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Introduction

Deeply Virtual Compton Scattering (DVCS)

,,,,,,,, - *-jic_tﬂﬂia tion
~ X+ X - T
N N
GPDs
\ /
t

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(:E,f:O,t:O) Q(x)

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

—1

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

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

Nucleon tomography: — 11—
5 longitudinal | __. b L/ : /\ ‘_
d“A 4 . .
Q(xa bJ_) :/ 47_‘_2 e b AHq(CE, O,t — —Az) W /
0.1

Energy
density

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

- Shear stress

Normal stres

P#ic"*A,, A*AY
+C, (1)

(P’ T | p) = a(p)|A, (OP¥ Y + B, (1)

2m
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Introduction

GPDs accessible in various production channels and observables
— experimental filters

DVCS TCS DDVCS
Deeply Virtual Compton Timelike Compton Double Deeply Virtual
Scattering Scattering Compton Scattering

more production channels sensitive to GPDs exist!
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DVCS Compton Form Factors

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

0 ) Y y
ox || = |dpy+ Apyes|” = 1 Dgyl™ + | Apyes|™ +F

Bethe-Heitler process DVCS

o

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

For more details and formulae

calculable within QED
parametrised by elastic FFs
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DVCS Compton Form Factors

note: here, example for CFF ‘H

* Imaginary part

Im (&, 1) = aH™M(E E 1) = nz e HIM(E &, 1)
q

where

HQ(_H(xa 5? t) — Hq(xa 5’ t) T Hq(_xa 5’ t)

* real part |
LO
ReF (&, 1) = {( dx H)(x, €, t)( )
0 E—x E4+x
or using dispersion relation
1
ReZ (&, t) = l % dxIm#Z (¢, t)( ) + 6 (1)
T ), E—x CE+x

Lo (!
Re#Z (&, t) =J( dx H(¢, ¢, t)(

) + 6 (1) subtraction constant
0

C—Xx &+x connected to EMT FF
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DVCS Compton Form Factors

e relation between subtraction constant and D-term:

E(1) = G4(1) Z &I(1)

q

where

LO LO L DYy ¢ X
5(t) =0 G1(t) = 2e§J dz 1 (Z’z) = 4D9(1) = E
—1 T

* decomposition into Gegenbauer polynomials:
Dz, f) = (1-2%) ) d'C32 (2)
i=0

e connection to EMT FF:

DY) = ) di(1) d°(t) = 5C, (1
1 =1
odd
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Parametric Ansatz of CFFs G={H,E, H. F} H. Moutarde, PS, J. Wagner,

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

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 Bga(1-x)2 in low-x and by Cga(1-x)x in high-x regions
* polynomials found in analysis of EFF data — good description of data

» allow to use the analytic regularisation prescription

* finite proton size at x — 1

Gz, x,t) = GUz,0,t) gL(x,2,t)  gL(z,a,t) = —C s (1 +t(1 —x) (b5 + ¢ log(1 + x)))

(1 —22)
« atx — 0 constant skewness effect
 atx — 1 reproduce power behaviour predicted for GPDs in Phys. Rev. D69, 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 normalization
inverse linearization
3
I

* Trained with genetic algorithm

* Regqularisation method based on early stopping criterion

* Replica method for propagation of experimental uncertainties

Pawet Sznajder / Exploring resonance structure with transition GPDs / August 21, 2023



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?]

01 o o

PARTONS Fits NN 2019

&

100
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o

JETE

100

PARTONS Fits NN 2019

O
10-2 o
10-4 10-3

Analytic Ansatz is also fitted to elastic FF data and uses specific PDF parameterisation!!!
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PARTONS Fits NN 2019

2o e

G

ETEEENETE

106

10-4 10-3

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

Re #

03 GeV? 02 = 2 GeV? H. Moutarde, PS, J. Wagner,

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

e ——

~,
>, -
“““““
~ -
~ -
---------

Non-parametric

Parametric

Im %

t =—0.3 GeV? 0?> =2 GeV?

