Status of phenomenological studies of GPDs
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Introduction

Nucleon is not a point-like particle, it is made out of partons:

* quarks
* gluons

How can we recover basic properties of nucleon
from those of its constituents?

* charge
* SpINn
* mass

How partons are distributed inside nucleon?

 momentum (longitudinal and transverse)
* position

* polarisation

* "mechanical” properties

from CERN Courier/D. Dominguez
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Introduction

Deeply Virtual Compton Scattering (DVCS)
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factorization 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

m Reduction to PDFs:

H%x,0,0) = q(z) @
Ci

HY(z,0,0) = Aq(x) (=

H%(.CIZ,0,0) — hl(ZL’) @

m Reduction to Elastic Form Factors (EFFs):

o

no corresponding relations exist for other GPDs

/dxHq(x,f,t) Fa(t) /deq(-r,ﬁ,t) = F5(t)

1 —1

/dXHq(CL‘ f t) Zx(t) /dXEq(CE,f,t) Eg%’(t)

1 —1
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Introduction

Polynomiality - non-trivial consequence of Lorentz invariance:

1
/ de 2" H(x,€,1) = hE™ (1) + €2h"(¢) + ... + mod(n, 2)E" RET, (1
—1

1
/ dr 2"H(z,&,t) = h{"(t) + E2hL™(t) + ... + mod(n + 1,2)E"h%™ (1)
—1

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

2
E? th — t 5 x+ & x—¢&
-1 (=) < e <o (75) o (159)

strong constraint on GPD parameterizations!
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Introduction

Nucleon tomography

/
d2A Y ongitudina bl ’
qg(z,b ) :/ = e”PL ALYz, 0,t = —A?) H i /7
v
Study of long. polarization with GPD H
Study of distortion in transv. polarized nucleon with GPD E
Impact parameter b, defined w.r.t. center of momentum, such as Z b, = 0
active quark with momentum x /.\ >
center of momentum ‘ bJ‘ bJ_
d| =
1l —=x
@

U
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Introduction :25;?&
‘ 701 702 703 )

710 [

Shear stress
720 2
T30 3 1 Normal stress

T

Energy momentum tensor in terms of form factors:

. 'PMPV ARAY — v A?
W, T, s) =y ') | A () + =20+ My
Wy ~UN Vs A ]
= A’\QB +DP TS A + B jDU(p,S)
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Introduction

Total angular momentum: 1/2

A1(0) 4+ BY(0) = / r | HY(x,£,0)+ E9x,£,0)] = 2J1

—1

JI'S sum rule
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Introduction

“Mechanical” forces acting on quarks, e.g. pressure in nucleon center

0
dr/—11C(1)

— QOO0

) =
p(0) Yy
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Introduction

GTMD(QZ, f, kJ_, A)

E=A=0
TMD(x, k)
SIDIS and DY )
/ d’k
PDF ()

DIS, SIDS and pp
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f oy )
GPD(x,&,t = A*)
exclusive
- y,
/ dx

EFF(t)
elastic
y,




Experimental campaign

GPDs accessible in various production channels and observables

— experimental filters

f f t
\/ i Y Y v
N E N N E N
DVCS TCS HEMP UPC
Deeply Virtual Compton Timelike Compton Hard Exclusive Meson Ultra Peripheral
Scattering Scattering Production Collisions

more production channels sensitive to GPDs exist!
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Experimental campaign

GPDs studied in various laboratories
— need to cover a broad kinematic range

experiments
closed active planned

DESY
CERN

BNL
JLab
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DVCS data

Kinematic cuts
used in our analyses:

0> > 1.5 GeV?
—t/0%? < 0.2

Angles:
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No. Collab. Year Observable deematlc No. of points
ependence used / all
1 HERMES 2001 AT, & 10 / 10
2 2006 ALY+ i =1 t 4/ 4
3 2008 ALY H® i=0,1 TB; 18 / 24
AYTHVEs =0
Azi'r'}(_(f_d)S) cos ¢ i=0,1
Agpp(gmommie oy
4 2009 AR i=1,2 TB;j 35 / 42
Aiuclf,zgycs 1=1
AGS i=0,1,2,3
5 2010 Afpmre i=1,2,3 TB; 18 / 24
Ap oSt i=0,1,2
6 2011 ASPLE=ds)cosio i — 0,1 TB; 24 / 32
AE e e o
ASes(@=ds)cosid 4 1 2
Ag-e iy
7 2012 AP i=1,2 TB; 35 / 42
Aiutlj,zgycs =1
AGS i=0,1,2,3
8 CLAS 2001 A pmre i=1,2 — 0/2
9 2006 A pomee i=1,2 — 2/ 2
10 2008 ALy b 283 / 737
11 2009 ALy ¢ 22 / 33
12 2015 ALy AgL, AL ¢ 311 / 497
13 2015 dog ¢ 1333 / 1933
14 Hall A 2015 Adtor,, b 228 / 228
15 2017 Adtor ¢ 276 / 358
16 COMPASS 2018 d3ot,, t 2 /4
17 ZEUS 2009 3oy, t 4/ 4
18 H1 2005 d>o,, t 7/ 8
19 2009 d%%u t 12 / 12
SUM: 2624 / 3996




DVCS data

Kinematic cuts
used in our analyses: 101

0? > 1.5 GeV?
—t/0? < 0.2

Q*[GeV?]

v HALLA
A CLAS

® HERMES
B COMPASS

100

Pawet Sznajder / Forward Physics in ALICE 3 / October 18, 2023

e o

PARTONS Fits NN 2019

&

o+ 103

o

JETE

100

PARTONS Fits NN 2019

O
10-2 o
10-4 10-3

10

100




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

N

g -

calculable within QED calculable within QCD
parametrised by elastic FFs parametrised by CFFs
M7 &0 Lx Y EHINE 6y ReH(En) PV[1 “ I r)( ) + G0
m )= e ,C, 1 c o L) — —11l ) P , H
y ! 0o 7 §—¢ ¢+¢
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GPD phenomenology (amplitude level)

What we can learn from DVCS amplitudes?

