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Perturbative and nonperturbative QCD.

Study hadron structure to shed new light on nonperturbative QCD.

[CEA - saclay]

Tools for Perturbative Asymptotic Nonperturbative
recision 3D
' hadron QCD freedom QCD

structure

Motivation
Tomography
Internal pressure

Phenomeno\ogy
= QCD ag(M;) = 0.1181 + 0.0011

0 o Gev] © 1000

v v v

Interface between perturbative and nonperturbative regimes

problem

E[ij:"y“em m Define universal objects describing 3D hadron structure:
Asocatd o Generalized Parton Distributions (GPD).
Conclusion

o m Relate GPDs to measurements using factorization:
Abbreviations Virtual Compton Scattering (DVCS, TCS),
Deeply Virtual Meson production (DVMP).

m Get experimental knowledge of hadron structure.
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3D hadron imaging.

Ce@ First results from global fits to world data.

m Probabilistic interpretation of Fourier transform of

Tools for
ision 3D .

P adron GPD(x,£ = 0, t) in transverse plane.

structure

1 b €;S OE

Motivation p(Xq bL, )\7 AN) == - H(X, O, bi) + g P) (X, O7 bi)
T 2 M ob]
Internal pressure
Phenomenology L 2
CFF global fit +AANH(X7 (), bJ‘)}
Pressure forces

e masematc m Notations : quark helicity A, nucleon longitudinal

postom " polarization Ay and nucleon transverse spin S .
Ecosystem # Burkardt (2000)

Design

Assocated lares Can we obtain this picture from exclusive measurements?

Conclusion

Abbreviations

# Weiss (2009)

@ ® x<00l x~01 x~03

H. Moutarde | HL-EIC | 3 /28


https://inspirehep.net/literature/527107
https://inspirehep.net/literature/813132

Tools for
precision 3D
hadron
structure

Motivation
Tomography

Internal pressure

Phenomenology
CFF global fit
Pressure forces

Models: systematic
uncertainties

Deconvolution
problem

Ecosystem
Design

Associated libraries
Conclusion

Abbreviations

3

D hadron imaging.

First results from global fits to world data.

m Probabilistic interpretation of Fourier transform of
GPD(x,£ = 0, t) in transverse plane.

1
p(x, b, \Ay) = 5 H(x,0,b%) +

+AH(x, 0, B2)

m Notations : quark helicity A\, nucleon longitudinal
polarization Ay and nucleon transverse spin S .
#1 Burkardt (2000)

Nucleon tomography in the quark sector

by (fm]

; oas #1 Moutarde et
2 al. (2018)
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CQZI Gravitational form factors.
= Definition of pressure.

CEA - Saclay

m Matrix element in the Breit frame (a = ¢, g):

pr:s;:z:O;D A A "
hadron
structure — TMV 0)] — — — M{ 10,0 |:A t . B t :|
(3Imo1-3) W0 [Aul) + i Bl
Motivation - t A/LAV
. +nH [Ca(t) oy Ca(t)} + v Ca(t)}
T:f:i.:‘.ef:o'ogy m Anisotropic fluid in relativistic hydrodynamics:

(1) = [e(n)+pe(N] " v” = pe(r)n™ +[pr(r) = pe(N)] X*'x”

where u* and " = x*/r.

Dy

econvolution
problem

Feomysem m Define isotropic pressure and pressure anisotropy:
Conclusion 2 )
Abbreviations p( r) — pr(r)—’_gpt(r) /‘
<R, 7
s(n = pr(r) = pe(r) TR
# Lorcé et al. (2019) T
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Mechanical properties of hadrons.

Pressure from gravitational form factors.

precision 3D m Write dictionary between quantum and fluid pictures:
hadron .
structure 63(1’) / d3A B 5 7 { B ¢
= — e A,(t) + Co(t) + — [B,(t) — 4C,(t }
Motivation M (27T)3 ¢ a< )+ a( ) + 4W [ a( ) a( )]
o) [ B x s . a2 (6 )
Phenome.nology M - /(27r>5 e Ca(t) ﬁ M2 &_ t Ca(t)

BA x| At7Y2d [ d /g
= /(27r>3e {— a(z*)Jrﬁ—M2 dt[tdt(t Ca(t)>]

