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Introduction




A constructivist view of the nucleon
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o 9 Wigner function:
T ﬁ full phase space parton
4 distribution of the nucleon

Generalised Transverse Momentum
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Wigner function:

W ﬁ full phase space parton

distribution of the nucleon
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Generalised Parton Distributions

e proposed by Miller (1994), Radyushkin, Ji (1997).

* can be interpreted as relating, in the infinite momentum frame,
transverse position of partons (impact parameter bi) to
longitudinal momentum fraction (x).

* Tomography O,f thg nupleqn: * Information on the orbital angular
transverse spatial distributions of

I d ol 01 udinal momentum contribution to nucleon spin:

quarks and gluons in longitudina the spin puzzle. 11

momentum space. Jy==—== zq + Lq + Jg
aeh0) Ji’s relation: 2 2

X ° ! ° ° Joo- Loy

- 1
: _ : = — ﬁ xdx {Hq (x,%,0)+ E‘? (x,E,O) }
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* Indirect access to mechanical
properties of the nucleon:
possibilities of extracting pressure
distributions within the nucleon.

* Combine with TMDs to access spin-
orbit correlations of quarks and gluons,

study non-perturbative interactions of
partons.



Experimental paths to GPDs in
electron - hadron scattering

Accessible in exclusive reactions, where all final state
particles are determined:

% Deeply Virtual Compton Scattering (DVCS)

% Deeply Virtual Meson Production (DVMP) /
Hard Exclusive Meson Production (HEMP)

% Time-like Compton Scattering (TCS)

s Double DVCS

% Photon-meson production

*x ...

DVCS

TCS Virtual photon
space-like
Virtual photon
time-like

DDVCS DVMP

One time-like, one space-like virtual photon Virtual photon space-like



Deeply Virtual Compton Scattering

k/

perturbative

“Handbag” diagram non-perturbative

Q?=—-(k—k)2 t=(p,—pPn)’
Q2
2p,-q

¥+ longitudinal momentum
fractions of the struck parton

Bjorken variable: Xz =

Xp

Skewness: € =
2-x,

the “golden channel” for GPD extraction

%k At high exchanged Q? and low t access to
four parton helicity-conserving, chiral-even

GPDs: ~ -
B B HY H(z, €, 1)

%k Can be related to PDF's:

~

H(x,0,0) =q(x) H(x,0,0)= Aq(x)
and form factors:
[FlHiz=F [T Hdz=0G,4
[N Edi=F [YEde=Gp

(Dirac and Pauli) (axial and pseudo-scalar)

* Small changes in nucleon transverse
momentum allows mapping of transverse
structure at large distances.



Measuring DVCS

* Process measured in experiment:

DVCS Bethe - Heitler
do o ‘TDVCS‘ +‘TBH‘ + @S"'T@
Amplltude Amphtude calculable Interference term
parameterised in from elastic Form 5 5
terms of Compton Factors and QED ‘ TDVCS‘ << ‘ TBH‘

Form Factors



Compton Form Factors in DVCS

Experimentally accessible in DVCS cross-sections and spin asymmetries, eg:

do—-do Aoy,

A = =
W de+des  do+do

At leading twist, leading order:

pDves ]'IGPDS (x,¢,1)
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Cross-sections,
beam-charge and single-spin
double polarisation asymmetries asymmetries

)+ inGPDs (£&,&,t)+ ..

Only € and t are accessible
experimentally!

To get information on x need
extensive measurements in O-.

Need measurements off
proton and neutron to get
flavour separation of CFFs

in DVCS.
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Jetterson Lab: 6 GeV era

CEBAF: Continuous Electron Beam Accelerator Facility.

%k Energy up to ~6 GeV
% Energy resolution §E/E, ~ 10~°
% Electron polarisation up to ~85%

Hall A: Hall B: CLAS

Electroa Arm Hadron Arm

* High resolution( dp/p = 10-*) * Very large acceptance, % 'Two movable spectrometer

spectrometers, very high detector array for multi- arms, well-defined

luminosity. particle final states. acceptance, high luminosity



JLab @ 12 GeV

ElmmnArm H a I I A m'ulrmu Army

'y 1

Add 5
cryomodules |

20 cryomodules

High resolution(dp/p = 10~

Add 5

spectrometers, very high B o = cryomodules
luminosity, large installation < J Two movable high
experiments. 4 momentum
spectrometers, well-
GLue X ' Hall B: CLAS12 defined acceptance,
Hall D Y very high luminosity.

Very large acceptance,

9 GeV tagagd polaried photons,
high luminosity.

full acceptance
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High resolution(ép/p = 1079
spectrometers, very high
luminosity, large installation
experiments.

JLab @ 12 GeV
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Hall B: CLAS12

Region

Loy

Two movable high
momentum

spectrometers, well-
defined acceptance,
very high luminosity.

Very large acceptance,
high luminosity.



CLAS12

Design luminosity CIQSc

L~1035c¢cm-2 s-1

High luminosity & large
acceptance:
Concurrent measurement
of exclusive,
semi-inclusive,
and inclusive processes

Acceptance for photons
and electrons:
e 2.50< 0 <1250

Acceptance for all

charged particles:
e 50< 0 <1250

Acceptance for neutrons:
* 50<0 <1200

==

Solenoid




DVCS in Hall C

Detect electron with (Super) High
Momentum Spectrometer, (S)HMS.

Detect photon in PbWO4
calorimeter.

Sweeping magnet to reduce
backgrounds in calorimeter.

Reconstruct recoiling proton
through missing mass.

Similar principle applied in Hall A



DVCS at JLab:
6 GeV era




DVCS in Hall A

%k 15 cm long liquid H> target % Luminosity =1037 cm2s-1
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v

/ /
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. . w
hrough missing All events o

< 5 §
S 8000 S
- % mass v , $
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3000F &
.~ 2000l . S Aft?; ﬂ:%s bt. M. Defurne et al,
% EO00-110 experiment B 1000 Ly AN PRC 92 (2015)
: o N DVCS MC 055202.
(2004): 5.75 GeV polarised electron beam % 05 1 B evsan
%k Measure Q?-dependence (Q%1.5,1.9,2.3
GeV?2) of DVCS-BH cross-sections at fixed xz %k E07-004 experiment (2010):
(0.36) and xp dependence at constant Q2. Energy scan for fixed xz, Q2:
3
Im[C* (F)] Q% (GeV)  xg Ebeam (GeV) -t (GeV?)
oL é } ? 1.50 0.36 3.355 0.18, 0.24, 0.30
5.55
1.75 0.36 4.455 0.18, 0.24, 0.30, 0.36
o —— - 5.55
2.00 0.36 4.455 0.18, 0.24, 0.30, 0.36
5.55
q,4 1.16 1‘18 2l l 24

2 2,'2 2
Q" [GeV7] M. Defurne et al, PRC 92 (2015) 055202.



High-precision cross-sections: Hall A

% High precision cross-section measurement in a small kinematic region: Generalised
Rosenbluth separation of the DVCS? (scales as E.?) and the BH-DVCS interference
(scales as E.5) terms. NLO and/or higher-twist improve model agreement.

4

> -

$0.04[- cross-
8 [ section

Beam-helicity -
dependent
cross-section |

:-o.oos % If NLO: sensitivity

-0.01

4

Ee: 4.5, 5.6 GeV.

nb/GeV

0.01 X
€ leptonic pTane

LN
hadronic ‘s
nlane

0.005

% Significant differences between pure

i 0 DVCS and interference contributions.

q (+-) q'(+)

to gluons.

% Separation of HT and

NLO effects requires
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0 100 200 300 0 100 200 300
@ (deg) ® (deg)

0%1.5,1.9,2.3 GeV2at fixed xp 0.36
-1:0.18,0.24,0.30

scans across wider ranges of Q2 and
beam energy: JLabl12.

