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1. Introduction
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Introduction

Deeply Virtual Compton Scattering (DVCS)
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factorisation for |t|/Q2 « 1

Chiral-even GPDs:
(helicity of parton conserved)

f
H®(z,&,t)  ET9(2,&,t)  parton heities
H9(agt) E"9(ng) Bimmas

nucleon helicity
conserved

nucleon helicity
changed
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Introduction

Reduction to PDF:

H(x,& =0,t=0)

q()

Polynomiality - non-trivial consequence of Lorentz invariance:

1 n
A (€,1) = / dza™H(z,6,t) = 3 € Ap ;(t) + mod(n, 2)E™ LAy 11 (8

€cven

Positivity bounds - positivity of norm in Hilbert space, e.g.:

x4+ & x— & 1
|H(£E,f,t)| S \/Q(l__§>Q(1_€> 1_§2
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Introduction

LYAR
Nucleon tomography: ongitudinal ..

d?A .
q(z,b) :/ 12 e PL .AHq(QJ,O,t — —Az)

T

- Shear stress

Energy momentum tensor in terms of form factors
(OAM and mechanical forces):

. 'PuPV AFAY — v A?
T Ip,s) =y, o) | 5 A(0)+ === () + My

Normal stress

PH; VA 2 U
B A’\QB +D+P TN [A(D) + Bl ;Du(p,s)
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Introduction

GPDs accessible in various production channels and observables

— experimental filters

{ {
X @Y
N N
DVCS

Deeply Virtual Compton
Scattering
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Y
N H N
TCS

Timelike Compton
Scattering

HEMP
Hard Exclusive Meson
Production

more production channels sensitive to GPDs exist!



DVCS Compton Form Factors

Cross-section for single photon production ({+ N — [+ N + y):

Y 0 Y Y
ocx || =|dpgy+ Apycs|” =Lyl + 1 Lpyes|™ +F

Bethe-Heitler process DVCS
For more details and formulae

see e.g.:
>f\f;'/ > /'i A. V. Belitsky et al.
é + § NPB 878 (2014) 214
calculable within QCD
parametrised by CFFs

calculable within QED
parametrised by elastic FFs

0

Im% (& t)L—"nZequH)(.f E, 1) Re7 (S t)=PVr§Im%(§’ t)( ] >+C ()
e e | ™ \e-¢ e+ T
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2. Phenomenology at level of DVCS amplitudes (Compton form factors)
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Parametric Ansatz of CFFs G={HE H F}

GY(2,0,1) = pdffy(z) exp(f2 ()1
fa(x) = AL log(1/x) + BL(1 — 2)* + CL(1 — x)x

reduction to PDFs and correspondence to EFFs

modify "classical" log(1/x) term by Bgd(1-x)2 in low-x and by Cga(1-x)x in
polynomials found in analysis of EFF data — good description of data
allow to use the analytic regularisation prescription

finite proton size at x — 1

GY(x,,t) = GU(x,0,t) g&(x,2,1)  gL(m, a,t) = —C (1

(1 —22)

at x — 0 constant skewness effect

H. Moutarde, PS, J. Wagner,
Eur. Phys. J. C 78 (2018) 11, 890

high-x regions

+t(1 — x) (b5 + ¢ log(1l + x)))

at x — 1 reproduce power behaviour predicted for GPDs in Phys. Rev. [

69, 051501 (2004)

t-dependence similar to DD-models with (1-x) to avoid any t-dep. at x = 1

1

1
ChL(t) = 2/(0) (Gq<+)(x,x,t) — G1H) (g, O,t)) Edw

subtraction constant as analytic continuation of Mellin moments to j = -1
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Non-parametric Ansatz of CFFs H. Moutarde, PS, J. Wagner,

Eur. Phys. J. C 79 (2019) 7, 614

Features of analysis:

* Independent artificial neural network for each

CFF and Re/Im parts

 Functions of xg, Q2 and t

* Network size determined using benchmark sample

Q,
linearization
normalization

* No power-behaviour pre-factors

inverse linearization
3
I

inverse normalization

* Trained with genetic algorithm

* Regqularisation method based on early stopping criterion

* Replica method for propagation of experimental uncertainties
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DVCS data

