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Quantum Chromodynamics as a paradigm.

The theory (and not an effective theory) of the strong interaction.

No observed free color charges (PDG 2009)

FREE QUARK SEARCHES
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Quantum Chromodynamics as a paradigm.
The theory (and not an effective theory) of the strong interaction.
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Quantum Chromodynamics as a paradigm.
The theory (and not an effective theory) of the strong interaction.

Clay Millenimum Prize (Jaffe and Witten)
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What are the hadrons lighter than 10 GeV?
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What are the hadrons lighter than 10 GeV?

Origin of mass, or mass without mass.

Status as seen in
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(quark masses + coupling
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Success of the quark model but
missing resonances.
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. Moutarde | DPTA Seminar | 4 /70



Motivation.

QCD large distance dynamics from the hadron structure viewpoint.

Nucleon m Lattice QCD clearly shows that the mass of hadrons is

Reverse . .
Engineering generated by the interaction, not by the quark masses.
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Towards hadron tomography.

GPDs as a scalpel-like probe of hadron structure.

Basics of partonic structure of hadrons

We introduce the basics of partons.

Experimental hadron tomography
We can apply the GPD formalism to existing data.

Toolbox for high precision: the PARTONS project
We develop the tools to analyze near-future data.

How can we make this picture? What do we learn from it?
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0.1 0.3 x

H. Moutarde | DPTA Seminar | 6 /70



Basics of partonic structure of
hadrons
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Building the nucleon with quarks and gluons.

Some structuring questions for the worldwide community.
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Elastic scattering.
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Elastic scattering.

Nucleon form factors and transverse plane charge densities.
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Deep Inelastic Scattering (DIS).

Parton Distribution Function (PDF) and longitudinal momentum.
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Imaging the origin of mass.

Identification of underlying mechanisms from parton distributions.

How can we recover the well-
known characterics of the
nucleon from the properties of
its colored building blocks?
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Imaging the origin of mass.

Identification of underlying mechanisms from parton distributions.

How can we recover the well-
known characterics of the
nucleon from the properties of
its colored building blocks?

Mass?
Spin?
Charge?

What are the relevant effec-
tive degrees of freedom and

effective interaction at large
distance?
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Imaging the origin of mass.

Identification of underlying mechanisms from parton distributions.

Nucleon Structuring questions for the hadron physics community
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Engineering

m QCD mechanisms behind the origin of mass in the

Qe visible universe?

Key questions . . .. .

Hadvon spectrum m Cartography of interactions giving its mass to the
Partonic nucleon?

structure

e m Pressure and density profiles of the nucleon as a
Content of GPDs continuous medium?

Tomography . . . 0

Experimental access m Localization of quarks and gluons inside the nucleon?
DVCS

Universality tests

Towards 3D images q(x,b_.)
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Motivation.

Study nucleon structure to shed new light on nonperturbative QCD.

Perturbative Asymptotic
QCD freedom

=QCD_ 0.(M) = 0.1184 £ 0.0007

" QGev) ™

v

o

Nonperturbative

QCD

Perturbative AND perturbative QCD at work

m Define universal objects describing 3D nucleon structure:
Generalized Parton Distributions (GPD).

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

m Get experimental knowledge of nucleon structure.
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Anatomy of hadrons.

GPDs, 3D hadron imaging, and beyond (1/4).

Nucleon m Correlation of the longitudinal momentum and the
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QCD

Key questions

Hadron specrum Deeply Virtual Compton Scattering (DVCS)
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GPDs, 3D hadron imaging, and beyond (1/4).

Nucleon m Correlation of the longitudinal momentum and the
Reverse transverse position of a parton in a hadron.

Engineering

m DVCS recognized as the cleanest channel to access GPDs.

QCD
Ke uestions . -
oo st Deeply Virtual Compton Scattering (DVCS)
Partonie DVCS = Transverse center
Qurks and gluons o of momentum R
Lepton scattering ,.y RJ_ — Z, XIrJ_I
Content of GPDs ’)/* Q2 b |
Tomography ' factorization pp XP+
Experimental access T = === Il —
pvcs X+ € X — § RJ_ mpaCt
1 parameter b,
- I s = X 1 o a
Toolbox K 7 SxeT Longitudinal
e P > P —l1<é<+1
oo [ .5 momentum xP*
Features V.
Team
Conclusion m 24 GPDs F/(x,&, t, uf) for each parton type i= g, u,d,. ..

Appendix for leading and sub-leading twists.
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Anatomy of hadrons.

GPDs, 3D hadron imaging, and beyond (2/4).

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

Engineering

1 .. b, 0E
aco pOG b AN = 5 |[H(x0,b) + === o (x,0, b1)
Key questions 2 M ob;
i A0, 52)
Quarks and gluons
v oo m Notations : quark helicity A, nucleon longitudinal
Tomography polarization Ay and nucleon transverse spin S .
el e Burkardt, Phys. Rev. D62, 071503 (2000)

Universality tests

Can we obtain this picture from exclusive measurements?

singlet pion valence transverse
quarks, gluons cloud quarks spin

Towards 3D images

Toolbox

Desi q

e s Weiss, AIP Conf)
Features

Team [ Proc. 1149,
Conclusion quarks move 150 (2009
Appendix @ ® x<001 x~0.1 x~03 (©
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Anatomy of hadrons.

GPDs, 3D hadron imaging, and beyond (3/4).

Nucleon m Most general structure of matrix element of energy

EnZ?::;i?ng momentum tensor between nucleon states:
A A A

aco </v P+5 | T NP~ 2> = u<P+ 2) {A(t)%ﬂpv)
Hadron spectrum A)\ C( t) A
Partonic 1+ B(t P( VXA APAY — A2y P— 2
s;ruiturdeI ( ) 2M M ( 77 ) 2
Conen o G with t = A2
Tomegraphy m Key observation: link between GPDs and gravitational
pues form factors
Toolbox /dXXHq(X,f, t) = AYt)+ 452@(1“)
— [acEixen = B - ac
Conclusion : .
. Ji, Phys. Rev. Lett. 78, 610 (1997)
ppendix
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Anatomy of hadrons.

GPDs, 3D hadron imaging, and beyond (4/4).
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Engineering

m Spin sum rule:

QCD

Ky auestions / dxx(H9(x,&,0) + E¥(x,£,0)) = AY(0) + BI(0) =2

Hadron spectrum

Partonic
Ji, Phys. Rev. Lett. 78, 610 (1997)
Quarks and gluons

Content of GPDs

N ) m Shear and pressure of a hadron considered as a
omography X i
Experimental scces continuous medium:

et 33 e i el i
Toolbox <N‘T'(7’>‘/V>N:s(r) = - §5 + p(r)é

S Polyakov and Shuvaev, hep-ph/0207153

Team
Conclusion

Appendix
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Exclusive processes of current interest (1/2).

Factorization and universality.
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Exclusive processes of current interest (1/2).
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Exclusive processes of present interest (2/2).

Factorization and universality.