Ecosystem Q
3 -
Design 'Da(r> _ / d A _iN T

Associated libraries e
. (2m)3
Conclusion

Abbreviations Sa(r) B dgﬁ _iN -7 4 t71/2 @2 5/2
Mo /(%)3e e ae (7 G0)

# Lorcé et al. (2019)
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Mechanical properties of hadrons.

Pressure from gravitational form factors.

precon 3D m Write dictionary between quantum and fluid pictures:
hadron .
structure 63(1’) / d3A - 5 ) F{ B t
= =5 € Aa(t) + Ca(t) + —— [Ba(t) — 4G, (t }
Motivation M (27T)3 ¢ a< )+ a( )+ 4M2 [ a( ) a( )]
b)) [ PR x o A ay,
Phenome.nology M o /(271’)5 € —Ca(t) - ﬁ M2 &_(t Ca(t))
= ——e — t ————|t— (/" C 1.')
/ (2m) © D+ 55 dt[ dt< () ]
P pa(r) / BA X, a0 + 2t C.(8)
Associated libraries = e — -
Conclusion M . (27T>3 ? 3 W ?

>y

Abbreviations Sa(r) . /dg& —1 yd _égﬁ 5/2
Mo~ ) st 2 MR dt2(t Ca(t)>

# Lorcé et al. (2019)
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Tools for
precision 3D
hadron
structure

Motivation
Tomography

Internal pressure

Phenomenology

CFF global fit

Ecosystem
Design

Associated libraries
Conclusion

Abbreviations

Connection to experimental data.

Gravitational form factors from generalized parton distributions.

m Link between GPDs and GFFs
/dXXHq(X,f, t)

/i dxxE%(x, &, t)

Deeply Virtual Compton Scattering (DVCS)

DVCS o
5
* 2.
’y ' Q factorization pp
X+ & x—&
\
P $ P
77777777777 >t

= A9(t) +4E2C(¢)

= BI(t) — 42 CI(t)
# Ji (1997), # Goeke (2001)

Transverse center
of momentum R
Ry =iy

R
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https://inspirehep.net/literature/416559
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Connection to experimental data.

Gravitational form factors from generalized parton distributions.

Tools for m Link between GPDs and GFFs

precision 3D

radon / DoxHI(x,6,8) = A9(t) + 4€2C9(1)
o [aoEiey — 800 -1ec

Internal pressure

# Ji (1997), # Goeke (2001)

Phenomenology

CFF global fit

Deeply Virtual Compton Scattering (DVCS)

DVCS e Transverse center
. of momentum R

Ecosystem ¥ RL = ZI-X,'rL,’

Design * ) bJ_
Associated libraries v Q S
Conclusion == === e\ = ———-
x+& x—§ R mpact

Abbreviations 1
parameter b
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Connection to experimental data.

Gravitational form factors from generalized parton distributions.

Tools for m Link between GPDs and GFFs

precision 3D

radon L/dxxH%x@;o = A1) + 4€2C9(1
o [aoEiey — 800 -1ec

Internal pressure

# Ji (1997), # Goeke (2001)

Phenomenology

CFF global fit

Deeply Virtual Compton Scattering (DVCS)

DVCS e Transverse center
. of momentum R
Ceomtem S v bl R = YL
cign
Associated libraries e Q Saetorization jur XP+

Conclusion = === == R

Abbreviations X + g X — RL mpaCt
parameter b
¢ Longitudinal
P $ P
,,,,,,,,,,, st momentum xP"
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Connection to experimental data.

Gravitational form factors from generalized parton distributions.

Tools for m Link between GPDs and GFFs

precision 3D

radon / DoxHI(x,6,8) = A9(t) + 4€2C9(1)
o [aoEiey — 800 -1ec

Internal pressure

# Ji (1997), # Goeke (2001)

Phenomenology

CFF global fit

Deeply Virtual Compton Scattering (DVCS)

DVCS e Transverse center
. of momentum R
Ec?system ol b RL — Zi Xir|
Design 'Y* QZ 1
Associated libraries ' e pe P+

Conclusion @ === == R

Abbreviations 2 + f X = 5 RL mpaCt
parameter b
> —l<x<+1 N
p $ D <<l Longitudinal
fffffffffff >t momentum xP*
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Exclusive processes of current interest.