Kinematic cuts
used in our recent analyses:

0% > 1.5 GeV?
—t/0%? < 0.2

v HALLA
A CLAS

® HERMES
B COMPASS

Q*[GeV?]
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10-2 |
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PARTONS Fits NN 2019

H. Moutarde, PS, J. Wagner,
Eur. Phys. J. C 79 (2019) 7, 614

T — R

Note: both analytic and non-analytic Ansatze use specific PDF parametrisations
analytic Ansatz is also fitted to elastic FF data
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VGG

LO evaluation



Eur. Phys. J. C 78 (2018) 11, 890

Parametric Ansatz allows us to access nucleon tomography
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Subtraction constant 4. Dutrieux et al.

Eur. Phys. J. C 81 (2021), 300

Non-parametric Ansatz allows us to access EMT FF C

| . N 1 , , 1 1
Dispersion relation: Cu(t,Q%) =ReH(&,t, Q) _;75 T ImH(E, 5, &) (f —§ &+ §'>

(2, ¢, 2
Relation between subtraction constant and D-term (z=x/g): H(t Q2 2 Z e / Dterm( : _“ ; = Q)

Df.m (2, t, pp) = (1 — 2°) Z di (t, pp) C3/?(2)

Decomposition into Gegenbauer polynomials:

odd n
2
Finally: (t,Q%) = 426 > dit pp = Q%)
odd n
Connection to EMT FF: di(t, ug) = 5C,(t, pg)
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Subtraction constant - results

H. Dutrieux et al.,

Eur. Phys. J. C 81 (2021), 300
Subtraction constant:

10

@ E=0.2and Q2=2 GeV2

Non-parametric

Model dependent extraction -

a=273

/ —a
uds 2N — Jqudsy,,?2
di(t, pr) = di " (up) <1 AZ) A =0.8 GeV

0.8 1

Results: Parameter Value

d1uds(up2 = 2 GeV?) 0.5+1.2
d1c(ur2 = 2 GeV?) -0.0020 + 0.0053
d19(pe2 = 2 GeV?) 0.6 + 1.6

Conclussions:

e dquds compatible with zero within large statistical uncertainty
* no way to simultaneously fit d1uds and d19 or dauds
* large model uncertainty of used Ansatz
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3. Phenomenology at level of GPDs
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» Despite a substantial progress in both measurement and description of exclusive processes, and in
lattice-QCD the problem of the model dependency of GPDs is still poorly addressed.

* EXceptions:

» probing nucleon tomography at low-xB

o extraction of D-term

10

@ £=0.2and Q2=2 GeV?2
ANN analysis : andQ ;

Model dependent extraction

a=23 5

A2

l_ —a
A ) = A )<1 ) _) A =0.8 GeV

0 0.2 04 0.6 08 1
-t [GeV?]

 No GPD models that could be considered non-parametric — no tools to study model dependency of the
extraction of GPDs, nucleon tomography and orbital angular momentum
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Modelling in (B, a)-space

H. Dutrieux et al.,
Eur. Phys. J. C 82 (2022) 3, 252

T — R

Double distribution:

Hix. &, 1) = JdQ F(B.a. 1) H(—¢,6)

where:

dQ = dfdad(x — f — af) H(z,§)

lal + /] <1

from PRD83, 076006, 2011

We also consider non-parametric GPD modelling in (X, §)-space, see our paper
The drawback of this modelling is that one can not keep PDF singularity for only x=0 and §=0
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Modelling in (B, a)-space

H. Dutrieux et al.,
Eur. Phys. J. C 82 (2022) 3, 252

Double distribution: (1 —2*)Fo(B,a) + (2? — *)Fs(B,a) + EFp(B,a) ™ -
Classical term: Shadow term: D-term:s
Fo(B,a) = f(B)hc(B, o) 1 _1 i Fs(B,a) = f(B)hs(B,a) Fp(B,a) = §(8)D(a)
F(B8) = sgn(B8)q(|8)) f(B) = sgn(B)q(|8]) D(a) = (1 —a%) Zdﬂ? (o)
bdd
A o)
hc(IB,Q{) — 1_|IB|NNC(‘/B|7C¥) hS(,B,a)/NS — 1_|2NNS(|IB‘7 )
/ daANN¢(|4], ) / daANNg(|B], o)
— 148 —1+|B]
ANNg (18], @)
1—|B] '
/ daANNg: (|8|, @)
—1+|8|