Nucleon
Reverse - 2 . 2 A ~ o
Engincering Bjorken regime : large Q° and fixed xB ~ 2¢/(1 + &)
m Partonic interpretation relies on factorization theorems.
QCD
Key questions m All-order proofs for DVCS, TCS and some DVMP.
Hadron spectrum
Partonic m GPDs depend on a (arbitrary) factorization scale pfr.
structure - . -
S m Consistency requires the study of different channels.
Lepton scattering y
Content of GPDs
Tomography
B es m GPDs enter DVCS through Compton Form Factors :
DVCS
Universality tests 1 Q
Towards 3D images
2\
Toolbox ]:(5‘ tﬁ Q ) - / dxC <X7 57 QS(:U’F)v ) F(Xv 67 ta /LF)
Design —1 HUF
Architecture
s for a given GPD F.
Conclusion m CFF F is a complex function.
Appendix

H. Moutarde | DPTA Seminar | 19 / 70



o2 Need for global fits of world data (1/2).

Different facilities will probe different kinematic domains.
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Need for global fits of world data (2/2).

Sparse data in a large functional space.
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Need for global fits of world data (2/2).

Sparse data in a large functional space.
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Near-future and existing measurements
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Sparse data in a large functional space.
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Definition of observables (1/3).

Harmonic structure of ep — epy amplitude.

m Study the harmonic structure
of ep — epy amplitude.

Diehl et al.,
Phys. Lett. B411, 193 (1997)

3
IMpu|> . Z " cos(ng) + sBHsin(nq/))]

|t| P(cos ¢)
3
Mpves|? o Y [C]:VCS cos(ng) + s,V Sin(nfﬁ)}
n=0
3
M \t\ PcosqS ,,z:O [c;, cos(ng) + s, sin(ng)]
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Definition of observables (2/3).

Single and double asymmetries.

Nucleon .
Reverse m Combined beam-spin and charge asymmetries :
Engineering
he,
do"Q(¢) = douu(d) [1+ heALu.pvos(9)
QCD
A +QeheALu,1(¢) + QeAc(9)]
Partonic . .
structure m Single beam-spin asymmetry :
Quarks and gluons
Lepton scattering
Q Qe

Content of GPDs

do~ — do*
Tomogra[thy AS{I(¢) f— ﬁ
Experimental access
pvcs dU + dO'<_
Universality tests
Towards 30 mages m Relation between observables :
Toolbox
o A% () = QeALU1(0) + ALu.pves ()
Features LU -
L+ QeAc(¢)
C lusi . .. .
cneeen m Compute Fourier coefficients of asymmetries.
Appendix
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Definition of observables (3/3).

What are the probed combinations of CFFs?

Nucleon
Reverse
Engineering

Typical kinematics

QCD

e e Kinematics

paranc Experiment e Q@ [GeV2] | t [Gev?]
B HERA 0.001 8.00 -0.30
ngphy COMPASS | 0.05 2.00 -0.20
HERMES | 0.09 2.50 -0.12
Oty s CLAS 0.19 1.25 -0.19
;::i:”“w HALL A 0.36 2.30 -0.23

Architecture
Features

Team
Conclusion

Appendix
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Definition of observables (3/3).

What are the probed combinations of CFFs?

Nucleon Selection of observables

Reverse
Engineering

Experiment | Observable | Normalized CFF dependence

QCD e Re? + 0.06Re€ + 0.24Ref
partonic HERMES ASS? Re# + 0.05Re€ + 0.15Re?
ARG Im# + 0.05Imé& + 0.12ImH
Temegahy Abn? Im# + 0.10Im* + 0.01Im&
CLAS A" | ImH + 0.06ImE + 0.21ImH
Toolos AT Im?H + 0.12ImH + 0.04Im&
HALL A <0306 1+ 0.05Re + 0.007HH*
ild geos ¢ 1+ 0.12ReH + 0.05ReH
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A quantum mechanical measurement .

Quantum interference and amplification.

Nucleon m The DVCS and BH processes have the same incoming
Reverse -
Engineering and outgoing states:
2
QCD

Key questions

Hadron spectrum o ( ep *> ep"}/) pr— + +
Partonic

structure

Quarks and gluons DVCS Bethe— Heitler

Lepton scattering

Content of GPDs

Tomography
Experimental access
DVCS
Universality tests

Towards 3D images
Toolbox

Design

Architecture

Features

Team
Conclusion

Appendix
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A quantum mechanical measurement .

Quantum interference and amplification.

m The DVCS and BH processes have the same incoming
and outgoing states:

Nucleon
Reverse
Engineering

2

QCD

Key questions o
Hadron spscman o(ep — epy) = + +
Partonic

structure

Quarks and gluons DVCS Bethe— Heitler

Lepton scattering

Content of GPDs

Tomography :szssGeVE. Q*=2.5GeV’, x,=0.35, E,,,,=6 GeV

m Measurement of the

Experimental access — [BHsvCS|
BUEs interference.
Universality tests

Towards 3D images

m BH under control thanks
Toolbox
Design to form factors.

Architecture

do/dQ,/dp,/dQ,

Features

Team
i
k]

Conclusion

| secron amuse

Appendix o om
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A quantum mechanical measurement .

Quantum interference and amplification.

Nucleon m The DVCS and BH processes have the same incoming
Reverse

Engineering and outgoing states:

QCD

Key questions

Hadron spectrum o ( ep — em/) = + +
Partonic
structure

Quarks and gluons DVCS Bethe— Heitler

Lepton scattering

Content of GPDs

Tomography

i m Measurement of the
S interference.

Toolbox m BH under control thanks
U to form factors.

—_ m Polarized beam or target.
Conclusion

Appendix
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Goloskokov-Kroll (GK) model on DVCS.

Cea No parameter of the GK model was tuned to analyse DVCS.

Nucleon

Reverse tial cross sectio : HERA

Engineering

0

Q@ [GeV? Q@ [GeV?]
* 32 o 4.0

o0 8.0 (shifted) % = 155
= 8.0
= 250

QCD

Key questions

[nb/GeV?
[nb/GeV?]

Hadron spectrum

3
T

Partonic
structure

3
—o

Quarks and gluons

do™" P [dt
dn””””’/dt

Lepton scattering

Content of GPDs

Tomography
Experimental access
DVCs
Universality tests

Towards 3D images

® ZEUS 99-00
o HI  99-00
= Hl  04-07

E o HI 99-00
= HI  04-07

Toolbox

Design

S S S S S S S T )
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

Features “t[Gev? —t [GeV?]
Team

Conclusion Kroll et al., Eur. Phys. J. C73, 2278 (2013)

Appendix

Architecture

v
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Goloskokov-Kroll (GK) model on DVCS.

No parameter of the GK model was tuned to analyse DVCS.

Nucleon
Reverse
Engineering

Asymmetry, HERMES

’ cos 0¢
02— AC
QCD
Key questions 0.1

Hadron spectrum
Partonic
structure

Quarks and gluons

Lepton scattering

Content of GPDs

Tomography
Experimental access

DVCS

Universality tests

Towards 3D images 04—

Toolbox 02—

Design

Architecture 03 01 02 03 04 05

Features —t [Gev2]

Team

Conclusion Kroll et al., Eur. Phys. J. C73, 2278 (2013)

Appendix

v
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Goloskokov-Kroll (GK) model on DVCS.