M. Defurne et al, Nature Communications 8 (2017) 1408.



Large kinematic coverage: CLAS

s Unpolarised DVCS cross-sections and helicity-dependent cross-section differences in a
wide kinematic range:

! T =~ 5 —— BHonly
%,_0-9 , % 45E —— VGG (Vanderhaeghen, Guichon, Guidal) - H only
%—83 RSN - KM10 (Kumericki, Mueller) includes strong H
Y LS 3‘251 - == KM10a (sets H to zero)
05 : 255__ ~~~~~ KMS (Kroll, Moutarde, Sabatié, tuned on low xg
0.4F- ‘25" meson-production data)
oo
o 1 Tkl L1 |3 2 2 2
A N RN Y- S FOUU UV P _ t=0.153GeV?  -t=0.262GeV®  -=0.447 GeV
01 02 08 04 OSXBOG XB R \ !’ ‘.“
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%k Widest phase space coverage 2 | T Newew 54
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constraints. | @°=1.63 GeV?| . . .
. 0.8¢ XB=0.185
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N. Hirlinger Saylor et a/ (CLAS), PRC 98 (2018) 045203
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DVCS asymmetries @ CLAS /o

e’ Y*#.—'"JJJ

High statistics, large kinematic coverage, strong

constraints on fits, simultaneous fit of BSA, TSA and ¢ leptonic Pla{l‘? 4
DSA at common kinematics from the same dataset: hé:)C}g%Iéic\p
- Beam-spin

Y 1 C\I ) J—
@ asymmetry (BSA): AoLy ~ sing \S(Fl@+ Gl 4M2 FyE) do

Target-spin T @ @ TB t I p
(@4 e Aoys ~sing S+ G (H)+ T E) ¢ gl +.) o
_) .

_@_) Double-spin Ao ~ (A+ Bcoso) (F1@+§GM@+ —E )+ ...)do
asymmetry:

Fi1, F2: Dirac, Pauli form factors

0.6 <Q*> =197(GeV/cy
<xB> 0.255

= (Constraints on CFFs H and H

E. Seder et al (CLAS), PRL 114 (2015) 032001
S. Pisano et al (CLAS), PRD91 (2015) 052014

100 200 300
F.-X. Girod et al (CLAS), PRL 100 (2008) 162002 ® (deg)



Beam- and target-spin asymmetries %
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Gonzalez, Liuti
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KMM : Kumericki,
Mueller, Murray
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S. Pisano et al (CLAS), PRD91 (2015) 052014
E. Seder et al (CLAS), PRL 114 (2015) 032001

’ VGG: Vanderhaeghen,
Guichon, Guidal

©-S

% TSA shows a
flatter distribution
in ¢t than BSA.
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VGG extraction

PRL 114 (2015) 032001
PRD 91 (2015) 052014

Compton Form Factors
from CLAS data

% Extracted using local fits to cross-sections and
asymmetries, constrained by the VGG
(Vanderhaeghen, Guichon, Guidal) model.

% Information on relative distributions of quark
momenta (PDFs) and quark helicity, Ag(x)

H(x,0,0) = q(x)

~

H(x,0,0) = Aq(x)

% Indications that axial charge is more concentrated
than electromagnetic charge.

[Tl Hdz=F [T Hde=Ga

% Slope flatter towards higher-x: valence quarks
are at centre, lower-x quarks at periphery.

Global analysis of all available data needed.



Towards nucleon tomography

%k Local fit to extract CFFs: limits based on +/-5 * the VGG (Vanderhaeghen, Guichon,
Guidal) model predictions using leading-twist amplitude based on Double Distributions.

* Assuming leading-twist and exponential TS Impact
dependence of GPD on t, using models to .~y _ parameter
. 1 at different
extrapolate to the zero skewness point{ =0 oo | |5 | ~ momentum
- fractions x

0.5

o]
| 480

0.2+

and assuming similar behaviour for u and

d quarks there:

0
%) (x) = —do75n H? (2,0,—A7)
1

b2 H)x)  (fm?)

A =0

0.1

Hg (.”B,O,t) = Hq(x,o,t) —+ Hq(—x70’t) t = A2 1 - T+ R. Dupré et al., Eur.

0 ~+—————r — 1 Phys. J A 53, (2017) 171

X No uncertainties shown!

05

* Global fits: PARTONS framework -
using neural networks to t=-03GeV?
minimise model-dependence in : Q* =2 GeV?
the extraction of CFFs. '

b, [fm]

025

1=
—
=3
—

1=

>

We need more data from multiple
channels and across a wide
kinematic range!

614 (2019)



1 1
%k Ji’s relation: J(] = E—Jg = 5 ﬁl de {H(](x,?é )O)+ Eq(x,g,()) }
% Ha in DVCS off the proton, first =

experimental constraint on E4 from neutron-
DVCS beam-spin asymmetry.

M. Mazouz et al, PRL 99 (2007) 242501

%k Gives constraints on orbital angular
momentum of quarks: the spin puzzle.

%k Rosenbluth separation of interference &
DVCS terms underway in neutron-DVCS
cross-sections: E. = 4.5 and 5.5 GeV
(experiment E08-025).

LD, target <Q2>=1.75GeV2 <xp>=0.36

-0.2~ CJLattice QCDSF (unquenched) [41)
-0.41

-0.6[~ code VGG (Vanderhaeghen, Guichon dnd Guidal)

JLab Hall A
n-DVCS

| ® AHLT GPDs 362 2
M Lattice QCDSF (guenched) [40]

- CJLHPC Lattice (connected terms) [42]

| GPDs from: 1
Goeke et al., Prog. Part. Nucl. Phys. 47 {2001), 401.

-0.8f- HERMES Preli
i . p-DV
-1 PR (ST SN (NN S (TSN ST S S T T S
-1 -08 -06 -04 -02 -0 02 04 06 08 1
d



DVCS on the bound proton %

2

% Beam spin asymmetry in DVCS B W xg=0.27 Xg=0.11
. i —Xg=0.18  —Xg= 0.24
from bound protons in 4He. ~ s —Xg=0.20 Xg= 0.30
= -
e'(k) ) /
= E R [ ]
k) / ﬂ-<ﬂ l —— p— L
e( > =~ B +
v(@) . - +
SR 051 +
Factorization — ' — —~ - < L
N'(p) o T
0 0.5 1
= HERMES t[GeV’]

—— Off-shell: S. Liuti, K. Taneja, PRC72, 032201 (2005)

On-shell: V. Guzey, A. Thomas, K. Tsushima,
PLB673, 9 (2009)

%*25% - 40% lower asymmetries for bound proton compared to free, no strong
dependence on t.

%k Medium-modification effects, initial/final state

. Lo
imteractions M. Hattawy et al, arXiv:1812.07628



Imaging pressure within the nucleon

%k GPDs provide indirect access to mechanical properties of the nucleon
(encoded in the gravitational form factors, GFFs, of the energy-momentum

tensor).  x. D.Ji, PRD 55, 7114-7125 (1997)
M. Polyakov, PLB 555, 57-62 (2016) 15

Uncertainties:
B prior to CLAS data

from CLAS @ 6 GeV data

% Three scalar GFFs, functions of t: encode expeotod for JLab @ 12 GeV

pressure and shear forces (d:(t)), mass
(M2(t) and angular momentum
distributions (J(t)).

