003: CLAS12 DVCS n

COMPASS with high energy muon beams at CERN E12-12-007: CLAS12 ¢ meson

. . . C12-12-010: CLAS12 HDi
and RHIC will provide first results S1912.010: G DYCS.

- . e 2025? E | C
All these facilities are physics opportunities prior EIC

- to preserve knowledge on state of the art techniques
- to prepare the next generation of leading RHIC (STAR/sPHENIX)

new experiments at EIC

COMPASS FUTURE @ CERN
DVCS: 2x6 months M2 beam line






Proton picture:

Ji, PRL91 (2003), Belitsky, Ji, Yuan, PRD69 (2004)

Lorcé et al, JHEP1105 (2011)

fast moving proton

Parton Distribution Functions
PDFs (x)

Longitudinal momentum

q(x) or f,9(x) df
1 @ 8 TMDs (x, £ )
Longitudinal spin
Aq(x) = () - G («) accessible

Transverse spin in SIDIS and Drell-Yan

ATq or |’11 (X)

Transverse momentum

Quantum

tomography Q{
of the nucleon

The Wigner functions
offer unprecedented insight
into confinement and
chiral symmetry breaking

Transverse position

Impact param. q(w, &_L) .[da?a EOI’tm
dCtors
8 GPDs («, &, t)
accessible

in exclusive reactions
DVCS: Deeply Virtual Compton Scattering
HEMP: Hard Exclusive Meson Production



Wix,b, k)

Wigner Distributions
@k,
s Fourier trf.
. _ b, <= A E=0
flx,k,) fleh) === Hx0.H
transverss momeantum impact parameter =—A generalized parton
distributions (TMD=s) distributions distributions (GPDs)
semi—inclusive processes exclusive processes
O fdw, [ [ax [ dxx™
t_l-
fix) Eit) A+ 4ZA L0+ ...
parton densities form factors generalized form
inclusive and semi-inclusive processss elastic scattering factors

lattice calculations

Figure 2.2: Connections between different quantities describing the distribution of partons
inside the proton. The functions given here are for unpolarized partons in an unpolarized proton;
analogous relations hold for polarized quantities.



Exclusivity : £ p = £+ v (or p?) + p
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Figure 2.22: Average values of b3 obtained from the DVCS cross section in different bins of
rp and Q2. The assumed luminosity is as for the left panels of figure m