No parameter of the GK model was tuned to analyse DVCS.

Beam Spin

_Ap(©)

(Q%) = 117 GeV?

(x5) = 0.18
(Q%) = 1.37 GeV?

(@%) =1.69 GeV?

(zp) = 0.34
(Q%) = 1.99 GeV?

0 90 180

270
6 [deg]

2;0
¢ [deg]

90 180

270
¢ [deg]

90 180

270
¢ [deg]

360

Kroll et al., Eur. Phys. J. C73, 2278 (2013)

v
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Tomography
Experimental access
DVCs
Universality tests

Towards 3D images

Toolbox
Design
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Kinematic contributions.

Evidence for contributions beyond twist or leading order.

=)

-0.01)

-0.02

-0.03

-0.04

e L o

f=:* NLO-DVCS?
— HT-DVCS?
=' NLO-Interference

w HT-Interference

Lo v Lo Loy 101

Lo b Lo Ly
100 200 300

® (deg)

Defurne et al., arXiv:1703.09442 [hep-ex]

0 100 200
® (deg)

nb/GeV’

0.01

0.005

-0.005

-0.01

Saclay
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QCD

Key questions

Hadron spectrum

Partonic

structure
Quarks and gluons
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Content of GPDs

Tomography
Experimental access
DVCs
Universality tests

Towards 3D images

Toolbox
Design
Architecture
Features

Team
Conclusion

Appendix

Summary of first extractions.

Feasibility of twist-2 analysis of existing data.

m Dominance of twist-2 and validity of a GPD analysis of
DVCS data.

m /mH best determined. Large uncertainties on ReH.

m However sizable higher twist contamination for DVCS
measurements.
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Imaging the nucleon. How?
Extracting GPDs is not enough..Need to extrapolate!

Nucleon 1. Experimental data fits 2. GPD extraction

R('evers'e s Hi 15202, 04 )
Engineering Ao [ph.GeV™Y] wl

QCD

Key questions

Hadron spectrum

Partonic (~1) = 0.735 GeV?

structure o 30 80 120 180 240 300 360
deg]

Quarks and gluons

Lepton scattering

Content of GPDs 3 NUCleon im glng
Tomography

Experimental access | Images from Guidal et al

pvcs Rept. Prog. Phys. 76 (2013) 066202 | The 2015 Long Range Plan for Nuclear Science

Universality tests

Towards 3D images

Sidebar 2.2: The First 3D Pictures of the Nucleon

Toolbox A computed tomography (CT) scan can help physicians
Design pinpoint minute cancer tumors, diagnose tiny broken
Architecture bones, and spot the early signs of osteoporosis. _
Features Now physicists are using the principles behind the &
procedure to peer at the inner workings of the proton. g
Team This breakthrough is made possible by a relatively new
. concept in nuclear physics called generalized parton
Conclusion distributions.
Appendix An intense beam of high-energy electrons can be used b, [fm] b, [fm]
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Tomography
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Towards 3D images

Toolbox
Design
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Team
Conclusion

Appendix

Imaging the nucleon. How?

Extracting GPDs is not enough..Need to extrapolate!

B Extract H(x, ¢, t, i¢f) from experimental data.
Extrapolate to vanishing skewness H(x, 0, t, umf)
Extrapolate H(x, 0, t, ;LrF‘*f) up to infinite t.

Compute 2D Fourier transform in transverse plane:
oo q|A
Hocb) = [ R AL (e al) Hx0,-1)
Jo

Propagate uncertainties.

[@ Control extrapolations with an accuracy matching that of
experimental data with sound GPD models.
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Cea

Nucleon
Reverse
Engineering

QCD

Key questions

Hadron spectrum

Partonic

structure
Quarks and gluons
Lepton scattering

Content of GPDs

Tomography
Experimental access
DvCs
Universality tests

Towards 3D images

Toolbox
Design
Architecture
Features

Team
Conclusion

Appendix

The challenge of the high precision era.

Higher order and higher twist contributions, and GPD modeling.

Evaluation of the impact of higher order effects.

Evaluation of the impact of target mass and finite-t
corrections.

Extrapolations with GPD models.

Evaluation of the contribution of higher twist GPDs.

DVMP: sensitivity to DA models.
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Different questions to be answered with the same tools.

Ccea Software for the phenomenology of GPDs. g

fe

Nucleon < 7
Reverse - r
Engineering
o Higher New Meson
Key questions Twists? Experiments? Production?
Hadron spectrum
DvCs

Theoretical
(:: Constraints? t
Ur\ivcvsalily tests | ; E ; ; J

Towards 3D images Q/{

Toolbox Next to
Design Compton Model Leadi
Architecture . eadain
Features Scattering? Dependence? &
Toam Order?

Conclusion W

Appendix

Partonic
structure

%

Quarks and gluons

Lepton scattering

Content of GPDs Error
Tomography (:: Propagation?

Experimental access

L S ¢
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Software for the phenomenology of GPDs.

Different questions to be answered with the same tools. ﬁ

h

CEA - Saclay

5 ¢

Higher
Twists?

Error
Propagation?

Compton
Scattering?

Experiments?

New Meson

Production?

Theoretical
Constraints? t

Next to

odel Leadi
Dependence? cading
Order?
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Toolbox for high precision: the
PARTONS project

PARtonic
Tomography

Nucleon
Software

P%_ﬁ'l‘dNS of

«O0>» «F>» «E>»



~==  Computing chain design.

Differential studies: physical models and numerical methods.

Nucleon
Reverse H
Engincoring Experimental

data and Full processes
Qcp phenomenology
Key questions
Hadron spectrum
Partonic
structure
Quarks and gluons i
;cpln"sc‘:l:;e:;g Computation Sma” dIStance

ontent of s . .
i contributions

Tomography of amplitudes
Experimental access
DVCS
Universality tests
Towards 3D images
Toolbox FirSt
Design .
Architecture pr|nc|p|es and Large distance
- fundamental contributions
Conclusion parameters
Appendix
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Computing chain design.

Differential studies: physical models and numerical methods.

Experimental
data and
phenomenology

Computation
of amplitudes

First
principles and
fundamental
parameters

[GPD at u # ,ur,_-efJ
1Evo|ution
| GPDat g |
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Computing chain design.

Differential studies: physical models and numerical methods.

Experimental
data and
phenomenology

Computation
of amplitudes

First
principles and
fundamental
parameters

[GPD at u # ,ur,_-efJ
1Evo|ution
| GPDat g |

= Many
observables.

m Kinematic reach.
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Computing chain design.

Differential studies: physical models and numerical methods.

Experimental ] (a)
data and S & = o
5 = 5 observables.
phenomenology R Kinematic reach.
Need for
modularity N

Computation
of amplitudes

L

First [GPD at pu # ,ur,_-ef}
principles and 1Evo|ution
fundamental GPD of

parameters [ at pr ]

Perturbative
approximations.

Physical models.
Fits.

Numerical
methods.

Accuracy and
speed.
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Computing chain design.