* nucleon tomography at low-xB
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(Q\|
xS, . COMPASS Collaboration,
= L Phys. Lett. B793 (2019) 188
0) [ e e
~—" 6— X v
m | I ;
5_
R ’ .
4+
3_
| @® COMPASS: <Q°> = 1.8 (GeV/c)? this work
2_ ¢ ZEUS: <Q?’> = 3.2 (GeV/c)? JHEP 0905 (2009) 108
- A HL: <Q*> = 4.0 (GeV/c) Eur. Phys. C44 (2005) 1
1+ V H1: <Q?*> = 8.0 (GeV/c)?
- W HI1: <Q’> = 10. (GeV/c)? Phys. Lett. B681 (2009) 391
O I I I Lo L L1
107 107 1072 10
Xg / 2

O
)

O
O

<ra> (fmf)

10.3

10.2

10.1

0
1

Under following assumptions:

* single-exponential dependence
« dominance of CFF Im%

* negligible “skewness effect”
H(x, X, t) ~ H(x, O, t)
From t-dependance of cross-section:

do! PP

dt

x e bt

related to transverse extension of quarks:

<”i(x13j)> ~ 2<B(xBj)>



GPD phenomenology (amplitude level)

What we can learn from DVCS amplitudes?

* nucleon tomography at low-xB

3
° PARTONS Fits 2018-1
2
- £ .
This is example of =
-1
model dependent analysis, >
based on specific 1o

Ansatz of GPD

-

PARTONS Fits 2018-1

GY(x,z,t) = G4x,0,t) g&(z, x,t)

GY(z,0,1) = pdfl () exp(f&()t)

fise) <A Jpe(1/0) +BED 0 {CEN — e

b, [fm]
N R O R N W

-2

g&(x,z,t) = ; 2 (1+t(1 —2)(b} + ¢t log(1 + x)))

1 — x?)

. free parameters (for given GPD "G" and quark flavour "q"
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H. Moutarde, PS, J. Wagner,
Eur. Phys. J. C 78 (2018), 890

10.1

) fixed by DVCS and elastic form factor data
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GPD phenomenology (amplitude level)

. LO ) : D C](Z’ t) — X
What we can learn from DVCS amplitudes? G1N=2¢;| dz— =4bin - =5
—1 —Z
: DIz, 0) = (1-2% ) d'C2 (2)
=0
+ "mechanical" properties D)= D, d0)  di(n =5C,»
=1
odd
10
| @ £=0.24and Q2= 2 GeV?2
ANN analysis
5
Model dependent extraction T —
/ —a a =73 H. Dutrieux et al.,
= 5 Eur. Phys. J. C 81 (2021), 300
duds(t, 2) — dudS(//tZ) (1 >
IR A? A = 0.8 GeV — —
-10 0 0.2 04 06 08 1
-t [GeV?]
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GPD phenomenology (GPD level)

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
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GPD phenomenology (GPD level)

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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GPD phenomenology (GPD level)

H. Dutrieux et al.,
Eur. Phys. J. C 82 (2022) 3, 252
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* Positivity forced - by positivity |6=8% |SL
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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

(H,E)(p, &, t)

CJ(EZ) (z, p)

* 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

f:{u7d78}

L:O(

°f
e

Z / 11 dx C'J(.:_)

1

)

5 B Q2 n Q’2

20%x— 02— Q2
(z,p)(Hy, Ef)(x,§,t) B 5Q2 - Q°
P = 02+ 02

—a;—z'():
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Lattice-QCD

* Exploratory study to include lattice-QCD results!

Reduction of GPD model uncertainties due to
inclusion of pseudo-latticeQCD results

0.5 1

0.4 1

0.3 -

0.2 -

zxH(z)

0.1

—0.1 -

—0.2
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- _ base on Spencer R. Klein's talk at SPIN'23
Ultra'pe"pheral collisions (UPCS) and Kate Lynch's talk (hal-03822190)

* The energy frontier for electromagnetic probes -> 10 times higher CM energy than available in HERA

* Allows to probe xBj down to a few 10-6 at moderate Q2

* Electromagnetic probes have aem ~ 1/137, so are less affected by
multiple interactions than hadronic interactions

* Also important source of PDF information H. Dutrieux, M. Winn, V. Bertone,
Phys. Rev. D 107 (2023) 11, 114019

Exclusive photoproduction of J/Psi
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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.,

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

&oIC

* 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, DVxOP, diphoton; coming soon: DDVCS, J/v )

* 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

e Substantial progress in:

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

* 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

* description of exclusive processes
— new sources of GPD information

* 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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