VGG
LO evaluation

é? ~ JQBi/(:Z - )ggj)



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

Parametric Ansatz allows us to access nucleon tomography

3 0.5 1.5
PARTONS Fits 2018-1 | " PARTONS Fits 2018-1

2 !
— ]
E '
= 0 40.25 <
_{
|

-2

-3 0

10-2 10-1 100

X
3 0.15
PARTONS Fits 2018-1 '

2
— 1 10.1
& ' >
= 0 = -0.57 Unpol. PDF unc.
— S
< -1 0.05 i Pol. PDF unc.

-2 EFF unc.
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Impact of positron beam

5| d@€am charge asymmetrs
] Y 2
j 0.00 -
< -0.05 -
5 ~0.10 -
ANN replicas
) - ) ANN 68%
Re-weighting with ~015{ © newpoints
: reweighte %
positron pseudo-data T 1 r . T . .
_0_;0-3 , \ R id_z . . ‘16-1 \ . R ¢
§
0o S ANN 68%
' ¢-reweighted 68%
Re % ¢, t-reweighted 68%
~0.5
"E Wi = lXZ'_l exp(—Xi/2) g ]
“ .05 Z o
[ | 2 —1 T :Cg —1.5
1l -. Xe = (¥ —ye)X™ (¥ — yx) ;
3 % ~2.0
B (R T — 163 .
§ T 25
ANN analysis 3.0

------ GK (LO) — GK (NLO) 05 0.4 03 0.2 ~01

t (GeV?)
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: : : : . Eur. Phys. J. C 79 (2019) 7, 614
Subtraction constant extracted using dispersion relation

1
Cu(t, Q2)=Re’H(§,t,Q2)—%7€ d’glImH(gl’t’Qz)( : : )

§—¢ &+ &
10 10 p | 10
o as function of [{| B as function of Q2 wosrewas 35 function of €
i @¢=0.2 Q2=2 GeV- i @ c¢=0.2, |t =0.3 GeV- @ |t| = 0.3 GeV?2, Q2 =2 GeV-
5
o O O 0 F 0
5 5 =
1% 0.2 0.4 0.6 0.8 1 Koo 101 102 19 -
-t [GeV?] Q2 [GeV?] 0-2 10E1 100
PARTONS ANN
- not suitable for extraction AM [ dBA L, T2 a2 512, (1)
of pressure anisotropy Sa(r) = r2 (27)3 € M2 dt2 a
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Eur. Phys. J. C 81 (2021), 300

Master formula:

1 LO
Re (51,09 — b d&'Im #(&,1, 09 ( 5 _1 e i 5,) =4) 2 Y dit.u}= 0%
q

T Jo odd n
Extraction of subtraction constant from DVCS data requires:

* integral over ¢ (alternatively: xg;j or v) between € and 1
» good knowledge of both Re and Im parts of CFF H

e =107

Model assumptions to extract EMT FF C from subtraction constant:

* truncation to d1  sensitivity to gluon contribution via evolution

Cy(t, Q%) = 4 ) e di(t, u} = Q%) d(t, 2 ) = 0 U2, =0.1 GeV?
» symmetry of light qcijark contributions * tripole Ansatz for t-dependence S

dy'(t, up) = di(t, up) = d\(t, pp) = di“(t, uy) di (1, up) = df‘ds(ﬂ@(l Atz> A_= 0.8 GeV
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H. Dutrieux et al.,
Eur. Phys. J. C 81 (2021), 300

10
@ E=02and Q2=2 GeV2

e Subtraction constant:

ANN analysis

R R
Sttt

DVCS
o

Model dependent extraction

O
-5
% 0.2 0.4 06 08 1
-t [GeV?]
10 10
@ E=0.2and Itl =0.3 GeV2 @ [t =0.3GeV2, Q2=2 GeV?
5 5
1))
§3 e tase %g
D:l: s ++::++#++++ AT bty bty bbbttty +++++++ +*:”‘+“:“:"‘$:&%&&’I’: DI
O e B O
-5 -5
- _1 -
1900 101 102 90'2 10-1 1
Q? [GeV2] &
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 Obtained values