Differential studies: physical models and numerical methods.
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Towards the first release.

Currently: tests, benchmarking, documentation, tutorials.

m 3 stages:
Design.
Integration and validation.
Benchmarking and production.
Flexible software architecture.
B. Berthou et al., PARTONS: a computing platform for
the phenomenology of Generalized Parton Distributions

arXiv:1512.06174, to appear in Eur. Phys. J. C.

1 new physical development = 1 new module.

Aggregate knowledge and know-how:
m Models
m Measurements
m Numerical techniques
m Validation

m What can be automated will be automated:
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cea Modularity.

Inheritance, standardized inputs and outputs.

Nucleon
Reverse
Engineering

Module (GPD)

input (standardize) output (standardize)

QCD

Key questions

Hadron spectrum

Partonic
structure ‘

Quarks and gluons

Lepton scattering

Model_1 (GK11) Model_2 (MPSSW13) Model_3 (...)

Content of GPDs

Tomography
Experimental access H (}( Xi. t. Mu F)
pvcs 4 T

Universality tests

Towards 3D images

Toolbox
Design
Preitecture m Steps of logic sequence in parent class.
Features
o m Model description and related mathematical methods in
Conclusion
daughter class.
Appendix
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cea Flexibility.

Example: implementation of new coefficient functions.

Nucl - .
Reverse m A DVCS coefficient function
Engineering .
& " a module generically outputs a
Qco < kl_) E complex number when
o auestons @) @) i 2 2,2
:ajlr:nspcclrum _ _ _J prowded (57 t, Q R 'U‘R)'
—
Partoni : : : .
structure : 1 1 __ConvolCoeffFunctionModule.h __
e S
Quarks and gluons () () () 1 virtual std::complex<double> compute(
Ln s % e % double xi, double t, double Q2, double MuF2,
> O double MuR2, GPDType::Type gpdType) =
omography
T h A — > o:
Experimental access » 4 O !
iy, — ;A/ R
S S m This module can be anything:
Toolbox e rof m Constant CFFs for local fits.
o [GPD at p # pg } m CFFs for massless quarks.
Feores TEVOlution m CFFs for heavy quarks.
Conclusion rof m CFFs with TMC.
| GPDat | .
Appendix
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Handling experimental data.

Using the power of SQL for data selections.

m All fixed-target DVCS data collected at Jefferson Lab
are stored in the database used for fits.

m No data about TCS or DVMP so far.

m Including all existing DVCS data sets in a database is a
matter of hours.

m Data selection from SQL requests for fits.

insert_ CLAS_ asymmetries.sq|

—— Kinematics ——

INSERT INTO observable_kinematic (bin_id, xB, t, Q2, E, phi) VALUES(O,
0.19400, —0.11000, 1.68000, 5.93200, 25.00000);

SET @last_observable_kinematic_id = LAST_INSERT_ID();

—— Value and uncertainties ——

INSERT INTO observable_result (observable_name, observable_value,
stat_error__|b, stat_error_ub, syst_error_Ib, syst_error_ub, total_error,
observable_kinematic_id) VALUES('Alu', 0.37000, 0.23000, 0.23000, 0.01000,
0.01000, 0.00000, @last_observable_kinematic_id);
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Systematic studies made

easy.

A faster and safer way to GPD phenomenology.

Automation allows...:

m to run numerous computations with various physical

assumptions,

m to run nonregression tests.
m to perform fits with various models.
m physicists to focus on physics!

Without PARTONS

With PARTONS

) o e
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GPD computations made fast

Improved performances thanks to clever architecture design.

threads

Reverse
Engineering
#/gene‘ral . Q search @ 9%
rembers | Company-wide announceme.
QCD

also | still have to "clean" it, get rid of the old code

E Bryan BERTHOU 1502

On the Virtual Machine with 1000 kinematics :
-GK11:740 GPDResult/sec (H, Ht, E, Et)
-GK11Test: 200 GPDResult/sec (H, Ht,E, Et) (editec
-MMS13:75 GPDResult/sec (H,E)
-MPSSW13:40 GPDResult/sec (H) (cdited)

Key questions

Hadron spectrum

Partonic

structure
Quarks and gluons
Lepton scattering

Content of GPDs

Tomography
Experimental access
DvCs

E Bryan BERTHOU 5.1

Inmy own computer with 3 threads there is no errors and it take only 2sec for 1000
kinematics - 500 results/sec.

Universality tests

Towards 3D images -— .
Cédric

Toolbox sl Very good! | will have plenty of good news to give at the EIC collaboration meeting
i short_distance So your 500 results per second means that you can compute 500 given kinematics of H(x, xi
Design s t 1, Q~2) per second, is that correct?
Architecture trello

ors it that you can compute 500 given kinematics for every GPDs per second?
virtual_machine
Features irtual_machin a Hervé MOUTARDE ..

Team &l Hi Cedric! With 2+1 threads (1 for the logger, 2 for the computation) Bryan computes H, Ht,
. Eand Et for u,d, s and g on 500 different (x, i t, MuF2, Mur2) kinematic configurations in an
Conclusion
Appendix
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Systematic studies made fast.

What can be done from scratch in about 1 hour.

Nucleon
Reverse
Engineering

fuea Cener, . DVCS beam-spin asymmetries at EIC
(PARTONS) — GK11

acp 016 = vl Ny
016 @ =166V 2 E.Ep = 500 GeV?

Key questions

008

Hadron spectrum o - . ~ S -
Partonic 008
structure 016
024

Quarks and gluons
R . 024 . 02 =8GeV2 zp = 0.005
epton scattering 016 -
&

Content of GPDs

A 008 _ Y?,-
Tomography LU{::]& I 1 § T 11 B
Experimental access 016 qg}l
pvcs o Q
Universality tests 024 f— Q] =4GeV? zB = 0.003
Towards 3D images 016
008 - -
Toolbox 0 - \ .4 - —— - —
Design 008 - See next talk on
Architecture 016 PARTONS by C. Mezrag
Features 024 .
Toam 0 4 30120 160 20 20 3030 30 0 40 810 160 20 4020320 3 0 40 8 120 10 20 240 20 320 3
(%) 4(°) (%)
Conclusi
enclusion 1=0.1 GeV? =025 GeV?
Appendix <
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GPD or CFF fits (1/5).