Repulsive
pressure

—

—_
o

% Can be related to GPDs via sum rules:

f x [H(x, &)+ E(x, &, 1)) dx =2 (£)

Fa)
|
£
—
>
[
O]
Y
o
—
X
s
Q
~

Confining
pressure

PR

[xHs €, )dx=My(0) + %gzdl(t)

%k Severely model-dependent extraction

%k Neural net analysis, however: d-term almost o o2 04 06 08 10 12 14 16 18 20
r (fm)

unconstrained and consistent with zero V. Burkert, L. Elouadrhiri, F.-X. Girod,

Nature 587, 396-399 (2018)

Possibility of extracting pressure
K. Kumericki, Nature 570, E1-E2 (2019)

distributions! But more data needed.



DVCS at JLabl2:
11 GeV era




11 GeV era DVCS Cross-sections: Halls A and C

Experiments:
E12-06-114 (Hall A, 100 days),

E12-13-010 (Hall C, 53 days) Q? vs x5 coverage in Halls A and\C

"Hall C 11 GeV /

Q? (GeV?)

Unpolarised liquid H> target: 10-Hall C 6.6 GeV  /

 Beam energies: 6.6, 8.8, 11 GeV . /

e Scans of Q2 at fixed xg. 8- /

e Hall A: aim for absolute cross- :—na“ f‘\ g'sseé\é/v
sections with 4% relative precision. ~na Y

...

...
A
——rhhaaaaaaaassss
B N N NN NN Y

S N s I N N N N N N N N N N e N N o N N N N N N T

01 0.2 03 04 05 06 0.7 08 0.9
%k Separate Re and Im parts of Xg

the DVCS amplitude.

%k Azimuthal, energy and 4
helicity dependencies of cross-
section to separate [T, 2
and interference contributions
in a wide kinematic coverage. 05

I LI I T 7 I

T 1
N




11 GeV era: DVCS with CLAS12

E12-06-119: Unpolarised liquid H» target

Beam-spin asymmetry =——3p Im(Hp)
First experiment with CLAS12! ~50% done

E12-16-010: Unpolarised liquid H» target

Pieam = 85%

L = 1035 cm—2s-!
1< Q2< 10 GeV2
0.1 <xg< 0.65

~t i< —t < 2.5 GeV2

mi

Beam energy: 6.6 GeV, 8.8 GeV Almost complete

E12-11-003: Unpolarised liquid D; target
e+d—e +v+n+ (ps)

in neutron-DVCS

Running this year!

E12-12-010: Transversely
polarised HD target.

Target-spin asymmetries

~20237? » Im(E;)

E12-06-109: Longitudinally polarised NHs and ND3 targets

* Dynamic Nuclear Polarisation
(DNP) of target material, cooled in
a He evaporation cryostat.

- P = 80%, P

proton deuteron

Target-spin asymmetry 3 Im(ﬁp),
in proton- and neutron- Im(H,)
up to 50% DVCS

~ 2021



DVCS with CLAS12

E12-06-119: Unpolarised liquid H» target Ppear = 85%
Beam-spin asymmet % Im(H L =103 cm=—s"!
. Py ,ry m{He) 1< Q2< 10 GeV?
First experiment with CLAS12! ~50% done 0.1 <xg< 0.65
~t i< —t < 2.5 GeV2

Raw Beam-Spin Asymmetry ep— epy

i <40
0.2 ©
| Clasy
0.1} 10 1000
: 8 100
0 o
i Z 6|
-0 1: 2 10
| < 4f
0.2 2 '
i L | ! | ! | L | L | ! 8 1 L L L 0
0 60 120 180 240 300 360 .0 0.2 0.4 0.6 0.8 1.0
O XB
No background o (°) Guillaume Christiaens

subtraction



Neutron DVCS @ 11 GeV: sensitivity to Jg

1=03,J,=-0.1 1,=03,],=0.1

0.21
- E =11 GeV J=0.1,],=0.1 J=03,],=0.3
015 € u d u d
0.1 + + % At 11 GeV, beam spin
0.05 + ! L J i asymmetry (A, ) In
ALy °§_ +++$%$¢ I neutron DVCS is very
_0_052_ t b + * + sensitiveto J,,J,
'0'1;_ + % Dedicated neutron detector
-0.15 added to CLAS12: Central
- AT Neutron
% 50 100 150 200 250 300 350 Detector

. ()
VGG (calculations by M. Guidal)
x, =017 0°=2GeV’® 1=-04GeV’

Measurement currently in process...



DVCS on 4He: CLAS12 with ALERT

Measurement of BSA in coherent DVCS from a

Experiment E12-17-012: 4He target: partonic structure of nuclei.

%k Builds on 6 GeV measurement: M. Hattawy et al, PRL 119 (2017) 202004.

%k Spin O target, so at leading twist only one chiral-even GPD: Ha.

. 50¢ 40
11 GeV beam, 80% polarised. i bt 3 W CLASEGS
205 — Convolulpn-Dual 30_ == Convolution-Dual
Gas target straw @ 3 atm Wb —~ ottanei e 20F + -+ Comeluton VGG
L =6 x 1034 nucleon cm-2s-1 ~ b TR ~ 132_
with 1000 nA beam. z T b
E I &
i3 % % % ‘} © 0.05< x, <0.17 _30F-
S L : 0.17< x5 <023 E |{ % % v ¢ 005cx, .17
Outer wall — Clear space 100 LYY T ¢ R Y 0.17< x, <0.23
surrounded by a X 0 0.23< x, <0.50 cnb U U
Kapton foil _20:— I' —30; ||| v & 0.23< x, <0.50
L 1 L PR -60 1 L " L PR L
107" 1 107" 1
Target
? -t [GeV?] -t [GeV?)

Drift chamber

Experiment E12-17-012B

Scintillators array
covered by a light
proof layer

Incoherent, spectator-tagged DVCS
CLAS12 + ALERT: central on 4He and d.
recoil detector
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Hard Exclusive Meson Production

* Amplitude depends on convolution of GPDs and meson
Distribution Amplitudes (DA).

%k At leading order & twist, access to the four chiral-
v even (parton helicity-conserving) GPDs:

e Pseudo-scalar mesons: Hq, ! ($, f, t) Gluon

* GPDs!
e Vector mesons: HY, Eq, x,&,t)

HEMP enables flavour decomposition of quark GPDs and gives access to
gluon GPDs

Caveats: ¢ factorisation established only for longitudinal photons,
e factorisation sets in at a higher scale than in DVCS,
* DA not entirely understood
Extracting GPDs from
HEMP is hard!



HEMP Cross-section

Virtual €  leptonic plane

larised
photon flux unpo \

27 d*o -
I d0%depdtdoneee, — | Orteontcorrcos2 +ye(l +e€)orcosd

polarised beam ——» | +R/€(1 —¢€)oypsing

longitudinally
polarised target

Target and beam . |4 pp (VI=&ap + /el - oy ? cos o)
longitudinally polarised

hadronic .
plane

+Ptg( e+ el sm¢+ea‘in2¢sm2¢)

€: ratio of the fluxes of longitudinally (L) and transversely (T) polarised virtual photons.

0;: structure functions, related to scattering amplitudes (t=L,T,LT, ...), eg:

doy dra 1 5 - .
—_— o ] — H —2&*Rel(HY*E hard-scattering
= Q6{< E)|(H)* — 26Rel(H)"(E)] — & |} e

where E | dxHu';\'ukF\

GPD



Transversity GPDs

%k For pseudo-scalar mesons, access four chiral-odd (parton helicity-
flipping) transversity GPDs (via convolutions of leading-twist GPDs with

twist-3 DA): ~ ~
Wis meson ) E%, E%, H%, H%(x, f,t)

Appear in DVMP amplitude when virtual photon has transverse
polarisation — not accessible at LT in DVCS.