ANNg (8|, @) = ANNg(|8], @)
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Modelling in (B, a)-space

Shadow term is closely related to the so-called shadow GPDs

Shadow GPDs have considerable size and:

e at the initial scale do not contribute to both PDFs and CFFs
e at some other scale they contribute negligibly

making the deconvolution of CFFs ill-posed

We found such GPDs for both LO and NLO
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V. Bertone et al.,
Phys. Rev. D 103 (2021) 11, 114019
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Modelling in (B, a)-space

H. Dutrieux et al.,
Eur. Phys. J. C 82 (2022) 3, 252

Our ANNSs: Requirements:

Wy

2)
symmetric w.r.t.

symmetric w.r.t. 3

ANN(B,a)

vanishesat |a |+ |B|=1

2
W51( )

Activation function:

(qai(wiﬁ\ﬂ\ + wlal(l — \,B\)+bl-) —qoi<wiﬁ|ﬁ\ +wl.“+bl->) + W% = —w?)
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Demonstration of results

H. Dutrieux et al.,
Eur. Phys. J. C 82 (2022) 3, 252

0.2 75— ——————— 0.757
015} 5t 0.5
. = | 5
1 j c|:|> | o | Z
“ o1} o 25} o 025 ‘.
= | T T | :
0.05¢ Or OF -‘
301 “8o1 o1 1 OB o1 1
X X X
Conditions: Technical detail of theanalysis: = ===a. GK
e Input: 400 x = € points * Minimisation with genetic algorithm ANN model
0
generated with GK model * Replication for estimation of model uncertainties 68% CL
5 ] . . Fc+ Fs+ Fp
* Positivity not forced * “Local” detection of outliers

* Dropout algorithm for regularisation
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Demonstration of results

H. Dutrieux et al.,
Eur. Phys. J. C 82 (2022) 3, 252

0.2 0.75¢
015} 05}
Lo ; ;
5 01¢ v W
T I Ko X
> _ L L
0.05
8on o1 1 2801 o1 1
X X X
----- GK
Conditions: ANN model
68% CL
. Fc
* |Input: 200 x = € points
generated with GK model ANN model
(o)
» Positivity not forced 68% CL
Fc + Fs
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Demonstration of results

H. Dutrieux et al.,
Eur. Phys. J. C 82 (2022) 3, 252

™rT]

2 (IS LTI I ISR 2
! KRR -

SRS 302000000.0.0.
— O
4E S— OIOOO z’:’...
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H(x, §) / Ipos(x, §)|
<

H(x, §) / Ipos(x, §)|
<

-1

H(x, §) / [pos(x, §)I
o

H(x, §) / [pos(x, §)I
o

----. GK

Conditions: _ T i ]
F001 0.01 0.1 1@-05 0.0001 0.001

1 1 single replica
e Input: 200 x = ¢ points
generated with GK model

* Positivity forced

Excluded
by positivity
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4. New sources of GPD information
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Timelike Compton scattering

O. Grocholski et al.,
Eur. Phys. J. C 80 (2020) 2, 171

Relation between T 2 S

DVCS and TCS CFFs: T .0 LO _S 0

for more details see: T "0 S im 92 9 5 SH”
Mueller, Pire, Szymanowski, Wagner 02
Phys. Rev. D86, 031502 (2012) T 40 NLO S s0x 1 in.9? J S

022

Combined study of DVCS and TCS:

» source of GPD information
 useful to prove universality of GPDs
e impact of NLO corrections
e constrain Q2-dep. of CFFs
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Timelike Compton scattering

DVCS CFF (Non-parametric):

- = ]
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TCS CFF:

Y

%7

R

/i

NN

10-2 10-1
§

B TCS from DVCS (LO)

N\ TCS from DVCS (NLO)

O. Grocholski et al.,
Eur. Phys. J. C 80 (2020) 2, 171

TCS circular beam asymmetry:

_
SNNMMNSZ

—

6 € (n/4,3m/4) Q* =4 GeV? t=—0.1GeV?and E, =10 GeV
" " 1 1 1

---- GK model (LO)
— GK model (NLO)
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Double DVCS