Local fit of CFFs

herve
& parTons

@ partons_fits

Town Squs
trello

tual_m:

partons_fits v
Mon, Sep 26, 2016
: pawel 216 P
FCN=1.00128e-11 FROM MIGRAD STATUS=CONVERGED 44 CALLS a5
TOTAL
EDM=2.00186e-11 STRATEGY= 1 ERROR MATRIX ACCURATE
EXT PARAMETER STEP FIRST
NO. NAME VALUE ERROR SIZE DERIVATIVE
1 fit_CFF_H_Re 6.67247e-02 1.34241e+00 2.92531e-05 -7.02262e-07
2 fit_CFF_H_Im  1.2423le+01 1.07342e+00 1.80608e-05 1.71071e-04
3 fit_CFF_E_Re -3.94789e+00 fixed
4 fit_CFF_E_Im -1.64116e-01 fixed
5 fit_CFF_Ht_Re 1.54183e+00 fixed
6 fit_CFF_Ht_Im  2.59017e+00 fixed
7 fit_CFF_Et_Re 5.41102e+01 fixed
8 fit_CFF_Et_Im 3.79052e+01 fixed
EXTERNAL ERROR MATRIX. NDIM= 25 NPAR= 2 ERR DEF=1
1.804e+00 7.961e-03
7.961e-03 1.153e+00
PARAMETER CORRELATION COEFFICIENTS
NO. GLOBAL 1
1 0.00552 1.000 0.006
2 0.00552 0.006 1.000
The first reasonable fit with PARTONS_Fits! 12 AUL and 12 ALU asymmetries fitted together.
The true values of fit_CFF_H_Re and fit_CFF_H_Im are 0.06672466940113253 and
12.423114181138908
Write a m 2
Help

H. Moutarde |
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GPD or CFF fits (2/5).

Global fit of CFFs: border function formalism.

Nucleon
Reverse
Engineering

QCD
Key questions = Kinematic cuts Q2>1.5GeV2  (where we can rely on LO approximation)

Hadron spectrum

4/Q2<0.25 (where we can rely on GPD factorization)

Partonic
structure u x2/ndf 3272.6/(3433-7)=0.96
Quarks and gluons
Lepton scattering » Free parameters 3Hsear Afival Afisear Csub @sub  NE, NE
Content of GPDs
Tomography X2/ ndf per data set [1] Phys. Rev. C 92, 055202 (2015)
[2] Phys. Rev. Lett. 115, 212003 (2015)
Experimental access [3] Phys. Rev. D 91, 052014 (2015)
DVCS
Universality tests Experiment Reference Observables N points all N points selected chi2 chi2 / ndf
Towards 3D images
Hall A [1]KINX2 oy 120 120 1350 119
Toolbox Hall A [1]KINX2 BolU 120 120 989 0.8
Design Hall A [1]KINX3 oy 108 108 2748 272
Architecture HallA [1]KINX3 AolU 108 108 1073 106
(=S CLAS @ oy 1933 1333 10892 082
Team CLAS 2 hoLU 1933 1333 171.9 088
Conclusion CLAS Bl AUL, ALU, ALL 498 305 338.1 113
Appendix Pawel Sznajder DIS 2017 12
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GPD or CFF fits (3/5).

The second global fit of CFFs in the valence region.

Careful statistical analysis

RESULT!

u Values of parameters and
correlation matrix

Hasea 1 positive
negative
FAaval 1
Hasea 001 1
Csub 022 02 00t 1
asub 004 013 091 1
NE 054 001 028 019 1
NE 062 002 014 005 067

Haseal Haval Hasea Csub asub NE

Pawel Sznajder

GPD Parameter
H Cuval
H Cusea
H Cdval
H Cd sea
Htilde. Cuval
Htilde Cusea
Htilde Cdval
Htilde Cd'sea
H aval
H asea
Htilde aval
Htilde asea
H Csub
H asub
1
E N
NE Etilde N

DIS 2017

Value
121
127

12
121
1.07
1.08
11
1.07

0.74
527
251

081

0.39

-8.08
045

CEA

622
0.35
1.35

0.16
06

057
0.07
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GPD or CFF fits (4/5).

Propagation of PDF uncertainties.

Nucleon
Reverse
Engineering

Qe CLAS: Ay and A, 0.68¢l.
@x5=0.26,t=-0.23 GeV2 Q2= 2.0 GeV2, E =59 GeV

Key questions

Hadron spectrum

0. 1
Partonic eat A aa A
structure uL LL
Quarks and gluons
N 025 075
Lepton scattering
Content of GPDs
'

Tomography , ‘ . . \ 1_1 \ ‘ . Jl \ l

Experimental access I T
3 E]
DVCS 2 2

Universality tests

Towards 3D images

0.25 025

Toolbox o unc. FoFunc

Design Pol POF Unc. —— ]
Architecture A — Drac G
Features o %n n Thn 2n % n Ten 2n
Team ¢ [rad] ¢ [rad)

Conclusion Good description of experimental data, large systematics coming from Aq

Appendix Pawel Sznajder DIS 2017 16
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GPD or CFF fits (5/5).

Proton tomography from experimental data.

=
o

fe

- Saclay
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[ I N R N

o

10
11

12
13
14
15
16

GPD computing made simple.

Each line of code corresponds to a physical hypothesis.

gpdExample()

// Lots of includes
#include <src/Partons.h>

// Retrieve GPD service

GPDService* pGPDService = Partons::getInstance()—>getServiceObjectRegistry
()—>getGPDService();

// Load GPD module with the BaseModuleFactory

GPDModule* pGK11Model = Partons::getlnstance()—>getModuleObjectFactory
()—>newGPDModule(GK11Model::classld);

// Create a GPDKinematic(x, xi, t, MuF, MuR) to compute

GPDKinematic gpdKinematic(0.1, 0.00050025, —0.3, 8., 8.);

// Compute data and store results

GPDResult gpdResult = pGPDService—>

computeGPDModelRestrictedByGPD Type(gpdKinematic, pGK11Model,
GPDType::ALL);

// Print results

std :: cout << gpdResult.toString() << std::endl;

delete pGK11Model;
pGK11Model = 0;
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19
20

GPD computing automated.

Each line of code corresponds to a physical hypothesis.

computeOneGPD.xml

<?xml version="1.0" encoding="UTF-8" standalone="yes" 7>

<scenario id="01" date="" description="Example,: computation, of one GPD
ymodel ;(GK11) without evolution">
<!—— Select type of computation ——>
<task service="GPDService" method="computeGPDModel" >
<!—— Specify kinematic ——>
<kinematics type="GPDKinematic">
<param name="x" value="0.1" />
<param name="xi" value="0.00050025" />
<param name="t" value="-0.3" />
<param name="MuF2" value="8" />
<param name="MuR2" value="8" />
< /kinematics>
<!—— Select GPD model and set parameters ——>
<computation__configuration>
<module type="GPDModule" >
<param name="className" value="GK11Model" />
</module>
< /computation_configuration>
< /task>
< /scenario>
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GPD computing automated.

Each line of code corresponds to a physical hypothesis.

computeOneGPD.xml

1 <7?xml version="1.0" encoding="UTF-8" stand

2 <scenario id="01" date="" description="Exam
ymodel, ;(GK11) without_evolution">

3 <!—— Select type of computation ——>

4 <task service="GPDService" method="coy

5 <!—— Specify kinematic ——>

6 <kinematics type="GPDKinematic">

7 <param name="x" value="0.1" /

8 <param name="xi" value="0.000

9 <param name="t" value="-0.3"

10 <param name="MuF2" value="8"

11 <param name="MuR2" value="8"

12 < /kinematics>

13 <!—— Select GPD model and set paramete

14 <computation__configuration>

15 <module type="GPDModule" >

16 <param name="className" v{

17 </module>

18 < /computation_configuration>

19 </task>

20 </scenario>

HY = 0.822557
Hu(+) = 0.165636
Hu(=) = 1.47948

HY = 0.421431
HA+) = 0.0805182
HA=) = 0.762344

H® = 0.00883408
H(+) = 0.0176682

Hs(f) f— O
HE& = 0.}853611
and E, H, E, ..
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e Observable computing automated.