5 ET can be related to the transverse anomalous magnetic moment:

KT = fjll Er(z,&,t=0) dx

* and HT to the transversity distribution: Hr (337 0, O) = hy (5’7 )

which describes distribution of transverse
partons in a transverse nucleon N\ /.\

_ 5 hE e L
% The combination Fp = 2Hp + Ep

is related to spatial density of transversely polarised quarks in
an unpolarised nucleon.
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HEMP @ JLab

Pseusdo-scaler mesons:

% Separation of L/T contributions to cross-sections through Rosenbluth-
like techniques / simultaneous fits at different kinematics.

% Strong transverse contribution observed in charged and neutral
pion / K+ cross-sections: possible access to transversity GPDs.

% Attempt at GPD flavour-
separation using 7’and 7]
BSA.

Goloskokov Kroll ErJ A47, 112 (2011))

= = = Goldstein, Hernandez, Liuti
(PRD 84, 034007 (2011))

M. Defurne et al, PRL 117 (2016) 262001

Vector mesons:

s L/T contributions to cross-sections separated by using helicity
conservation between virtual photon and meson: strong deviations
from leading-twist GPD formalism (higher-twist? evolution
effects? meson-size corrections?)

% Gluonic GPD Hs¢ dominates at small x: gluonic radius.
=== GPD extraction much cleaner for heavier quarks: J / )

Too close to threshold @ JLab12, ideal for the Electron-Ion Collider!



Meson production at JLab 12 GeV

Cross-sections and spin asymmetries in the 11 GeV kinematics:

% Hard exclusive electroproduction of 7] and 7TO(E12—O6—108, CLAS12)
%k Exclusive gb meson electroproduction (E12-12-007, CLAS12)
% DVCS and neutral pion cross-sections (E12-13-010, Hall C)

%k Scaling study of the L-T separated pion electroproduction
cross-section (E12-07-105, Hall C)

%k Studies of the L-T separated kaon electroproduction cross-
section from 5-11 GeV (E12-09-011, Hall C)

* Near-threshold electroproduction of J/W (E12-12-006, Hall A)

% Time-like Compton scattering and .J / U electroproduction
(E12-12-001, CLAS12). Analysis under-way!



Summary
JLab 6 GeV programme:

% Indications of higher-twist or higher-orders at play in DVCS: hint of gluons? 5

% Constraints for GPD models: most info on Re and Im parts of Hp CFF, a little on Hyp, En.

% First attempt at tomography with the limited data.

s% DVCS on a bound protons and a nuclear target (helium).

% Significant contributions from transverse photon polarisation: possible access to
transversity GPDs in pseudo-scalar meson production.

% Vector mesons: GPD interpretation tricky, strong deviations from leading-twist formalism.

JLab 12 GeV programme:

s High precision — separation of DVCS and interference terms: sensitivity to higher twist /
higher orders, gluons.

* Extensive mapping of a wider kinematic region — strides towards tomography.

s Extraction of Re and Im parts of H CFF, H, E, flavour-separation: u/d.

% Access to transversity GPDs.

sk Many more channels to be measured: meson-production, time-like Compton scattering,
double DVCS, photon-meson-pair production: significant constraints on GPDs in the
valence region.

Stay tuned!









An abridged history of nucleon structure

)\ eLECTRON ScaTTERIG | ,  1960s: the Quark Model. Nucleons
\ (188 MEV LAB) : | ]
% are composed of three valence quarks!
\ " I Gell-Mann (Nobel Prize 1969), Zweig.
! \ POINT CHARGE, ® CNRS
2 1073 \ POINT MOMENT |
& \ (éﬁgvéLOUS) ! T ¥ T T T T
& 7 . . { 8=10"
By LN 1968: Deep Inelastic scattering i\ e |
z - X . _\ * - W=3 GeV
S L e\ N W at SLAC: scaling observed. The weseew |
% 10 \}}\\ i / R O Y E
i exeemennal e XN V7 proton consists of point-like AN
8 | rwmemses | )] /\*t\\ Robert Hofstadter charges: partons! 5
T | etz lobme N 1915 - 1990 arges. p ' SR\ :
s 1w o e me  (Wikipedia) Friedman, Kendall, Taylor: g AN
LABORATORY ANGLE O T ( ) b )
NGLE OF SCATTERING (IN DEGREES Nobel Prlze 1 990 Io-st \\ -
. . E \_SCAT TERING E
1956: Elastlc Scatterlng at EM Breidenbach et al., \
. 1972: Theory of QCD developed. [ rmuzne.ssss ™
Stanford: the proton has internal ry of Q P B e
o 1 2 3 4 5 3 7

q? (Gev/c)?

structure! Hofstadter: Nobel Prize
1961.

21st Century: High-precision imaging of
quarks and gluons. 3D tomography of the
1970s-1990s: Deep nucleon: spatial and momentum

Inelastic Scattering reveals a  distributions inside it, mechanical properties
rich structure: quark-gluon of the nucleon, ...

sea, flavour distributions, o xdepe R
puzzles of spin and mass...
what you see depends on | - | o

how closely you look! T RTO---, o o

Condensate




Nucleon at different scales

Valence quarks

— .
Jefferson Lab: fixed-target

electron scattering
0.1 <xp <0.7

&
o |

S0 F——= H1 PDF 2000
| = ZEUS-S PDF Q*=10 GeV*

] CTEQ6.1

0.7
06 [
0.5 xg(x0.05)

04 [

03 R

Parton Distribution Function

0.2

0.1

10 107 107 10’



Nucleon at different scales

Valence quarks

Sea quarks >
— .
Jefferson Lab: fixed-target

-
% | HERMES: fixed gas-target
electron scattering S electron/positron scattering

01 <xp<0.7 0.02< x5 < 0.3

—_ 1
o~
o |
S0 F——= H1 PDF 2000
Z ZEUS-S PDF Q*=10 GeV?

=3 CTEQ6.1

0.6

05

xg(x0.05)
04 [
03 R

02 |

Parton Distribution Function

0.1
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Nucleon at different scales

Valence quarks

Sea quarks L0 %
2 :
Jefferson Lab: fixed-target

-
% ’ HERMES: fixed gas-target
electron scattering S electron/positron scattering

01 <ap <07 : 0.02 < x5 < 0.3

SN @{ COMPASS: fixed-target
|%og L = E1 PDE 200 010 Gev? k’ / muon scattering

=3 CTEQ6.1 0.0l <zp <0.1

0.5 xg(x0.05)

04

0.3

0.2

Parton Distribution Function

0.1




Nucleon at different scales

Valence quarks

Sea quarks >
— .
Jefferson Lab: fixed-target

-
% | HERMES: fixed gas-target
electron scattering S electron/positron scattering

01 <xp<0.7 0.02< x5 < 0.3

S @{ COMPASS: fixed-target
fé” Wi 0210 GeV? \’ 4 muon scattering

=3 CTEQ6.1

0.0l <xp <0.1

0.6

The glue
ZEUS/H1: electron E
/ /|

positron-proton collider

Derek Leinweber 10_4 <zp <0.02

05 N\ xg(x0.05)

04 [

03 [

02 [

Parton Distribution Function
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Nucleon at different scales

Valence quarks

Sea quarks >
— .
Jefferson Lab: fixed-target

-
% | HERMES: fixed gas-target
electron scattering S electron/positron scattering

01 <xp<0.7 0.02< x5 < 0.3

S @{ COMPASS: fixed-target
|%09 — ik 010 Gev? \’ V4 muon scattering

] CTEQ6.1

0.0l <xzp <0.1

0.7

0.6

The glue
ZEUS/H1: electron E
/ /|

positron-proton collider

Derek Leinweber 10_4 <zp <0.02

Electron-ion collider: 10~ % < x5 < 107!