H. Dutrieux et al.,

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

Parameter Value
uds 2 1
dl (gF) _0.5 —r ]..2
C —
d%’ (ug) —0.0020 = 0.0053
di (pus) —0.6 1.6
@uF? =2 GeV?
« Comparison with other extractions and theory
10
Mol d? (u? 1 # of
No.  Marker ; 1 (k) in GeV2 flavours Type
5 1 O —2.30+0.16 £ 0.37 2.0 3 from experimental data
2 [ 0.88 £ 1.69 2.2 2 from experimental data
3 O —1.59 4 2 t-channel saturated model
4 %] —1.92 4 2 t-channel saturated model
v?lcr 0 4 A —4 0.36 3 vQSM
e o2 5 V. —2.35 0.36 2 vQSM
% 6 X —4.48 0.36 2 Skyrme model
A&) 7 @ —2.02 2 3 LFWF model
= 8 ® —4.85 0.36 2 xQSM
9 ® —1.344+0.31 4 2 lattice QCD (MS)
—2.11 £ 0.27 4 2 lattice QCD (MS)

194 1 10

uf [GeV?]
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Eur. Phys. J. C 81 (2021), 300

T — R

* profile of pressure anisotropy

AIM [ BA ., 12 @2
Sa('r) — (&
2 | (2m)3 M? d¢?

» dependance on the choice of parameter in the multiple Ansatz

101 10-"
- —a=2.5 . — A=05
w02  A=0.8, various values of =30 02~ a =3, various values of A -—a-os
[ ™ e A=1.1
10-3 10-3 :: _ \\\‘i\\fi: --—AN=1.4

s(r)

s(r)
S

r [fm]
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Timelike Compton scattering

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

Ty 2 S pp

Relation between |
DVCS and TCS CFFs: T LO s 7%
for more details see: NLO . 0 K

Mueller, Pire, Szymanowski, Wagner T% — Sﬁiﬂ ¥ ¥[8 32 > S%

Phys. Rev. D86, 031502 (2012) 02

—NLO 0
T "= S 1 im 9? S 4+

d 2?

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

Pawet Sznajder / Exploring resonance structure with transition GPDs / August 21, 2023



Timelike Compton scattering

DVCS CFF (Non-parametric):

—_—— =~ 1

-
- \ T
- N
B \

£ 05F ——
W I
oF
_0']?0-3 \ R, 1.0-2 . . .10-1
€
1.
0.5/
O
& =
" 0.5
_1}
03 0 0

B bvcs

-0.5

SOOI
MM

3
E
WS

E 0

ws

)
v 058

1703

TCS CFF:

Y

/

10-2 10-1

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:

=

7
-~
-~

—

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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Principles of modelling

Double distribution:

H(x, & 1) = JdQ F(B. a. ) H(—¢,8)

where:

H (&, ¢)
H(z,§)

dQ =dfdao(x — ) — ab)

o+ <1

from PRD83, 076006, 2011
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Principles of modelling

Double distribution: (1 —2*)Fc(B,a) + (2 — £°)Fs(B,a) + EFp (B, a)

Classical term: Shadow term: D-term:s
Fo(8,0) = [(8)ho(B. ) e 7 Fs(8,a) = f(8)hs(8,) Fp(B,a) = 6(8)D(a)
f(B) = sgn(B)a(|B]) f(B) = sgn(B)a(1B]) D(@) = (1-0%)} diC;"” (o)

odd
A o

/ daANNG (4], @) [ daaNNs(lgl,a)

— 148 —1+|B|
ANNS’(‘B‘a Ck)
1—|B] '

/ daANNg: (|8|, @)

—1+8|

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

V. Bertone et al.,
Phys. Rev. D 103 (2021) 11, 114019

— (GK model
== = 4+ NLO shadow

0.1)
=
o

]