Cea Factorization, universality and need for high luminosity.

- Saclay

Tools for DVC S e

precision 3D
hadron
structure ’}/

Motivation = a e - =a R U

Tomography X + E X — E

Internal pressure

Phenomenology

\
CFF global fit p $ p

Pressure forces

Models: systematic ~ momomom oo - ) ...... t

uncertainties

Deconvolution
problem

Ecosystem
Design

Associated libraries
Conclusion

Abbreviations
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Exclusive processes of current interest.

Factorization, universality and need for high luminosity.

Perturbative
A

Nonperturbative
A
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Exclusive processes of current interest.

Factorization, universality and need for high luminosity.

Perturbative

Nonperturbative

Perturbative

Nonperturbative
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Exclusive processes of current interest.

Factorization, universality and need for high luminosity.

Perturbative

Nonperturbative

Perturbative

Nonperturbative

TCS et

J * 2

factorization

Perturbative
A

Nonperturbative
A
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Exclusive processes of current interest.

Factorization, universality and need for high luminosity.

Perturbative

Nonperturbative

Perturbative

Nonperturbative
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A
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Design

Associated libraries
Conclusion

Abbreviations

Compton Form Factors.
DVCS amplitude in the Bjorken regime.

m Partonic interpretation relies on factorization theorems.
m All-order proofs for DVCS.
m GPDs depend on a (arbitrary) factorization scale puf.

m Consistency requires the study of different channels.

GPDs enter DVCS through Compton Form Factors :

1
-7:(57 t, QQ) - /_ dx T<X7£7 (YS(:U’F)v /3__) F(X'/ 57 t, /I'F)

1

for a given GPD F.

m CFF F is a complex function.
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An aside on pion GPDs.

DVCS off a pion target through the meson cloud of the proton.

Tools for m Unique role of the pion as a bound state and a
precision 3D .
P Goldstone boson for chiral symmetry.
structure m GPD Framework not restricted to nucleon: can we access
. the 3D structure of the pion?
Motivation
Tomography m DVCS beam spin asymmetries seem measurable at EIC!
Internal pressure . )
m May need more precise data for actual GPD fits by
Phenomenology
CFF global comparison with phenomenology of DVCS off the proton.
Pressure forces
Models: systematic o
uncertainties b m? {;
Deconvolution E [ Y
problem E ﬁ*‘}( "ig A
Ecosystem u o 48 i
Design ‘ﬁ.‘“‘i*
Associated libraries <
Conclusion 8% T * ‘h““q WVH*}%H‘ :;;;
Abbreviations SV b ey et Poead o4 aag ﬁ‘h Dl
Era s B D A B i1
o id, %
Wy T
| = = =3 =T,

#1 Morgado~Chavez et al. (2022)
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Almost all existing DVCS data sets.

2600+ measurements of 30 observables published during 2001-17.

Saclay

Kinematic  No. of points

Tools for No.  Collab.  Year Ref. Observable dependence  wsed | al
precision 3D 1 HERMES 2001 [40] Aty ¢ 10/ 10
hadron 2 2006 A i=1 t 4/4
structure 3 2008 AZE i=0,1 8y 18 / 24
Asm(é a),)cosxd) i=0

UT,DVC:
AsmT(f .A,)casw i=0.1

Acosu $5)sinis

i=1
Motivation 1 2009 Ai‘;‘,ff‘ i=1,2 o5y 35 /42
Tomography AP Bves i=1
Coote i—0.1.23
Internal pressure : i=0,1,2,
5 2010 [44) Appinis i=1,2,3 zp; 18 /24
Yosis -
Phenomenology ms/(!bih)mw i=0,1,2
) 6 2011 22 i=0,1 53 24 /32
CFF global fit A,,..u Gysmis 4
LT,DVCH =
Pressure forces A“S“’ ds)cosie ;049
Models: systematic Asxnevb és)sinié 1,2
uncertainties 7 2012 AS‘“ id i=1,2 zp; 35 /42
Deconvolution A;."('/lgvcs i=
problem Agsis i=0,1,2,3
8 CLAS 2001 Agginie i=1,2 — 0/2
Ecosystem 9 2006 Agpmie i=1,2 — 2/2
Design 10 2008 ALy ) 283 / 737
1 2009 ALy ) 22 /33
Associated libraries 1o 2015 A A 45 A all j‘m
. 13 2015 o5 6 1333 / 1933
Conclusion 14 HalA 2015 Adtory, ¢ 298 / 228
o 15 2017 Adtory, 6 276 / 358
Abbreviations 16 COMPASS 2018 Boy, 3 2/4
17 ZEUS 2009 oty 3 4/4
18 H1 2005 dﬂag,, t 7/8
19 2009 ok, t 12/ 12
SUM: 2624 / 3096

