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Generalized parton distributions (GPDs)
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Form Factors (elastic
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nucleon
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In this model, valence quarks (high x) are at the heart of the
nucleon and sea quarks (low x) extend to its periphery




Interpretation of GPDs : impact parameter b, as a function of x

Transverse position b
of the quarksu and d
inside the nucleon for "
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longitudinal momentum
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Deeply Virtual Compton Scattering (DVCS) and GPDs

High Q% smallt x longitudinal momentum fraction
2 DVCS carried by the active quark.
Ty £~ 2f‘f(3 the longitudinal momentum

transfer.

t = (p' — p)? squared momentum
transfer to the nucleon.

H(x.E.1), E(x,E,1)
H(x.&.1), E(x.E.1)
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DVCS is the key reaction to access
the GPDs as it offers the simplest
interpretation in terms of GPDs




Deeply Virtual Compton Scattering (DVCS) and GPDs

High Q?, small t _ _ _
At leading-order QCD, leading twist,
there are 4 chiral-even (parton helicity is
¢ DVCS f (P : y
Xg=—2— conserved) GPDs for each parton
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GPDs and proton spin puzzle

Proton spin puzzle :
The origin of the proton spin is still unknown

1 1
§=Jq+J8=§A2+AG+Lq+LQJ

Orbital angular momentum

GPDs H and E provide access to the total
angular momentum of the partons in the nucleon

Ji's angular momentum sum rule:

1 1
J98& = Ej xdx(HV8(x,&,t = 0) + EY8 (x, &, t = 0))
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DVCS and Bethe-Heitler processes

BH fully calculable in QED

DVCS Bethe-Heitler 2
| |

DVCS and Bethe-Heitler (BH) experimentally undistinguishable

interference between the 2 processes

TH(X, &) H(x 5 t) :
-I—DVCS,,_:[de +o Pj dx —izH(£E, &) +. ..
e : :
Unpolarized Cross Section
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Compton Form Factors (CFFs) and DVCS observables

pu—

+1
Compton 2 q g 1 1
Form Factors__ Re#, —eqP.([(H (x,&,t)—H™( X'g’t){f—x - = X}dx « Integrals of GPDs over x
(CFFs)
|m_'7[qIﬂqu[Hq(f’éj’t)_Hq(_g’g’t)] <«— GPDs atx = i‘f

Each DVCS observable is sensitive to a different combination of CFFs

Proton Neutron

Polarized beam, unpolarized target: Im{ g-[;] , j?‘[p , E,}

AG,~ sind Im{F, 7+ &F +F)HKFyE+...} == [, (4,3, E,}

hadronic plane

Unpolarized beam, longitudinal target: Im{ g{]‘D , _77[‘) }
Acy ~ sindlm {F HHE(F +F,)(H + xg/2E) —EKF,E} —> Im {9, E )
n’

leptonic plane
i

Polarized beam, longitudinal target: Rel{H., f[;) )
AGy; ~ (A+Bcosh)Re{F HHEF +F)(H + xp/2E)+...} —> Re{H,, E,}

Unpolarized beam, transverse target: : Im {.7'[1'), Ep}

Aoyt ~ cososin(¢—¢)Im{k(F,# - F,E) +... } Im {7{;1}




Quark-flavor separation of GPDs

The extraction of the quark GPDs which requires a quark-flavor
separation of GPDs can be done through a combined analysis of
DVCS observables for the proton and the neutron (deuterium target)

(H,E),(£,6,0) =Y s[4(H, E),(&,£,0-(H,E),(£,£,0)
(H,E),(&&,0 = s[4, E), (5.6, - (H,E),(£,£,0)

Proton Neutron

Polarized beam, unpolarized target: Im {.‘7{;), ﬁ?w fp}
AGLUN Siﬂd) Im{F17{+ E_,(F1+F2)~7{'kF2£+"'} ::> Im {7{n’ jﬁj[n? qzn}

Unpolarized beam, longitudinal target: : Im{ j{l‘) , j?p }
AGy; ~ sindIm {F, H+E(F +F, )(H + xp/2E) —EKF, E} Im{H, E.}

Polarized beam, longitudinal target:

RelH., H.
AG, | ~ (A+Beosh)Re T FEE(F,+F)(9+ xy/2E)+...} —— Re {{ > E ‘}',}

n’ n

Unpolarized beam, transverse target: Im {.7{1'), fp}
Aoyt ~ cososin(o.~p)Im{k(F, 4 — F,E) +... } [ Im{H_}




Kinematic coverage of the different experiments
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Jefferson Lab (Newport News, Virginia, USA)

CEBAF : Continuous Electron Beam Accelerator Facility
Duty cycle~100% E,_.~6 GeV  Polarization,,,,>80%
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EO0O0-110 experiment at Jefferson Lab 6 GeV in Hall A
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C. Munoz Camacho et al. (JLab Hall A Collaboration)
Phys. Rev. Lett. 97, 262002 (2006)

Im C' (H, H, E)

2~ : %** L[-+ No Q? dependence: strong indication for
scaling behavior and handbag dominance
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DVCS experiment at Jefferson Lab 6 GeV in Hall B with CLAS

Jefferson Lab

CLAS
detector
in Hall B




E1-DVCS experiment in Hall B : binning for cross sections analysis
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The cross section varies very quickly and is particularly sensitive to variations in xg — very small bins in xg
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DVCS unpolarized and beam-polarized cross sections from CLAS data

1=0.153 GeV? -=0.262 GeV? -t=0.447 GeV? H.S. Jo et al. (CLAS Collaboration),
Phys. Rev. Lett. 115, 212003 (2015)
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Interpretation of fit results obtained from the cross sections

QZ=1.11 GeV2 QZ=1 63 GeV2 02=2.10 Gev2 HS JO et al (CLAS CO”abOI"atIOI’l),
x5=0.126 X5=0.185 x5=0.304 Phys. Rev. Lett. 115, 212003 (2015)
6F ____A=5.30£0.95} ___A=4.98+0.56]  A=1.811.72
5F b=4.25+0.98 b=3.03+0.55 | b=1.18+2.26| <= b : transverse position of
E4; h I : the quarks in the nucleon
£3¢
1¢ - — - Fits with function Ae®t
0:
15 —— VGG predictions
6}
41
Ié 2} The results tend to show that
0f valence quarks (high x) are at

f— f— the heart of the nucleon and

2F
4_IIIIIIIIII sea quarks (low x) extend to
0.1 0.2 03 04 05 01 0.2 0.3 04 0.5 0.1 0.2 0.3 04 05 its periphery
-t (GeV?) -t (GeV?) -t (GeV?)
>Xp

The transverse position b decreases with increasing Xg

The results suggest that the nucleon size
decreases at higher parton-momentum values, X
thus revealing from the experiment a first
tomographic image of the nucleon




DVCS on longitudinally polarized target from CLAS 6 GeV data

* egl-dvcs experiment IR ~
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DVCS on longitudinally polarized target from CLAS 6 GeV data

* egl-dvcs experiment
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Extraction of H,, from the fits of Jefferson Lab 6 GeV data
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Fits in each (Q?, xg, t) bin of data

Hin(E.t) = A(E)ePe!

R. Dupré, M. Guidal, S. Niccolai, and M. Vanderhaeghen,
Eur. Phys. J. A53, 171 (2017)



From CFFs to proton tomography

® CFF fitof JLab 6 GeV data
B CFF fit of HERMES data
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Eur. Phys. J. A53, 171 (2017)



Jefferson Lab upgrade to 12 GeV

Add new Hall

E=2.2,44, 6.6, 8.8, 11 GeV
for the Halls A, B, C

Beam polarization > 80%

Accelerator 12 GeV upgrade
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10 —— : . cryomodules
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QQJ | \XQ‘
8 P o
b ! =
I e
— © L ‘O\’l«e
= . ;
3 : W Ny Study of high xgz domain
= € 0 g . .
o 4 l g=85" 1 | requires high luminosity
|
! s e |
| .
L The 12-GeV upgrade is
2 “ 1 ..
I well matched to studies in
: the valence-quark regime
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Jefferson Lab 12 GeV and the CLAS12 detector

CLAS12

Jefferson Lab

detector
in Hall B

Luminosity
L ~ 103 cm2st?