X Luminosity 100 - 1000 times that of HERA

0.5 xg(x0.05)

04 [

03 R

Parton Distribution Function

02 [

0.1

10 107 107 10’



Kinematic landscape

ll‘ll‘l L] L

lll'll' L] L)

current DVCS data at colliders:

2 raox g2

Q™ |GeVT]

Start 1© [ Zuypuixee O H-tolxe
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current DVCS data at fixed targets:
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2016
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] COMPASS-do/dt. T . A g Agy
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[ future colliders: EIC...

L llllll

BNL EIC Science Task Force and NdH update in 2015

1

L

10 F Arter 2030 -
1 - ," e -l
By e .+ . ...Gluons , . .  Sea quarks .k . . Valence quarks, -
10~ 10~ 10~ 10" 1

Image from Po-Ju Lin, IWHSS 2019
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Detect electron in the Left
High Resolution
Spectrometer (HRS-L):
0.01% momentum
resolution

DVCS in Hall A

Plastic scintillator array built for
proton detection, but not used
in most recent measurements /
re-analyses.

wi Electromagnetic

calorimeter

Detect photon in
PbF> calorimeter:
< 3% energy
resolution

rvf'r Je ‘»"VV"V S —

)*Nh‘
BE et P )
S

F‘(‘uhz;/
NEA
K‘r M
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0.03

0.02

0.01

Ao [11])',"(;0\:"1]

-0.02

-0.03

First DVCS cross-sections in valence region %
% EO00-110: Hall A, ran in 2004, high precision, narrow kinematic range.

. == Total /
\ s DVCS-Twist2 '
Int.-Twist2
e Int.-Twist3
~ - Bethe-Heitler

=== Total
° w== Int.-Twist2
== Int.-Twist3

0 60 120 180 240 300 360

o [deg]

zp = 0.36,02 = 2.3 GeV2, —t = 0.32 GeV2

% Luminosity =1037 cm-2s-1.
% Measure Q?-dependence (Q? 1.5,1.9,2.3 GeV?)

of DVCS-BH cross-sections at fixed xp (0.36).
% Also xp dependence at constant Q2.

% CFFs show scaling in DVCS: leading twist
(twist-2) dominance at this moderate Q2.

40

0

30

201

-0

CDVCS(.F, f-*) R(‘[CI(f)]
-
1k
Ll M. Defurne et al,
S PRC 92 (2015)
B 055202.
4 1‘16 1.18 é 272 2.4 14 1.16 1.I8 2I 2?2 24
Q*  [GeV? Q*  [GeV?
i I . .
tmlc™() ; * Strong deviation of
unpolarised DVCS cross-
—— section from BH: extraction of
2 .
, . |T D,,CS| amplitude as well as
1.6 1.8 2 (22 [(2;(2‘\72] 24

interference terms.



First DVCS cross-sections in valence region %

0.12
- ———- KMS12
~ /,
0.09 |— \\\ ————— KMS12 + TMC Y
'S N\ —— KM10a s
> i * -
£ 0.06}— KM10a + TMC
(-
=
0031 o e WA
o)
T
0
— /\
| —— —_—
| 1 | A I
< 0.02
-
X
-
—
= 0
=)
o
<1-0.02
-0.04
W
! | { | |
0 60 120 180 240 300 360
¢ [deg]

rp =0.36,Q% =1.9 GeV?, —t = 0.32 GeV?

% High precision of the data: sensitivity to
subtle differences in model predictions.

VGG model: Vanderhaeghen, Guichon, Guidal
KMS model: Kroll, Moutarde, Sabatié
KM model: Kumericki, Mueller

TMC: kinematic twist-4 target-mass and finite-¢
corrections, calculated for proton DVCS and
estimated for KMS12.

%k KMS parameters tuned on very low xg meson-
production data: not adapted to valence quarks.

) TMC*: TMC extracted from the
KMS12 model and applied to KM10a.

% TMC improve agreement for KM 10a model,
especially at ¢ = 180°. Higher-twist effects?

The devil 1s in the detalil...

M. Defurne et al, PRC 92 (2015) 055202.



Here comes the twist...

% Twist: powers of \/% in the DVCS amplitude. Leading-twist (LT) is twist-2.

% Order: introduces powers of (/g Leading order Next-to-leading order
(LO) (NLO)

% LO requires Q? >> M2 (M: target mass)

q’'(+) q (+-) q'(+)

q (+)

Bold assumption for JLab 6 GeV kinematics!

% CFFs can be classified according to
real and virtual photon helicity:

Perturbative
Non - perturbative

x-& x+& x-&
helicity of real produced photon

'F-|-+1-/

\/ helicity of virtual incoming photon
s CFFs contributing to the scattering amplitude:
¢ LT in LO: only .F_|__|_
¢ LT in NLO: both F—I——l— and f_+
¢ Twist-3: .F()_|_

¢ Helicity-conserved CFFs — F ++
¢ Helicity-flip (transverse) — _F —+

¢ Longitudinal to transverse flip — J 0+



Here comes the twist...

% At finite 2 and non-zero ¢ there’s ambiguity Leading order Next-to-leading order

in defining the light-cone axis: (LO) (NLO)

q (+) q’'(+) q (+-) q'(+)

¢ Traditional GPD phenomenology uses the

Belitsky convention, in plane of ¢ and P:
A. Belitsky et al, Nucl. Phys. B878 (2014), 214

Perturbative
Non - perturbative

¢ New, Braun definition using ¢ and ¢ x-§ X+§ X-§
more natural.
V. Braun et al, Phys. Rev. D89 (2014), 074022
p p p p

Reformulating CFFs in this frame absorbs most Assuming LO and LT in the Braun frame:

kinematic power corrections (TMC): Foo =(1+ )IF++ HT/HO contributions

Fir=Fip + X [Fiy +F_4] — xoFos Fo. = X]F_|_+ in the Belitsky frame,
2 scaled by kinematic
Fogp =F 4+ 3 [Frqp +F_4] = xoFoyt For = xolF 4+ factors X and XO.

= 1 ¥ [F F_
Fop =— (1 + X) o+ T X0 [Fyt +F o] Non-negligible at the Q2 and x5 of the Hall A cross-section

f T / / measurement:

Belitsky Braun CFFs vo = 0.25, x = 0.06 for Q% = 2 GeV?, x5 = 0.36, t = —0.24 GeV?
CFFs M. Defurne et al, Nature Communications 8 (2017) 1408



Hints of higher twist or higher orders %

% Including either higher order or higher twist effects (HT) improves the match with data:

Ee = 4.5 GeV Ee = 5.6 GeV
3 . d'c y - = FitLT/LO
% A A40- - Fit HT
— KM15

0.1~ —0.05

(=)
L\l 1 Ll 1 L\l

| | | | I I A 1 I | 1 | | I I Il I 1 1 | | I | ] 3 1 l | | 1 | I 1 ! 1
0 100 200 300 0 100 200 300
@ (deg)

@ (deg)

Higher-order and / or higher-twist terms are important! A glimpse of gluons.

Wider range of beam energy needed to identify the dominant effect % JLab at 11 GeV.

M. Defurne et al, Nature Communications 8 (2017) 1408.



Rosenbluth separation of DVCS2 and BH-DVCS terms %

% Generalised Rosenbluth separation of the DVCS? (scales as E.?) and the BH-DVCS
interference (scales as E.°) terms in the cross-section is possible but NLO and/or higher-
twist required: experiment E07-007 @ two beam energies: 4.5 and 5.6 GeV.

30.04F | 3
3 1 8
=° 03l -0.01%
0.02 |
-0.005
0.01-
ok
- [}
]
1
-0.011- i
. > ! -
F i\ i —0.005
0.02F /° i NLO-DVCS? Vi od ]
:  ——HT-DVCS’ '
-0.03[ .+ = = NLO-Interference 4
: ] v Ho.01
[ e HT-Interference |
-0.04}
—l | I l ) I l 1 1 1 l | - l ) I l ) I l ) I I Ll l-
0 100 200 300 0 100 200 300
® (deg) © (deg)

%k Significant differences
between pure DVCS and
interference contributions.