Each line of code corresponds to a physical hypothesis.

Nucteon computeManyKinematicsOneModel.xml

Reverse 1 <scenario date="2016-10-18" description="Use_kinematics list">

Engineering 2 <task service="0ObservableService" method="
computeManyKinematicOneModel" storelnDB="1">

3 <kinematics type="0bservableKinematic">

4 <param name="file" value="observable_kinematics.dat" />

5 < /kinematics>

6 <computation__configuration>

7

8

9

QCD

Key questions

Hadron spectrum

Partonic
structure

<module type="0bservable">
<param name="className" value="Alu" />

Quarks and gluons

Lepton scattering </modu|e>
Coment ofGFEs 44 <module type="DVCSModule" >
Tomography 1 <param name="className" value="BMJ2012Model" />
Dpermenal € 12 <param name="beam_energy" value="1066" />
Universality tests 13 </module>
Towards 3D images 14 <module type="DVCSConvolCoeffFunctionModule" >
Toolbox 15 <param name="className" value="DVCSCFFModel" />
Design 16 <param name="qcd_order_type" value="L0" />
Architecture 17 </modu|e>
Features 18 <module type="GPDModule" >

. 19 <param name="className" value="GK11Model" />
Conclusion 20 </modu|e>
Appendix 21 < /computation_configuration>
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Pre-PARTONS times...

First mention of the PARTONS project in a conference.

Irfu

(€S9
saclay

Pivotal year
for GPDs

2011 situation
GPDs and DVCS
Leading twist,
leading order
Selected data

Status of GPD

analysis
Extraction
Universality
Key results

Future

orientations

COMPASS-II

JLab's 12 GeV/
upgrade

Spin observables
on an EIf

Conclusions

PROPHET.

Platform for Representing the Organization of Partons inside Hadrons and
Experimental Tomographies.

@ Comprehensive database of experimental results.

@ Comprehensive database of theoretical predictions.
@ Fitting engine.

@ Propagation of statistic and systematic uncertainties.
o

Visualizing software to compare experimental results and
model expectations.

© Connection to experimental set-up descriptions to
design new experiments.

@ Interactive website providing free access to model and
experimental values.

H. MouTaRDE (Irfu/SPhN, CEA-Saclay) Hadron 2011 - 14 / 06 / 2011 12 / 16
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1 multidisciplinary team over 5 countries.

Future experiments in the US, most project members in Europe...

oo

Saclay

Nucleon Many (unfortunately not all!) problems can be solved fast

Reverse
Engineering PARTONS
fervé MOUT

#general .
general Q search @ % i
June 29th

RDE

ifyou reverse that partof the curve
 Nabil Chouika
- veryclearly

Daniele Binosi

Yougetitright

si Luca Colaneri
yesialrady did that
itworks now
- Daniele Binosi
mmm apparently one time more than enough

&i Luca Colaneri
plot.pdf

QCD

Key questions

Hadron spectrum

Partonic

structure
Quarks and gluons
Lepton scattering

Content of GPDs

Tomography .. PawelSznajder
8 nttps:/lyoutu be/ySibJ9UOGPA

Experimental access
pvcs

o
Kung Fury - Favorite Lines - Teamwork is very important =

Universality tests

Towards 3D images

Toolbox

Design

¢ KungFury

Favorité Sceriés
bt dan )

Architecture

Features PoWwer MOVC
Team = =
O 4 o03/00
Conclusion
. ' Jakub Wagner
Appendix fla Ia Wow,guys| Four guys infour p; C !
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1 multidisciplinary team over 5 countries.

Future experiments in the US, most project members in Europe...

Active developpers N. Chouika (Irfu, France), L. Colaneri
(IPNO, France), P. Sznajder (NCBJ, Poland).
Not-so-active developpers D. Binosi (ECT*/FBK, ltaly),
C. Mezrag (ANL, USA), H. Moutarde (Irfu,
France), J. Wagner (NCBJ, Poland).
Advising P. Lafitte (ECP, France), J. Rodriguez-Quintero
(U. Huelva, Spain).
Funding K. Joo (U. Conn., USA), M. Pennington, then
J. Qiu (Jefferson Lab, USA)?
Friends M. Guidal (IPNO, France), B. Pire (CPhT,
France), L. Szymanowski (NCBJ, Poland),
S. Wallon (LPT, France).
Future projects C. Lorcé (CPhT, France), G. Duplancic (IRB,
Croatia), K. Passek-Kumeri¢ki (IRB, Croatia).
Requests Event generators (COMPASS, Jefferson Lab,

EIC). Nonpermanent-members
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Conclusions and prospects.

Towards a unifying framework for GPD studies.

Nucleon m What makes hadron structure studies so interesting:
E,,Z?,‘,’:f,fng m Deep physical questions waiting for answers!
m Well-defined theoretical framework and observables.

QcD m Active experimental programs worldwide.

Ke uestions - -

o spcn m Challenging constraints expected from:

Partonic m Jefferson Lab in the valence sector,

e m CERN in the sea sector,

Lepton scattering m EIC (later) in the gluon sector.

Content of GPDs
Tomography m Development of the PARTONS framework for

popenmenta seees phenomenology and theory purposes.

Universality tests

Towards 30 images m Initiated as an experimentalist companion, grown as a
Toolbox

multidisciplinary project attracting theorists to the field.

Design
Architecture

fertures m Fitting engine ready for global and local fits. Original

Team

global CFF fits recently achieved, meeting initial aim!
Conclusion

Appendix m First release of PARTONS... as soon as possible!
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Overview of current extraction methods.

Problems: Model dependence? Uncertainties?

Local fits

Take each kinematic bin independantly of the others.
Extraction of ReH, ImH, ..as independent parameters.

Global fit

Take all kinematic bins at the same time. Use a
parametrization of GPDs or CFFs.

Hybrid : Local / global fit

Option 1 Local fits and then smoothness assumption.

Option 2 Local fits and then 1-parameter fit.

A\

Neural networks

Exploratory stage for GPDs.
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Overview of current extraction methods.

Problems: Model dependence? Uncertainties?

Take each kinematic bin independantly of the others.
Extraction of ReH, ImH, ..as independent parameters.

M. Guidal, Eur. Phys. J. A39, 5 (2009)

m Almost model-independent: relies on twist-2 dominance
assumption and assume bounds for the fitting domain.

m Interpretation of uncertainties on extracted quantities?
Contributions from measurements uncertainties,
correlations between CFFs and fitting domain boundaries.

m Interpretation of extracted quantities? e.g.mixing of
quark and gluon GPDs due to NLO effects.

m Oscillations between different (xg, t, @*) bins may
happen.

m Extrapolation problem left open.
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Overview of current extraction methods.

Problems: Model dependence? Uncertainties?