* The process allows to probe GPDs outside x=¢ line,
but is much more challenging experimentally

1
LO 1
~ d P I x5
Appves /;1 L Z— €+ 140 (z,7m,t)

* We are revisiting DDVCS for phenomenological studies,

i.e. we reevaluate DDVCS and related BH amplitudes using Kleiss-Stirling technique

* We plane to release obtained formulae in PARTONS and EplC MC generator

DVCS limit

ﬂx! X
© X DDVCS X
e B e DVCS
O
£ x  x;=0.04,1=-0.1GeV?>  x
a B _ % 2 _ 2 2 _ s
- = . x 11 — > 4 T Ve
Preliminary results: 3 gp = 10GeV7, g, = 0.001 Geyy,
L 3 x E, = 160 GeV x
BH cross-section In Sh x x
. . o X X
DVCS and TGS limits = - x
T o x x
N © " '
% o
N xl!xMxlxx
= | | | | | | |
0 1 2 3 4 5) 6
¢ (rad)

d*6/(Q*dtd¢hd6)) [nb]

0.02 0.03 0.04 0.05 0.06

0.01

PRELIMINARY !!!
e u+
o=
q2
q1
> [

N

X DDVCS
e TCS

xp=2-10"%1=-0.5GeV?
—gi =2-107°GeV?, g5 = 1 GeV?

E, = 12GeV .

I lIIIl. I I.IIII I I

1 2 3 4 ) 6
¢, (rad)
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Exclusive diphoton photoproduction O. Grocholski et al.,
Phys. Rev. D 105 (2022) 9, 094025

Phys. Rev. D 104 (2021) 11, 114006

* Process probes C-odd GPDs — —
* No contribution of D-term

* No non-perturbative ingredients other than GPDs
 Both LO and NLO description available

e Gluons do not contribute also at NLO

e Description already available in PARTONS (not released yet),
soon will be available in EplC

Cross-section

- ;
2 2 . ot 001
u /’—-\\ o _\ o _ ) 5
\ _ /7 N M7, =4 GeV*, t=tpand v’ = —1 GeV? | GK MMS
'8_ 1.5' / ~ ]
e i / ~
Vs [
o i L Sl PG 1
mb % 0.5:‘ ~~..::.\~ \\\\~ ] NLO e eeeeoee —— =
O ‘: 0 1 ‘ .7.-:-.‘-::“.!“‘II_"_I‘“II—m
g 10 100 400

S,y [GeV?]
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4. Tools
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PARTONS prOjQCt B. Berthou et al.,

Eur. Phys. J. C 78 (2018) 6, 478

* PARTONS - open-source framework to study GPDs - | H I /

— http://partons.cea.fr P‘ Aai—,-st

* Come with number of available physics developments implemented rﬁ j

 Written in C++, also available via virtual machines (VirtualBox) and containers (Docker)
* Addition of new developments as easy as possible

* Developed to support effort of GPD community,
can be used by both theorists and experimentalists

e v3 version of PARTONS is now available!
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EplC MeC generator E. C. Aschenauer et al.,

2205.01762 [hep-ph]

CoIC

* Novel MC generator called EplC released
— https://pawelsznajder.github.io/epic

* EplC is based on PARTONS

* EplC is characterised by:
* flexible architecture that utilises a modular programming paradigm
* a variety of modelling options, including radiative corrections
* multichannel capability (initial version includes DVCS, TCS and DVMP)

* This is the new tool to be use in the precision era commenced by the new generation of experiments
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https://pawelsznajder.github.io/epic

* Review of recent results given

e Substantial progress in:

e understanding fundamental problems, like deconvolution of CFFs, and analysis methods
— important for extraction of GPDs

* description of exclusive processes
— new sources of GPD information

* modelling of GPD, fulfilling all theory-driven constraints (including positivity)
— subject not touched enough in the current literature
— developed in mind for easy inclusion of latticeQCD data

e addressing the long-standing problem of model dependency of GPDs
— nontrivial and timely analysis

e delivering open-source tools for the community
— 1o suport both experimentalists and theoreticians

This progress is important for the precision era of GPD extraction allowed by the new generation of experiments
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