% Helicity-dependent cross-
section has a sizeable
DVCS? contribution in the
higher-twist scenario.

% Separation of HT and NLO
effects requires scans across
wider ranges of Q2 and beam
energy: JLab12!

M. Defurne et al, Nature Communications 8 (2017) 1408.



Large kinematic coverage: CLAS

s Unpolarised DVCS cross-sections and helicity-dependent cross-section differences in a

wide kinematic range:

— , : % CFFs extracted in a VGG fit.
S ook < O
P 33 Frm(§,t) = F(§,6,t) F F(=¢,6, 1)
Qo 8
O W o ash
gi 1 3 —— VGG (Vanderhaeghen, Guichon, Guidal)
0.4E-. 256 -== Aebt prediction
03 E
" T i — £ Q*=1.11 GeV? Q’=1.63 GeV? Q*=2.23 GeV?
01 - TR T =0.126 X5=0.185 Xg=0.335
5 oo T hE e 01 02 03 - :
toE e naes 2 XB 6F __A=5.30:0.95} _A=4.98+0.56 _A=1.44+1.25
5t b=4.25+0.98 | b;=3.03+0.55 | b=1.04+3.68
. . 4 " s 1
% Dominance of GPD H in 30 M
. . 2F N 3
unpolarised cross-section. 1k e
0f :
% Hiy, slope in t becomes flatter gL SO SO TN TS TURITE U TR SR S S
. 6 - L [
at higher xp l ) W
: — i
ool _ *I/IVI_L
Valence quarks at centre, sea quarks = o ' ST S _
spread out towards the periphery. g {

H.-S. Jo et al (CLAS), PRL 115 (2015) 212003

N. Hirlinger Saylor et a/ (CLAS), PRC 98 (2018) 045203

-
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Which DVCS experiment?

Real parts of CFFs accessible in cross-sections, beam-
charge and double polarisation asymmetries,

Voo
'e'Y*@@""JJJ

leptonic plane

imaginary parts of CFFs in
Beam, target single-spin asymmetries.

polarisation

For example:

—_— ~ ;
@ Aoy ~sing S(FH + Gy H — Ve FyE) dg

Aopr, ~ sin ¢ S(FLH + Gar(H + %BE)
t ~
@’ ~{ PB4+ d¢

t

@ AO'UTNCOSgb %(4M2 (FQH—FlE)—I—)dgb

— Aorr ~ (A+ Bcoso) R(FLH
_@') HEGr(H + %BE) 4 do

< r
hadronic™P
plane

Proton Neutron

~~

Im {Hp, H,E}
Im{H , H_, En}
Im{H H}

Im{H _,E,E.}

Im{H ,E_}
ImiH )"

Re(H , H
Re{H .E_E}




e\»%6 Beam-spin Asymmetry (A, ) (»)

JLab Hall A VGG twist-3
results VGG twist-2

Follows first CLAS measurement:

P
Regge (JML) S. Stepanyan et al (CLAS), PRL 87
- (2001) 182002

i‘: A, |, from fit to asymmetry:
= 2 = a; sin ¢
< Y714 B;cos¢

ArLu characterised by imaginary parts of

CFFs via: Py H + fGM]:I B

E

4M?

15 0 05 -t ZGe\}Z)

oy Qualitative agreement with models,
revious CLAS . _ ) ) i
results VGG model: Vanderhaeghen, Guichon, Guidal constraints on fit parameters.

F.-X. Girod et al (CLAS), PRL 100 (2008) 162002.



Target-spin
Asymmetry (Ay,)

—@-) Follows first CLAS measurement:

S. Chen et al (CLAS),
PRL 97 (2006) 072002

Ay, from fit to asymmetry:

a; sin ¢

A= 1+ B;cos¢p

AuL characterised by imaginary parts of CFFs
via: £t ~

4M?

i
+LEp) -

FyH + Gy (H 5

High statistics, large kinematic coverage,
strong constraints on fits, simultaneous fit
with BSA and DSA from the same dataset.

E. Seder et al (CLAS), PRL 114 (2015) 032001
S. Pisano et al (CLAS), PRD 91 (2015) 052014
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Beam- and target-spin asymmetries %

i "
.
A'.i

Q%> =197 (GeViey
F <xp>=0255

. .
: N .
' % -~
* ;
N
LI
.
.
.

asing

1+ Bcosdp

A =

T T
- ‘.-. = .
i 3

<Q> =26 (GeV/cy
F <xp>= 0345

GGL: Goldstein,
Gonzalez, Liuti

GK: Kroll, Moutarde,
Sabatié

KMM : Kumericki,
Mueller, Murray
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r k'S 'Y .
02f /m KM 02 1w
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S. Pisano et al (CLAS), PRD91 (2015) 052014
E. Seder et al (CLAS), PRL 114 (2015) 032001

’ VGG: Vanderhaeghen,
Guichon, Guidal

©-S

% TSA shows a
flatter distribution
in ¢t than BSA.



Double-spin asymmetry

At leading twist, double-spin asymmetry (DSA) can be expressed as:

BH BH T
POLP+(ILP+ (‘1LP+‘1,LP)COS¢

Comnp T (CPinp T Clunp T -+) COS @..

Apr (o) ~

x t ~

2 AM?
N / 2

At CLAS kinematics, leading-twist
dominance of these CFFs

KLL + ALL €OS ¢
1+ Bcos¢

% Fit function for the phi-dependence of the asymmetry:

Shares denominator with BSA and TSA!
If measurements at same kinematics, can do a simultaneous fit.
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E. Seder et al (CLAS), PRL 114 (2015) 032001
S. Pisano et al (CLAS), PRD 91 (2015) 052014

A, from fit to asymmetry:

KLL + ALL COS ¢
1+ Bcos¢

ArL characterised by real
parts of CFFs via:

. x
FyH + Gy (H + TBE) T

% Fit parameters extracted
from a simultaneous fit to

BSA, TSA and DSA.

s Constant term dominates
and is almost entirely BH.

CFF extraction from three spin
asymmetries at common kinematics.



Q2 =2.6 GeV2, xg = 0.23
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Projected sensitivities to Im(H) CFF

Projections for
Im(H) neutron
and proton and
up and down
CFF's extracted
from approved
CLAS12
experiments.

VGG fit (M. Guidal)



Projected sensitivities to Im(E) CFF

Q2 =2.6GeV? xpg=0.23
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Projections for
Im(E) neutron and
proton and up
and down CFFs
extracted from
approved and
conditionally-
approved CLAS12
experiments.

VGG fit (M. Guidal)



Nuclear GPDs: coherent DVCS on 4He Q«l&

% “He is spin-0, so only one GPD at

leading twist, Ha.

%G(HA) == P/O dx[HA(xaf’t) - HA(_xagvt)] C+($,§)
%m(HA) - _ﬂ-(HA(évg?t) — HA(_§7§7 t))

0.7F -
L | L xB=0.18.-t=0.10GeV2|

0.6~

= = m -t=0.20 Ge\’, Q°= 2.1 GeV?

4= 0.10 GeV", Q°= 1.5 GeV*
4= 0.10 GeV?, Q%= 1.2 GeV?

A 90°)

Xg=0.07, Q°= 1.8 GeV*

B x,=0.17,Q°= 1.5 GeV’
— xo=0.14, Q°= 1.2 GeV?

Il
1 15 2 25 0.1

Q’[GeV?]

HERMES

= = = S. Liuti, K. Taneja, PRC72, 032201 (2005)

% Beam spin asymmetry in coherent DVCS from
4He: CLAS and a radial time projection chamber
(RTPC) for detection of recoiling helium, data

taken 1in 2009.