Local fits: What can be achieved in principle?
m Structure of BSA at twist 2 :

B asin ¢ + bsin2¢
BSA(¢) = 1+ ccos ¢ + dcos2¢ + ecos 3¢

where a=0(QY), b=0(Q™), c=0(Q1),
d=0(Q?), e=0(Q)
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Overview of current extraction methods.

Problems: Model dependence? Uncertainties?

Local fits: What can be achieved in principle?
m Structure of BSA at twist 2 :

asin ¢ + bsin2¢
1+ ccos ¢ + dcos2¢p + ecos 3¢

BSA(¢) =

= Underconstrained problem (8 fit parameters : real and
imaginary parts of 4 CFFs H, £, H and &).
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Overview of current extraction methods.

Problems: Model dependence? Uncertainties?

Nucleon

Reverse y . a o .
Engineering Local fits: What can be achieved in principle?
Qcp m Structure of BSA at twist 2 :
Key questons BSA(¢) asin ¢ + bsin 2¢
Hadron spectrum =

’ 1 4 ccos ¢ + dcos2¢ + ecos 3¢

Partonic
structure .
Quarks and gluans m Underconstrained problem.
Lepton scattering )
Content o GPDs m Need other asymmetries on same kinematic bin to allow
Tomography extraction of all CFFs (or add ~ 5-10 % systematic
Experimental access
oves uncertainty).
Universality tests
Towards 3D images
Toolbox
Design
Architecture
Features
Team v
Conclusion
Appendix
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Overview of current extraction methods.

Problems: Model dependence? Uncertainties?

Local fits: What can be achieved in principle?
m Structure of BSA at twist 2 :

B asin ¢ + bsin 2¢
14 ccos¢ + dcos2¢p + ecos 3¢

BSA(¢)

m Underconstrained problem.
m Need other asymmetries on same kinematic bin to allow
extraction of all CFFs.

m Add physical input? Dispersion relations, etc.
Kumericki et al., Phys. Part. Nucl. 45, 723 (2014)
Guidal et al., Rept. Prog. Phys. 76, 066202 (2013)

y
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Overview of current extraction methods.

Problems: Model dependence? Uncertainties?

Take all kinematic bins at the same time. Use a
parametrization of GPDs or CFFs.

Kumericki, Nucl. Phys. B841, 1 (2010)

m Model-dependent approach.

m Allows the implementation of theoretical constraints
on GPDs or CFFs.

m Guideline for extrapolation outside the physical domain.

m Compromise between number of parameters and number
of described GPDs (flavor dependence, higher-twists, ..)?

m Impact on the choice of a fitting strategy?
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Overview of current extraction methods.

Problems: Model dependence? Uncertainties?

Nucleon Hybrid : Local / global fit

Reverse
Engineering

Option 1 Local fits and then smoothness assumption.

QCD

Ky auetions Moutarde, Phys. Rev. D79, 094021 (2009)
Hadron spectrum

Partonic

structure m Avoid unphysical oscillations between different (xg, t, Q?)
Quarks and gluons

Lepton scattering bins by comparing to a global fit by a smooth function:
Content of GPDs

Tomography N n+1 X

Experimental access 3 2

D\:’CS —25 E Bn/ |X’<£ <1—>an/+1<>P2/<>
Universality tests E
Towards 3D images n=0 /=0

Toolb - L. -

o m Number of fit parameters describing the B, coefficients
preecure increases with \?..Extension to other GPDs seems

Team difficult.

Conclusi .

p— m Extrapolation problem left open.

Appendix
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Overview of current extraction methods.

Problems: Model dependence? Uncertainties?

Hybrid : Local / global fit

Option 2 Local fits and then 1-parameter fit.

Dupré et al., Phys. Rev. D95, 011501 (2017)

EA®)

DD: b, =b, =1
07- DD:by=1, by=5
DD: b, =b, =35
06+ DUAL

05—z =
04+ .

0.3+

02+

0.1+

T
0.1

B(E) (GeV?)

T
0.1

: g . : L
m Size of error bars reflects systematics of local fits.
m Extrapolation problem taken care of by model-dependent
1-parameter parameterization.
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Overview of current extraction methods.

Problems: Model dependence? Uncertainties?

Neural networks

Exploratory stage for GPDs.
Kumericki et al., JHEP 1107, 073 (2011)

m Already used for PDF fits.

m Almost model-independent: neural network description,
twist-2, H-dominance?

m Good agreement between model fit and neural network fit
in the fitting domain.

m More reliable uncertainties in extrapolations?

m Overtraining as a generic feature of (too) flexible models.
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Developing the theoretical framework.

Are subdominant contributions negligible?

Nucleon
Reverse
Engineering 2

QCD

Key questions

Hadron spectrum

Partonic
structure

Quarks and gluons

Lepton scattering

T

Content of GPDs

TmHNLO _ [}t

Tomography

Experimental access -08 5 g
107 10-2 10° 03
pvCs

Universaty tests Moutarde et a;., Phys. Rev. D87, 054029 (2013)

Towards 3D images 4

Toolbox Systematic tests of perturbative QCD assumptions.
R Wide kinematic range (from JLab to EIC).

e Accuracy set by JLab 12 GeV expected statistical
Conclusion accuracy.

Model dependent evaluations.
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cea Kinematics of existing DVCS measurements.

Looking for the Bjorken regime.

Nucleon What is large @* ? Measurements before 2015...
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Kinematics of existing DVCS measurements.
Looking for the Bjorken regime.

What is large @* ? Measurements before 2015..

|t/ @

10 + JLab Hall A
0.8 - JLab Hall B
- HERMES

e - HERA
0.4 .
0.2 N .

n:':" ] -ﬂ.l i

0.1 0.2 03 0.4 05 X8

m World data cover complementary kinematic regions.
m @ is not so large for most of the data.
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Kinematics of existing DVCS measurements.
Looking for the Bjorken regime.

What is large @* ? Measurements before 2015..

|t/ @

L0 - JLab Hall A
0.8 - JLab Hall B
- HERMES

0.6 * HERA
0.4 :
0.2 N .

4 e .. v N

01 0.2 03 0.4 05 xg

m World data cover complementary kinematic regions.
m @ is not so large for most of the data.
m Higher twists? Finite-t and target mass corrections?
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Dispersion relations and the cross-over line.

Existence of a relation between Re? (&) and H(x, & = x).
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Content of GPDs

Tomography

Toolbox
Design
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Features
Team

Conclusion
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m Write dispersion relation at fixed t and Q?:

dx | t
ReM(£,t) = A(H) + 7»/ . ’"” & ))
m Use LO relation ImH(x, t) = 7 (H(x, x, t) — H(—x, x, t)).

m Up to the D-term form factor A(t), all the information
accessible at LO and fixed Q? is contained on the
cross-over line.

Teryaev, hep-ph/0510031
Anikin and Teryaev, Phys. Rev. D76, 056007 (2007)
Diehl and lvanov, Eur. Phys. J. C52, 919 (2007)
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Dispersion relations and actual data.

Too few kinematic bins to provide model-independent constraints?

Q2 (GeV?)

i —
= —
_I.I_
1_
GK model vg CLAS ALy | | | | |
0.1 0.2 0.3 0.4 0.5

0.200000<111<0.400000 GeVA2 Xs
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Dispersion relations and actual data.