7y Moutarde et al. (2019)
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Almost all existing DVCS data sets.
2600+ measurements of 30 observables published during 2001-17.

101 o O O

PARTONS Fits NN 2019

< 100

PARTONS Fits NN 2019

Q*[Gev?]
©
2
°0
©

©
2

o O O

12 4

Oo» ]
o o
°
%6 %0%0

A ©
100 10-2 oo o
10-4 10-3 10-2 10-1 100
10-4 10-3 102 101 100

Xpgj
Xgj

v Hall A e HERMES B COMPASS

A CLAS ¢ H1 and ZEUS
#y Moutarde et al. (2019)

Need many more precise data at small xg, large @ and

also as close as possible to the valence region.
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Independent descriptions of real and imaginary parts.

Coa  Modeling of H, H, £ and &.

Tools for

precision 3D m Real and imaginary parts of CFFs parameterized by neural
structure networks.

. m Propagation of uncertainties through replica method and
otivation

Tomorahy evaluation of 68 % confidence levels.

Internal pressure

Phenomenology
CFF global fit

t  hidden  output 2
r layer layer

Pressure forces

Models: systematic
uncertainties

Deconvolution

c
problem 2 s
H H S S

Ecosystem = = ® T
) 8 o 1 E @
Design = © ] I=
3 £ b o

Associated libraries 2 5 1 b
Elelg 2l |8

g >

z £

Conclusion

-0.5

Abbreviations

-1
10-6 105 10-4 103 10-2 10 100

# Moutarde et al. (2019)
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Pressure forces from DVCS measurements.

CQ@ A first-principle connection.

Tools for .
precision 3D Expand D-term on Gegenbauer polynomials

hadron

structure

q /
Dterm(z t :uF Z dq t MF ( )

Motivation odd n
tntemal pressure Write dispersion relation for CFF (true at all pQCD orders)
Phenomenology
i Cult, ) = Re(©)- L [ ag' (e (¢~ e¢)
v '.nic ’ S T 0 é“_é‘/ £+€/
) Compute subtraction constant

cosystem

R 2 [T b DIE(z

_ CLE(t, Q) == / dwImTP8(w) / dz (2)

Conclusion m J1 J_q w—Z
Abbreviations # Diehl & Ivanov (2007)

Retrieve GFF
di(t, MIZE) =5GCq(t, /L%—‘)
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Pressure forces from DVCS measurements.

CQ@ A first-principle connection.

pr:E:?jf:f:;D Expand D-term on Gegenbauer polynomials
D (2. .413) 2) Y ditud) G2
Motivation odd n
P'T"EZ":T:'ZS‘": Write dispersion relation for CFF (true at all pQCD orders)
enomenology
= o @) = Rer(o) - [ ag (@) (=5 5¢)
= ™ Jo §-¢ €+¢

Compute subtraction constant at LO

Ecosystem

Design

Associated libraries t QZ — 42 Z dq t /1F )

Conclusion odd n

Abbreviations #1 Diehl & Ivanov (2007)

Retrieve GFF
d(t, uf) = 5Cq(t, )
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Extracting chain.

Implementing this first-principle connection.

Experimental data

GFF C
Internal pressure
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Extracting chain.

Implementing this first-principle connection.

Experimental data

GPD H

Moments

4

GFF C
Internal pressure
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Extracting chain.

Implementing this first-principle connection.

Experimental data

Fit
A

‘ CFF ReH, ImH ‘

?

Convolution

‘ GPD H

Moments

S
GFF C

Internal pressure
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Extracting chain.

Implementing this first-principle connection.

Experimental data

Fit
A

‘ CFF ReH, ImH ‘

?