% Paves the way for measurements at 11 GeV.

M. Hattawy et al, PRL 119 (2017) 202004.

m CLAS-EG6

70 3 3 === Convolution-Dual
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40 3 r = = « Convolution-VGG
~e 20 l +
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—— V. Guzey, PRC78, 025211 (2008)
= === M. Guidal et al, PRD72, 054013 (2005)
—— J. Gonzalez-Hernandez et al, PRC88, 065206 (2013)




Nucleon Tomography from GPDs

pion valence
Vs cloud / quarks

%k At a fixed Q2, xB i ’ .
, ’ A ulg-—--» P /
slope of GPD with tis 2 ’ : /(/

- \
. . b ;
related, via a Fourier . - se, — B b
Transform, to the

/
%
transverse spatial 2l | / /

spread. : x<0.1 x~0.3 x~0.38

\ 4

Formally, the radial separation,
b, between the struck parton
‘ S, and the centre of momentum of
=8 the remaining spectators.

* Experimentally, fit the t-dependence of structure functions or
CFFs with an exponential. doy



GPDs and nucleon spin

Jy 2, +L,+J,

11
2 27

. . 1 1
%* Ji’s relation: J?¢ = E—Jg = 5j:xa'x{Hq(X,§,0)+Eq(X,§,O)}

Second Mellin moments of the GPDs contain information on the total angular
momentum carried by quarks.

Note that the contribution from GPD H is given by the quark momentum,
already known from PDFs:

1 +1
2J1 = / dr zlq(z) + q(x)] + / drxzEYx,0,0)
0 _

1



Compton Form Factors in DVCS

Experimentally, DVCS amplitude is proportional to Compton Form Factors
(CFFs) — sums of GPD integrals over x:

1 1 1
/1dw/47<q:x,§,t> [xWe%HUe

GPD Plus sign for unpolarised
GPDs, minus for polarised.

Can be decomposed into real and imaginary parts:

Cauchy’s principal
value integral

\ 1
ReF = ;D/ dx [ i F ig] F(z,&,t) * Both parts are
—1 T-6 T accessible in different
experimental observables

SWF(€,t) = —n[F(€,&,t) F F(—,€,1)



Other reactions to get at GPDs

% Time-like Compton scattering: virtual photon is time-like. At

leading order, access same integrals of GPDs. At higher orders,
they differ.

% Double Deeply Virtual Compton scattering: two virtual
photons: the second vertex provides a second variable
Q'2. This allows direct access to x, but cross-sections are
suppressed by another factor of (.

% Deeply Virtual Meson Production: the meson
vertex provides flavour information. Amplitude now
depends on GPDs and the meson Distribution
Amplitudes. In light mesons, more sensitive to
higher order and higher twist.

’Y*

In vector mesons, gluon GPDs appear at lowest order!



Nucleon Tomography from GPDs

%k Flavour separation is possible in DVCS using different targets
(proton and neutron), and in DVMP with different mesons.

For example, compare measurements of 7tV and ) DVMP:
HYJ-T() — (8111—1;f o el/H;{)/ﬁ' 1—17]z — (e“H;£ + 8(1H7(~1)/\/6,
E} = (e EYf —esEf) V2. Ej = (e By + eaET) V6.

Up_quaﬁ( charge (Goloskokov-Kroll model)

%k Different GPDs represent different aspects of the parton
distributions: EM charge, axial charge, transversity, etc....

%k Sensitivity to gluon distributions through gluon GPDs.

Particularly cleanly accessible for heavier q: ,J / \Jj



Extracting asymmetries
Number of DVCS/BH events for each kinematic bin:

N bt Number of detected HI\:H
th (1 - B ()) . (’P’Y — events in identiﬁed
/ 7r FC FCbt reaction
. Normalisation by
Polarisation Background due to beam current (in

state of beam,

iV contamination Faraday Cup)
target

P (Ntt —N-H) 4+ PH(Nt- = N—7)
Py(P; (Ntt + N-+) + PF(N+- +N-7))

A

%k Beam-spin asymmetry: AvLu =

W
%k Target-spin asymmetry: | \

Beam, target polarisation

Ayl = AI{jLE + Cc Ay« Correction for electron / virtual photon axes

Alab _ Ntt + Nt - N+t= - N—- % Double-spin asymmetry:
D P (NtTt 4+ N—+ P+ Nt—=+ N—— lab
/ a ' ' ( " )) AL = AI?L + CApr
Dilution factor due to Alsb _ Ntt 4+ N-- - Nt- - N—+

unpolarised background Py Dy(P(N*++ N—*)+ PH(N*- +N-7))



The DVCS/BH amplitude

9 9 Interference term
= |Teu|” + [Toves|” +Z ~— fr Dves/BH

6 2

2 _ ¢ BH BH BH _:
[ Teul” = 220 1 2P (0)Pa(0) lco + ;cn cosng + sy sin @]

2
|TDVCS|2 2Q2 {CDVCS Z[CBVCS cosng + SDVCS sin nqﬁ]}
n=1
66
T = {Co-l-ZC cosng + s sinng|}

rpYy3tP1(¢
n=1 \/’
va

Coefficients depending on

Intermediate lepton propagators Compton Form Factors



From asymmetries to CFFs

At leading twist, beam-spin asymmetry (BSA) can be expressed as:

S:IZ ,unp
Aru(o) ~

0 unp + (C1 unp + Cl unp e ) cOoS ¢@... higher-twist terms...

sin ¢

The leading coefficient is related to the imaginary part of the Compton Form Factors:

~ t
Srlz,unp X %m[Fl@—i— f(Fl + FQ)H — AN 2 FQ(C;] F], Fo: Dirac,

N Pauli form factors
At CLAS kinematics, this dominates

Likewise, for the target-spin asymmetry (TSA): % Obtain coefficients

51 p Sin gb from fitting the phi-
AuL(o) ~ 7 dependence of the
Conp T (CTunp  Clounp + ) COSG+ . asymmetry:
T t ~ :
S1,LP oc%m[Fl@—k §(F1+F2)@+ TBE)—§(7BF1+ 4M2F2)5] Ai_ aiSIIld)

'\ /' 1+ pB;cos¢p

At CLAS kinematics, these CFFs dominate



Proton DVCS @ 11 GeV

Impact of CLAS12 unpolarised target proton-DVCS data on the extraction of
Re(H) and Im(H).

Re(H) Im(H)

-1.5 7

m Re H fit result : 6 GeV data N m Im H fit result : 6 GeV data
j=f =
o[ = Re H fitresult : - = Im H fit result : CLAS12 pseudo data
“r CLAS12 pseudo data b 6
L A N [
= Oe\/ - e\:\
o o
2.5 ono 8 5 OQ{/,» ¥
o L
- N/
3 «\OV 4 \C’v. :
<@ - 2D
\a C K5
) ¥ {- - <& ¥
3.5 — + 3
4.5 — 1
r <Q’>=2.4GeV’, <xz>=0.35 - <Q®>=2.4 GeV? < xz>=0.35
sk l l ! | ol L 1 L l
-1 -0.8 -0.6 -0.4 -0.2 o -1 0.8 -0.6 .0.4 .0.2 )
-t (GeV?) -t (GeV?)

(CLAS 6 GeV extraction H. Moutarde)



DVCS @ JLab12

%k Scheduled experiments to measure cross-sections and spin asymmetries
with unpolarised and longitudinally polarised liquid H> and D>

targets using CLAS12. ﬁ Im(E,), Im(H,), Im(ﬁp), Re(H,) To pumps

Target cryostat . T ,
Heat shield  Phase separator LHe inlet

* Dynamic Nuclear
Polarisation (DNP) of
target material, cooled
in a He evaporation
cryostat.