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

(V)
x
Shadow GPDs have considerable size and: X -5-
_10 1 | 1 1 | |
e at the initial scale do not contribute to both PDFs and CFFs 0.0 0.2 0.4 0.6 0.8 1.0
 at some other scale they contribute negligibly 15 R
~ 10 - —— (GK model I
making the deconvolution of CFFs ill-posed S - — = + NLO shadow " |
i \

We found such GPDs for both LO and NLO

Hu(+)(x E
o
\
)

—5 - | \I
\\I y
_10 I | I I | |
0.0 0.2 0.4 0.6 0.8 1.0
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Principles of modelling

Our ANNSs: Requirements:

W11(1)

W, 1(2)
symmetric w.r.t. o

symmetric w.r.t. 3

ANN(B,a)

vanishesat |a |+ |B|=1

2
Wi,

W5t

Activation function:

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

0.2} Y s — 075
015} 5t 0.5
< | = | 5
1 ; © | o | I
% O w 25] o 025 :
0.05¢ Or OF -‘
301 “8o1 o1 1 OB o1 1
X X X
Conditions: Technical detail of the analysis: -= == 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

A1,0 ¢
0O 001 0.02 003 004 005 0.06
— A]_’z o
-0.1 -0.05 0 0.05 0.1
As,o ¢
0 0.0005 0.001 0.0015
As,> .
0 0.005 0.01 0.015 0.02
_> A3’4 [
-0.1 -0.05 0 0.05 0.1
As,o o o GK
0 5E-05  0.0001  0.00015  0.0002
A o
% 0 000025 00005 000075 0.001 0.00125 ANN model
. . 68% CL
5,4
"0 0.002  0.004 0.006 0.008  0.01 Fc+ Fs + Fp
_> A5,6 ®
-0.1 -0.05 0 0.05 0.1
Az 0 o Mellin mom. coefficients:
. 0 1E-05  2E-05  3E-05  4E-05
Conditions: A .
2 5E-05  0.0001  0.00015  0.0002 related to PDF
o : : A ° — -
Input: 400 x = § points 0 0.0002  0.0004  0.0006  0.0008 related to D-term
generated with GK model A -
. Po sitivity not forced 0 0.001 0.002 0.003 0.004 0.005
_> A7,8 [
-0.1 -0.05 0 0.05 0.1
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Demonstration of results

0.2 075
015} 05}
1 ' o o
: 1 1
";f 01¢ Wy YV,
T | x 3
> : L L
0.05
8.01 01 1 8.01 01 1

Conditions:

* |Input: 200 x = € points
generated with GK model
* Positivity not forced

GK

ANN model
68% CL
Fc

ANN model
68% CL
Fc + Fs
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Demonstration of results

= X)

XH(x, €

Conditions:

0.2
015}
01}

0.05}

301

e Input: 200 x = ¢ points

generated with GK model

* Positivity forced

=0.1)

H(x, §

751

Q
Q

Q
Q

92%%
99,99,

KR
RK

9%
909,

9%
KR

QR

Q

AW S WAV VLTV

A

=0.5)

H(x, §

075

0.5

Excluded
by positivity

GK

ANN model
68% CL
Fc

ANN model
68% CL
Fc + Fs
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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
e Gluons do not contribute also at NLO

 Both LO and NLO description available

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

Cross-section

© §
2 2 . L 001
O] 7 N 2’ _ " 2", r_ 2 | GK MMS
~ i /7 S M7, =4 GeV?, t=tpand v’ = —1 GeV~ |
-8_ 15¢ / ~ -
— [ / ~
1_ LO -----
Y~ [
o i L Sl PG 1
mb % 0.5_ ~~..::~\~ \\\\~ ‘ NLO oooooooo EE—— e o
O ‘: 0 1 ‘ .7.-:-.‘-::“.!“‘II_"_I‘“II—m
g 10 100 400

S,y [GeV?]
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Double DVCS K. Deja, V. Martinez-Fernandez, B.