Convolution

‘ GPD H

‘ D-term

Moments Moments
4 '
GFF C

Internal pressure
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Extracting chain.

Implementing this first-principle connection.

Experimental data

Fit Dispersion

A
‘ CFF ReH, ImH %* relation Subtraction constant Cy
Convolution Convolution
‘ GPD H ‘ ‘ D-term
Moments Moments
A -
GFF C

Internal pressure
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Extracting chain.

Implementing this first-principle connection.

Experimental data

Fit Dispersion

A
‘ CFF ReH, ImH %* relation Subtraction constant Cy
Convolution Deconvolution iConvqution
v
‘ GPD H ‘ ‘ D-term
Moments Moments
S '
GFF C

Internal pressure
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Pressure forces from DVCS measurements.

Working assumptions.

s, pves

Tripole Ansatz

Subtraction constant assumed equal to d.

Equal values for light quark contributions d‘l’ds.

Radiative generation of gluon df and charm df
contributions.

Tripole Ansatz for the t-dependence of d;.

Parameter Value

95 (%) —0.45 4+ 0.92
d<(n?) —0.0020 £ 0.0041
a5 (1% —0.6 +1.3

0 02 04

06
-t [GeV?]

4

#y Dutrieux et al. (2021)
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Pressure forces from DVCS measurements.

Ce@ Working assumptions.

Subtraction constant assumed equal to d.

Tools for
ision 3D . . .
P adron Equal values for light quark contributions d{%.
truct . . .
e Radiative generation of gluon d§ and charm df
Motivation contributions.
Tomosraphy Tripole Ansatz for the t-dependence of d.

Internal pressure

Phenomenology dl from DVCS data

CFF global fit

Pressure forces

Models: systematic

- ° Parameter Value
Ec?system . ’ % dilds(u%) —0.45 £0.92
rtncine . . df(pF)  —0.0020 £ 0.0041
Conclusion s

Abbreviations ' . " d%(/«(/f:) 706 :l: 13

2 [GeV?]
v

# Dutrieux et al. (2021)
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Pressure forces from DVCS measurements.
7% >

Working assumptions.

Tools for Subtraction constant assumed equal to d;.
preciston 30 Equal values for light quark contributions d¥“.

hadron

structure Radiative generation of gluon df and charm df
Votivation contributions.
Tomography Tripole Ansatz for the t-dependence of d.

Internal pressure

Sl Summary of existing determinations

CFF global fit
Pressure forces
Models: systematic Barker A9 2 2 # of .
uncertainti i (pe) HE i i .
certainties Hur in Fig. 3 .Z P n GeVE flavours Ly Ret
Deconvolution 1
problem 1 ( —2.30 £ 016 £ 057 20 i from experimental data 113
Ecosystem 2 m} (.88 + 1640 23 2 fromn experimental data |14]
e 1 o —-1.59 1 2 t-channel saturated medel  [55]
e —-1.92 | 2 t-channel saturated model  [55]
Associated libraries 1 a 4 0.36 3 S fa0]
Conclusion 5 7 —2.35 136 a2 wCIEM o)
[ E —4.48 .36 a Sheyrime model 56
Abbreviations 7 ;2 —2.02 2 k] LFWF madel [57]
-] & —4.85 L3 2 w5 o .:-JHJ
4 & —1.34 4 0.31 | a lattice QCD (M5 /5]
—211 +0.27 i a lattice QCD (M) (54]

# Dutrieux et al. (2021)
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From CFFs to nucleon mechanical structure.

A lot of model-dependence in current extractions.

m No justification to truncate the subtraction constant
expansion to its first term and assume that it is the d;
coefficient related to the energy-momentum tensor.

m Shape of pressure profile is fixed by multipole Ansatz.
Actual value is extremely sensitive to its parameters.
150 107 o

. 6a%
95%
---a=30

«
g
o
()

100 LY
3
.
-15-0150 -100 -50 ;10 , 50 100 150
(o) # Dutrieux et al. (2021)

H. Moutarde | HL-EIC | 16 / 28


https://inspirehep.net/literature/1840241

Pressure forces from DVCS measurements.
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- neglected.
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Pressure forces from DVCS measurements.

Ce@ From leading order to next-to-leading order.