Projected results for CFFs with CLAS12

DVCS

Bethe-Heitler

Cross section of ep—epy at Q?=2 GeV/c? and Xg=0.35

The contribution ratio from BH and DVCS to the
ep—epy cross section changes with the

electron beam energy
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Typical DVCS event in CLAS12

e Electron: measured in the Forward Detector or in the Forward Calorimeter
e Photon: in the FT (or FD) calorimeter

e Proton: most often in the Central Detector

L

N .
~Forward Tagger Calorimeter




Proton DVCS A, with CLAS12

Beam spin asymmetry

o" —o~ + -
ALU — A . 1N (qurento) - N (¢Trento)
_ L= 45
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< < <
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G. Christiaens et al. (CLAS Collaboration)
Phys. Rev. Lett. 130, 211902 (2023)
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Preliminary neutron DVCS A, with CLAS12

sing amplitude vs xg
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DVCS experiments in Hall A and Hall C of Jefferson Lab

Jefferson Lab

New DVCS experiment
in Hall C (2023-2024)
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DVCS experiment in Hall C (2023-2024)

A new DVCS experiment will be carried in Hall C from 2023 to 2024

The new Neutral Particle Spectrometer (NPS)
consisting of 1080 PbWO, crystals will be used
to detect photons and =°

-

HMS : High Momentum Spectrometer 2}

\\\\\\\\
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The Electron-lon Collider (EIC) at BNL

A high luminosity (1032 — 1034 cm-2s)

polarized electron proton/ion collider

The EIC luminosity will be a factor 100 to 1000 higher
than at HERA.

Both electrons and protons / light nuclei will be highly
polarized (70%).

Science Program: An EIC can uniquely address three
profound questions about nucleons - neutrons and
protons - and how they are assembled to form the
nuclei of atoms:

o How does the mass of the nucleon arise?

o How does the spin of the nucleon arise?

o What are the emergent properties of high-
density systems of gluons?

Brookhaven National Laboratory (BNL)

41 GeV, 100 to 275 GeV

p/A beam e beam

5 GeV to 18 GeV

4k

»




DVCS at the Electron-lon Collider (EIC): gluons and sea quarks

Nucleon tomography of the gluons and
sea quarks (low momentum fraction x)

Current DVCS data at colliders: el
10%0 ZEUS-totalxsec [0 Hi-fotal xsec 2 .
® ZEUS- do/dt B Hi- dofdt NY "
B Hi-Acy 4 -

Current DVCS data at fixed targets:

A HERMES-A; A HERMES-AcU
L A HERMES-Ay, Au, AL

A HERMES-Ayr * HallA-CFFs

¥ CLAS- ALy ¥ CLAS- AuL

Overlap with
g ] HERMES and

) P
o~ 03t SR XA QG COMPASS
N> - Planned DVCS at fixed targ.:
[0 - 522 COMPASS- do/dt, Acsu, Acst . bl S
(D : o JLAB12- dU'rdl:ALU:AUL-ALL
o
a

10

Overla i
with HL s iR Overlap with
I X HRI KRN S
B id 0":;-00’0 easele; ’0.0‘:. & ;k o 3 . \JLab 6 GeV and
and ZEUS i :...‘.. oo‘:‘o‘o‘%’:‘o‘:::::::“o ? %
; o ‘ SRS A ] JLab 12 GeV
C v v el L AR | L ool L AR R | L Ll
10" 10° 10° 10" 1

- Collision of polarized electrons with polarized protons, light and heavy nuclei
- High Luminosity : L, 2 103334 cm s (100-1000 times HERA)




Overview

« Jefferson Lab 6 GeV data were used to extract promising results,
Including a first experimental result of nucleon tomography.

« Jefferson Lab 12 GeV data are providing new high-precision
measurements covering a large unexplored kinematic domain at
high x.

« Many ongoing studies show benefits of a luminosity and energy
upgrade at Jefferson Lab.

« While Jefferson Lab is a unique facility to study the valence quarks,
the future Electron-lon Collider (EIC) will provide high-precision GPD

measurements at low x, allowing us to perform nucleon tomography
of the gluons and sea quarks.

Thank you
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