Pire, PS, J. Wagner
Phys. Rev. D 107 (2023) 9, 094035

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

. 5 _ Q2 n Q’2
HEpE) = Y | dw O ap)Hy, Byt 207, — 07— 07
f={u,d,s} —1 2 2
o 1 N N P, ng _Q
HEpe = Y [ o O p)Hy By 075 07
f={u,d,s} —1
(£) 1;0 6_f : 1 1 1 _ ¢ ut
C; (‘W)_(e) (p—x—z'O“p+a:—z'o> e\s\éq a/\
q1 . -

* We revisit DDVCS phenomenology in view of new experiments, including
reevaluation of DDVCS and BH cross-sections with Kleiss-Stirling spinor techniques

e Obtained results are available in PARTONS and EplC MC generator
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Double DVCS

{015

{01

3000 7
: E.=10.6 GeV fixed target
2500 |
: &
g 2000 - °
qg [ & o o °
© 1500 °
Q [ —— g
g 1000} o I
c [ —i—
500 |
. o
0 0.25 0.5 0.75 1
Y
6000 — T
: E.=5 GeV E,=41 GeV
5000; °
jg 4000:-
|
O 3000f
q) L
i o + +
g 2000
c = —a—8—8— _
1000 —a —8—
0 0.25 0.5 0.75 1
Y

® integrated cross-section

—02
{015

101

0.05

—0.2

10.05

m pure DDVCS contribution

("uI+ SOAQQ+ Hg)/ soAad

("uI+ SOAQA+ HY) / SOAAAd

K. Deja, V. Martinez-Fernandez, B.
Pire, PS, J. Wagner

20000 — 02
| | <
g 1500| ke . lo1s (3
0 . ?
% 10001 a e . *lo; g Kinematic cuts:
) : —-— '
g | — | % e 0.15 GeV2<Q2<5 GeV?
c 5007 +—l——l—+ 10.05 C_lf_)
o o . 2.25GeV2 < Q2 <9 GeV?
T —T : e 0.1 GeV2<t< 0.8 GeV2 (JLab)
Y
10000 [ 0.2 e 0.05 GeV2<t<1GeV?(EIC)
| E.=10 GeV E,=100 GeV | g 0.1 5 0.1
K | < e V.1 <@, @< ZTT — V.
B 7500f {015 3 ¢ @
Q | B e /4 <0< 311/4
S ? fo1 +
: SR o SR S - e 0.1<y<1(JLab)
. : <
2 a0l % + oos 8 e 0.05<y <1 (EIC)
— - ] +
| 1 2
. . . . , . . @& | & a @ a @ a - ~
00 0.25 * 0.5 0.75 0
Y
Experiment Beam energies Range of |t olo<y<1 L% |0cy<1 Ymin Olymin<y<1/0lo<y<1
(GeV] (GeV?] [fb~1]
JLab12 E.=106, E, = M (0.1,0.8) 70 0.1 1
JLab2+ E.=22E,=M (0.1,0.8) 22 0.1 1
EIC E.=5, E, = 41 (0.05,1) 2.6 0.05 0.73
EIC E. =10, E, = 100 (0.05,1) 2.1 0.05 0.32
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PARTONS project 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‘ AR i-,-dNS

 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 v4 version of PARTONS is now available!
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EplC MeC generator E. C. Aschenauer et al.,

Eur. Phys. J. C 82 (2022) 9, 819

CoIC

* Novel MC generator called EpIC 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 (how: DVCS, TCS, DVzOP, diphoton)

* This is the new tool to be use in the precision era commenced by the new generation of experiments

e v1.1.0 version of EpIC is now available!
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https://pawelsznajder.github.io/epic

* Analyses of amplitudes prove to be very useful, e.g. for:
* study of "mechanical” forces
* impact studies

* Crucial role of dispersion relations

e Joint DVCS-TCS analysis possible

* Prominent role of machine learning technigques in estimation of model uncertainties,

now also available for GPDs

* Open-source tools and development of phenomenology methods crucial

for the community

* Exploratory study to include lattice-QCD results!

Reduction of GPDmodel uncertainties due to

inclusion of pseudo~|atticeQCD results
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