Tools for
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hadron Investigate 3 fitting scenarios

structure

Motivation

Tomography 4 parameters
Internal pressure

Phenomenology
CFF global fit

e d295(0.1GeV?)

Models: systematic

uncertainties df(() ) 1 Gev2 )

Deconvolution
problem

Ecosystem dgds(o 1GeV2)
Design

Associated libraries dg( 0.1G eV2 )
Conclusion
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Pressure forces from DVCS measurements.

Ce@ From leading order to next-to-leading order.

Tools for
precision 3D

hadron Investigate 3 fitting scenarios

structure

Motivation

Tomesraphy 4 parameters 1. Nominal fit:

Internal pressure

m 1 free parameter for light quarks.
m Gluon and charm radiatively generated.

Phenomenology
CFF global fit

e d295(0.1GeV?)

Models: systematic

uncertainties df(() ) 1 GeV2 )

Deconvolution

Ecosystem dgdS(O. 1 GeVQ) . . LO NLO
Design uas p _ —
s (01GeV?) | 50.1GeV ) 0.7+1.7 0.8+2.0
Conclusion ’ d’il S(QGeV) 705 :l: ].2 705 :l: 14
Abbreviations d%(QGeV) _06 j: 16 —07 i 19
df(2GeV) —0.002 £ 0.0005 —0.002 £ 0.006
mm Free
mm Fixed
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Pressure forces from DVCS measurements.

Ce@ From leading order to next-to-leading order.

Tools for
precision 3D

hadron Investigate 3 fitting scenarios

structure

Motivation

Tomogaphy 2. Alternative fit:

m 2 free parameters: light quarks and gluons.
m Charm radiatively generated.

Phenomenology

CFF global fit
e d995(0.1GeV?)

Models: systematic

e 5(0.1GeV?) LO NLO
Bossem  d§%(0.1GeV?) | T ai(0.1GeV?) 62+ 14 —04+23
et i #(0.1GeV?) d5(0.1GeV?)  68+152  6.3+22
Conclusion d{®(2GeV) —0.7+12 04+28

a5 (2GeV) 51 4+ 111 5.3+19
d<(2GeV) 02+04 0.02+0.06

Abbreviations

mm Free
mm Fixed
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Pressure forces from DVCS measurements.

Ce@ From leading order to next-to-leading order.

Tools for
precision 3D
hadron
structure

Investigate 3 fitting scenarios

Motivation

Tomography 4 parameters 2. Alternative fit:
Internal pressure

m 2 free parameters: light quarks and gluons.
m Charm radiatively generated.

Phenomenology

CFF global fit
e d995(0.1GeV?)

Models: systematic

uncertainties i Correlation at NLO
Decor:vnl:linn d%( 0 1 G eV2 ) wol s ConelationlsclD pea— 100 = o
problem R b_:‘g 335;2 o . ’g:; ;;;i:
Ecosystem délds(o 1 GeVQ) o .

Design - ™ .

Associated libraries d§(0 1 Gev2 ) . - .

Conclusion —200
Abbreviations ~a00

m Free Decorrelation of ¢ and di% at NLO.
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Pressure forces from DVCS measurements.

From leading order to next-to-leading order.

Investigate 3 fitting scenarios

3. Alternative fit:
m 2 free parameters: d; and ds for light

quarks.

m Gluon and charm radiatively generated.
di95(0.1GeV?) LO NLO
(0.1GeV?) | di*(0.1GeV?) 16 +37 15434
1950, 1GeV?) dgd5§0.1Gev2) —26 + 59 —18 439

di%(2GeV) 11+25 11+23
d(0.1GeV?) & (2GeV) 15 + 34 15 4 32
d5(2GeV) —0.054+0.1  —0.0540.1
d4(2GeV) ~114+26 ~7.7+17
mm Free d(2GeV) ~1.843.9 ~1.2426
mm Fixed d5(2GeV)  —0.0440.01 —0.003 4 0.007
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Pressure forces from DVCS measurements.

Ce@ From leading order to next-to-leading order.

Tools for
precision 3D
had - . - -
structure Investigate 3 fitting scenarios
Motivation 3. Alternative fit:

Tomography 4 parameters .
Intemal pressure m 2 free parameters: d; and ds for light

Phenomenology quarks.

o d’i’ds(O.lGeVQ) m Gluon and charm radiatively generated.