« P = 80%,

proton
« P

Target sample

\L Correction coils
Heat exchanger .

up to S0% < ters 4
deuteron P 0 ! C. Keith (JLab) M Access for /

target insert

-4 — -

%k Measurements of cross-sections at 10.6, 8.8 and 6.6 GeV (allows separation
of pure DVCS amplitude and the DVCS/Bethe-Heitler interference terms) in
Halls A, B and C.

%k Transversely-polarised target (HD) for use with electron beams is under
development (Hall B). === Im(Ey)

%k Measurement of beam-spin asymmetry in coherent DVCS from a 4He target
(CLAS12 + recoil detector ALERT): partonic structure of nuclei. e Im(Ha)



JLab 6 GeV era DVCS X-sections: kinematics

<
24.5f
.
3.5
3
2.5
2
1.5}
1
0.5t

C

02 03 04 0.5

0.1

02 03 04 05 0.6

B

CLAS 2D distributions: H.-S. Jo et al (CLAS), PRL 115 (2015) 212003

Hall A

% M. Defurne et al, PRC 92 (2015) 055202

M. Defurne et al, Nature Communications 8 (2017) 1408



Proton DVCS @ 11 GeV

Experiment E12-06-119

F. Sabatié¢ et al. "OF
Q7o

P,...= 85% 3F

L = 1035 cm2s-1 E £

1< Q2< 10 GeV2 °E

0.1 <xg< 0.65 i3 e

~t_.< -t < 2.5 GeV2 i3 | =
Kinematics similar for all proton DVCS 2 g .-
@ 11 GeV with CLAS12 experiments 1 .

ob o v v 1w b b L b L
Unpolarised liquid H2 tal‘get: 0.1 0.2 0.3 0.4 0.5 0.6 0.7 XBO.8
» Statistical error: 1% - 10% on sing ) . .
moments First experiment with CLAS12

* Systematic uncertainties: ~ 6 - 8%
Started this February!
Aru characterised by imaginary parts of

CFFs via: ~ t




DVCS at lower energies with CLAS12

Experiment E12-16-010B
F.-X. Girod et al.

Unpolarised liquid H> target:

 Beam energies: 6.6, 8.8 GeV
e Simultaneous fit to beam-spin and
total cross-sections.

% Rosenbluth separatlon of
interference and |T D,,CS| terms in the
cross-section

%k Scaling tests of the extracted CFF's

% Model-dependent determination of
the D-term in the Dispersion
Relation between Re and Im parts of
CFF's: sensitivity to Gravitational
Form Factors.

Deep Process Kinematics with 6.6 , 8.8, and 11 GeV

~14r-

H12

10

! | l La
OO 01 02 03 04 05 06 07 08 09 1

Xg

Compare with measurements from
Halls A and C: cross-check model and
systematic uncertainties.



DVCS at lower energies with CLAS12

Projected extraction of CFF's (red) compared to generated values

(green). Three curves on the Re(H) show three different scenarios
for the D-term.

Rosenbluth separated ImH Rosenbluth separated ReH Rosenbluth separated DVCS?

35 N /A

025 03 035 04 045 05 055 ' J
X A A LA . 025 03 035 04 045 05 055

F.-X. Girod et al.



Neutron DVCS @ 11 GeV

Experiment E12-11-003 AG. - ~ siné Tm {F.H + E(F.+F)H - kF.E'd
S. Niccolai, D. Sokhan et al. LU ¢ Im{F, S(F,+Fy) E ydo

Im (l;n) dominates.

0 -t 12 Simulated statistical sample:

Q? (GeV?)

# | . ; . H L = 1035 cm~—2s~!/nucleon
/

*"W* W.W’W .-HHWHH EWH”HH{* +’H|” e

CLAS12 +
Forward Tagger +
Neutron Detector

o Tty *H“M* “ Mﬂ it §+HHHHH+ gqm {

mwﬂwﬁﬁh U”HH* 2+++++++++++§++HHHH++§+HH i

0.4 0.5 0.6 x‘:-7 Scheduled: 2019



Neutron DVCS with a longitudinally
polarised target

Experiment E12-06-109A.
S. Niccolai, D. Sokhan et al.

Longitudinally polarised ND3 target:
* Dynamic Nuclear Polarisation (DNP) of target

material in a cryostat shared with the NHj3 target.

« P up to 50%
* Systematic uncertainties: ~ 12%

deuteron

AuL characterised by imaginary parts of CFFs via:

- T §t
W H H+ —F

—> Im(H,)

In combination with pDVCS, will allow flavour-
separation of the Hy; CFFs.

FQE + ..

14

12

Q%GeV?)

[+}
)
0.2

“0 2 4 6 8 10 12 14
Q? (GeVA2)

Tentative schedule: 2020



Proton DVCS with transversely
polarised target at CLAS12

C12-12-010: with transversely polarised HD target (conditionally approved).
L. Elouardhiri et al.

Aoy ~cosd Im{k(F,H -F E)+....}dp ~ Sensitivity to Im(E) for the proton.
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VGG extraction t t
(M. Guidal) (x) = 0.2, (Q?) = 2.5 GeV? (x) = 0.33, (Q?) = 2.5 GeV?



Towards nucleon tomography: local fits

Quasi model-independent extraction of CFFs based on a local fit:

%k Set 8 CFFs as free parameters to fit, at each (xp,f) point, the available observables.

%k Limits imposed within +/- 5 times the VGG model predictions (Vanderhaeghen-

Guichon-Guidal).

%k Leading-twist DVCS amplitude parametrisation based on Double Distributions.

The best constraints in
fits to CLAS data were
obtained on Hm.

Parametrise its
dependence on t:

Hpm (&, ) =,A(£)e/?<f”
/Inverse relation
to spatial

distribution

Relates to
quark density
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R. Dupré et al., Eur. Phys. J;'-\ 53 (2017) 171



Towards nucleon tomography: local fits

Relating the impact parameter to helicity- A2
£ averaged transverse distribution: —
b S
14€ ——b A2 A _
1- L —ib,-A 2
M. Diehl : pq(x’ bl) — / (27T)2 e P aLHY (-’E,O, —A )
.. q — q q
Transverse parton position HZ (337 07 t) =H (337 07 t) + H (—m, 07 t)
interpretation only at& = 0. Transverse four-momentum
transfer to nucleon
0.8
. . . 17T Radi t
Assuming leading-twist and 07-  different
exponential dependence of GPD -y momentum
. TT fractions x

on t, using models to extrapolate
to the zero skewness point§ = ()
and assuming similar behaviour

2)x) (fm?)
L ]

(o}
=)
w
|
—e— !
:.=‘

for u and d quarks there: ? -~
o “11 I
(b2 () = —4 InH? (2,0, — A ?) 0] i
- N Ao B

0.1 1

Tentative hints of 3D distributions are emerging.

We need more datafrom JLab @ 11 GeV! R. Dupré et al., Eur. Phys. J A 83, (2017) 171
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Towards nucleon 2

PARTONS Fits NN 2019

tomography: global fits - 0 =2 Gev?

1 N

X
% PARTONS framework: global fits £
and neural networks to minimise
model-dependence in the
extraction of CFFs. “° PARTONS

10-6 10-5 10-4 10-3 10-2 10-1 100
§

H. Moutarde et al., Eur. Phys. J
C79, 614 (2019)

0.25 u
Inclusion of other
- — . H, channels into PARTONS
x underway.

3 0.15

2 Framework in place:
1 0.1

. Aw,, MOre data needed!
-1 0.05 va
-2
38 . Moo Image from Pawel Sznajder,

no uncertainties shown! x IWHSS 2019