Models: systematic P

uncertainties

Deconvolution df( 0 . ]' G eV ) 150 Correlation at 0 Correlation at NLO

problenn e noemy

Ecosystem dgds(() 1 Gev2> 5: * o

Design % -0 o ’

Associated libraries d§(0 . 1 Gev2 ) oo % s

Conclusion ::: s

Abbreviations e -0 o % 100 0 . BN 3 E) 160
mm Free Strong correlation of di’ds and dgds both at
mm Fixed LO and NLO.
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From CFFs to GPDs.

Cea Can we actually recover a GPD from the knowledge of a CFF?!

Tools for m Assume CFF H is perfectly known. Solve inverse problem?

precision 3D
L dx x @? .
(5 5ot

hadron
I -, —, Qs
1 € & p?’

structure . 5
Hoe. &) = [
Question raised about 20 years ago and has remained

Motivation

Tomography

Internal pressure =

Pheno;eno.ogy essentially open. Evolution proposed as a crucial element.
CrF bl # Freund (2000)
meerien m There exist non-zero GPDs with vanishing forward limit
e and vanishing CFF up to order o?2.

E;j:f“em m The DVCS deconvolution problem is ill-posed.

Rssocate ares #1 Bertone et al. (2021)
Conclusion

m Same conclusion holds for several other hard exclusive
processes. Key role of DDVCS: direct access to GPDs.
Large @ lever arm and highly precise data are much
needed: unique feature of EIC.
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Computing chain design.

EIC perspective considered at the time of design.

Full processes

Experimental
data and

phenomenology

Small distance
Computation
of amplitudes

Large distance
First
principles and
fundamental
parameters

) PARtonic
%) o= Tomograph
O wn Wl o grapny
2 >~ § Pﬁ%‘rst Of
) : ) | Nucleon
‘ - H Software
é 0 % m Perturbative
2 = = approximations.
> I ) |m Physical models.
S . |m Fits.
[GPD at p £ Mr/-?f] m Numerical
methods.

vaqutior
GPD at ' |

m Accuracy and
speed.

# Berthou et al. (2015)
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Generic exclusive event generators EplC.

Ce@ Modular structure compatible with the architecture of PARTONS.

Tools for m Includes treatment
precision 3D .

hadron Of radiative

structure

corrections.

etivation m Can be extended to
Internal pressure S| m u | ate Othe r
Phenomenclogy exclusive processes.
CFF global fit

Pressure forces

m Already used in
Deconvolution the EIC community
problem
and run at BNL.

Models: systematic

Ecosystem

Design

Associated libraries n PUbllCIy released
Conclusion simultaneOUS|y with
Abbreviations PARTONSV3

# Aschenauer et al. (2022)
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cea Generic exclusive event generators EplC.

Modular structure compatible with the architecture of PARTONS.

oo

- Saclay

Tools for m Includes treatment
precision 3D L PARTONS i
BaseObject
hadron Of ra d lative define e.g. std::string to store class name and
structure . functions to print predefined info and warning messages
corrections. ¢

At ModuleObject
Motivation n C an b e exten d ed to define e.g. functions for initialisation and

generic configuration with additional parameters

Tomography :
Internal pressure simu I ate ot h er - ¥
P.
Phenomenology H EpicModuleObject
exc | usive processes. define functions for generic testing

CFF global fit

Pressure forces

m Already used in v

template RCModule

Models: systematic
uncertainties

i H define basic tasks for this type of modules,
Deconvoluion the EIC commun |ty like evaluation of radiative function
proom
Eeoeetem and run at BNL. ' v
Y DVCSRCModule TCSRCModule
Design fixes RCModul_e temqlate for fixes RCModu_/e tem;.:r/ate for
Associated libraries - P u b I i C I y rel ea sed ¢ DVCS kinematics ¢ TCS kinematic ¢
Conclusion H H q
simultaneously with  ["pvesrecottinear |1 pycsrenu TCSRCNull
Abbreviations PA R T O N S collinear approximation no radiative corrections no radiative corrections
v3.

# Aschenauer et al. (2022)
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02 Generic exclusive event generators EplC.

Modular structure compatible with the architecture of PARTONS.

Tools for m Includes treatment
precision 3D .

hadron Of radiative

structure .

corrections.

Motivation C b d d H ggé §m
ooty m Can be extended to & 5w
Internal pressure simulate other e ot
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omeme exclusive processes. o
global fit o b

Pressure forces . S P

Models: systematic | Already used n ° - oo \
uncertainties . : g g s ot
i the EIC communlty T w5 B A S pa.
problem
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cosystem PR 2 ool

Design 8 o 8 ool
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Conclusion

simultaneously with
Abbreviations PA RTO NSV3
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GPD evolution with APFEL++.

Cea Connecting different computing codes for hadron structure.

Tools for H
oreciion 3D m Evolution code for
hadron PDFs, GPDs and
structure
TMDs. -
Motivation e
Tomography | APFEL++ ++
. APFEL®
numerically solves Aros oty
Phenomenology . . Introduction
CFF globa i evolution equations . —
Pressure forces . N i
Models: systematic in x-space. :
easily.

uncertainties

Jementable in APFEL++.

Deconvolution

pretlem m Fully modular.
Ecosystem and THDS, andto
p— m Heavy quark

Associated libraries
threshold crossing.

Conclusion

Abbreviations

#1 Bertone et al. (2022)
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GPD evolution with APFEL++.

Connecting different computing codes for hadron structure.

LO evolution from gy = 2 GeV to = 10 GeV, t = —0.1 GeV?
———T T —— T —

1.0

I — ¢=10"* —— Vinnikov 1
08— ¢=005 APFEL++ .

L £=0.5 ]
0.6 £=1 .
% [ GK model ]
§0.4l ]
04T
T
0.2_—

0.0 F
+1.025 F A R T
: ]
21.000 [ f
< o X
20975 . . R T :
10-3 102 101 10°
i

# Bertone et al. (2022)
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GPD evolution with APFEL++.

Connecting different computing codes for hadron structure.

- Saclay

Tools for
precision 3D
hadron 1.0
structure

Motivation

Tomography

=

Il

—
Q
)

<

=3
Internal pressure & 0.0
= L
8

Phenomenology

CFF global fit 0.5
Pressure forces °

Models: systematic
uncertainties

Deconvolution —1.0 -—— p =100 GeV
problem < 4 4 4 PR | 4 L L PR R

£ 1.01 | + + — t t — g+
Ecosystem o r 1
Y -
Associated libraries - r b

] - -
Conclusion é 0.951) '72 L L L 1. I71 L L PR N .1' )
Abbreviations 0 Om 0

#1 Bertone et al. (2022)
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GPD evolution with APFEL++.

Connecting different computing codes for hadron structure.

LO evolution from po = 1 GeV to u = 10 GeV

1.0 s
.—5:0 ]

0.8 [ —— & =0.05 ]
L £=05 ]
206 F £¢=1 ]
w [ MMHT2014l068cl i
8 L ]
,":0.4_- b
Ry L ]
8 L 4
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S
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#1 Bertone et al. (2022)
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Conclusion and prospects.

The quest towards 3D proton structure.

m Strong first-principle connection between concepts and
experimental data.

m Need for multi-channel analysis of precise data with a
@? lever arm on a wide kinematic coverage.

m EIC much needed for these studies.

m Several studies presumably require a high luminosity:
m 3D structure of the pion.
m Extraction of pressure forces from DVCS measurements.
m Deconvolution of GPDs from CFFs.

m Development of a open source software ecosystem
around PARTONS for GPD phenomenology, in particular:
m Generic event generator for impact studies and design of
new experiments: EpIC.
m Accurate and efficient solver for evolution equations to
exploit the EIC kinematic reach: APFEL++.
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Abbreviations used in this presentation.

Pr:siz:z:ogo ANN artificial neural network
hadron CFF Compton form factor
st DDVCS double deeply virtual Compton scattering
Motivation DGLAP  Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
S DVCS  deeply virtual Compton scattering
Phenomenology DVMP  deeply virtual meson production
CFF slobal EIC electron-ion collider
’ EFF elastic form factor
oo ERBL Efremov-Radyushkin-Brodsky-Lepage
Ecosystem GFF gravitational form factor
O GPD generalized parton distribution
Conclusion LO leading order
Abbreviations NLO next-to-leading order
PDF parton distribution function
TCS timelike Compton scattering
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