Too few kinematic bins to provide model-independent constraints?

Q2 (GeV?)

—— ReH=-167

~ o III

— ImH=11.11

= A e

= H

GK model vg CLAS ALy

3 to 4 (xg, t, @*) bins
with [t]/@% ~ 0.12
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Dispersion relations and actual data.

Too few kinematic bins to provide model-independent constraints?

Q2 (GeV?)

—— ReH=-167

— ImH=11.11

M7ARE

- ARy Y

hn 7

Cuts on [t|/@*?

| Unphysical region?

=]

1_
GK model vg CLAS ALy

3 to 4 (xg, t, @*) bins
with [t]/@% ~ 0.12

0.1 0.2

0.200000<111<0.400000 GeVA2

0.3

0.4 0.5
Xpg
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From principles to actual data.

Direct experimental access to a restricted kinematic domain.

g 06 O

GPD model: see Kroll et al., Eur. Phys. J. C73, 2278 (2013)
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From principles to actual data.

Direct experimental access to a restricted kinematic domain.

Need to know H(x, & nsverse plane imaging.

GPD model: see Kroll et al., Eur. Phys. J. C73, 2278 (2013)
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From principles to actual data.

Direct experimental access to a restricted kinematic domain.

hat is the physical region?

‘:.\
o
\““
0&
\‘\‘
o

X

0
X
X
X
R
XX

W

X
‘:‘
X
o
X

‘"
h
s‘:s

GPD model: see Kroll et al., Eur. Phys. J. C73, 2278 (2013)
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From principles to actual data.

Direct experimental access to a restricted kinematic domain.

m finite beam ener

GPD model: see Kroll et al., Eur. Phys. J. C73, 2278 (2013)
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From principles to actual data.

Direct experimental access to a restricted kinematic domain.
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From principles to actual data.

Direct experimental access to a restricted kinematic domain.

The cross-over lin

GPD model: see Kroll et al., Eur. Phys. J. C73, 2278 (2013)
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From principles to actual data.

Direct experimental access to a restricted kinematic domain.

GPD model: see Kroll et al., Eur. Phys. J. C73, 2278 (2013)
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From principles to actual data.
cea 2 L

Direct experimental access to a restricted kinematic domain.

Nucleon nsity plOt Of H at

Reverse
Engineering

Architecture

QCD 0.9
Key questions C
Hadron spectrum 0.8—
Partonic 0.7
structure E
Quarks and gluons 0.6
Lepton scattering oy
Content of GPDs 05
Tomography c
04—
Experimental access E
pvcs FE =
0.3 ‘5 SIH'().X
Universality tests L
Towards 3D images 02
Toolbox =
Design 0.1
:\
-1

‘gmin | | |
0.8

Features -0. -0.6 -0.4 -0.2 g( 0.2 0.4 0.65 :0.6
Conclusion GPD model: see Kroll et al., Eur. Phys. J. C73, 2278 (2013)
Appendix 4
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A simplification brought by GPDs?!

We don't need to know the GPD everywhere to image the proton!

Extrapolations

Paly. x dipale 10 par.
Poly. x dipale 9 par.
Paly. x dipale 8 par.
Poly. x dipole 7 par. e

Poly. + dipale 12 par

Poly. + dipale 11 par

Poly. + dipale 10 par
Poly. + dipole 9 par. e

Poly. 12 par.
Poly. 11 par.
Poly. 10 par.
Poiy. 9 par. e

Inv. Poiy. 9 par
Inv. Poiy. 8 par
Inv. Poiy. 7 par
Inv. Poiy. 6 par et

Spline x dipale 11 par

Spiine x dipale 10 par
Spline x dipale 0 par. -
Spline x dipaie ® par. e [
Spline x dipale 7 par. [ I

Spline 5t order 11 par.
Spline 5t order 10 par.
Spline St order 9 par.
Spline b order S par. [IEE

11 par.

10 par.
Spline ath order 9 par.
Spline ek order S par. e
Spline 3rd order 1 par.
Spline rd order 0 par. | | —)
Spline rd order @ par. e
Spline 3rd order S par. e i

T

I

I IEDENEEER!

ISR REE!

T1p174

T

T
11

ir

+

H

TI

IT} $1
i

055 08 085 083 08 091 074076075 0.5 052051056058 09 0.9
g [fm]

Bernauer et al.(Al Coll.), Phys. Rev. C90, 015206 (2014)
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A simplification brought by GPDs?!

We don't need to know the GPD everywhere to image the proton!

General idea

Assume H(x, &, t) is known for all x and £ € [£min, Emax)-

Then all Mellin moments are known for & € [{min, Emax]-

Mellin moments are polynomials in £ and in particular
can be evaluated at £ = 0.

The knowledge of the Mellin moments at & = 0 uniquely
determines the transverse plane density H(x,0, b, ).

Caveat: ill-posed problem in the sense of Hadamard.
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~5=  Spin-0 Generalized Parton Distribution.

Definition and simple properties.
ACLA

Nucleon Hgl' (X7 g‘/ t) -
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o (nr (el o3
2) 2r © )G T T )
QCD z| =0
:ZZ::D::::M with t = A2 and &= —A+/(2P+)
Partonic
structure

References

Miller et al., Fortschr. Phys. 42, 101 (1994)
Ji, Phys. Rev. Lett. 78, 610 (1997)
Radyushkin, Phys. Lett. B380, 417 (1996)

Tomography
Experimental access
DvCs

Universality tests

Towards 3D images

Toolbox
Desi

m PDF forward limit

H(x,0,0) = q(x)
Conclusion
Appendix
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Spin-0 Generalized Parton Distribution.

Definition and simple properties.
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References

Content of GPDs
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Miiller et al., Fortschr. Phys. 42, 101 (1994)
Ji, Phys. Rev. Lett. 78, 610 (1997)
Radyushkin, Phys. Lett. B380, 417 (1996)

Toolbox . .

Design m PDF forward limit

Architecture

Features m Form factor sum rule

o m HY9 is an even function of £ from time-reversal invariance.
Conclusion

Appendix
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Miiller et al., Fortschr. Phys. 42, 101 (1994)
Ji, Phys. Rev. Lett. 78, 610 (1997)
Radyushkin, Phys. Lett. B380, 417 (1996)
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Design m PDF forward limit
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o m HY9 is an even function of £ from time-reversal invariance.
Conclusion
pm—— m HY is real from hermiticity and time-reversal invariance.
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7 Polynomiality.

Mixed constraint from Lorentz invariance and discrete symmetries.

Nucleon m Express Mellin moments of GPDs as matrix elements:

Reverse
Engineering

+1
/ dxx"HI(x, &, t)
Qcp J-1

1 A > A
= —— P+ 2|50y ((IDH)q(0) |P- =
Partonic 2<’D+)m+1 < 2 ‘ q( )’Y ( ) q( ) 2
structure

R, m ldentify the Lorentz structure of the matrix element:

Content of GPDs

linear combination of (PT)™1=K(AT)k for 0 < k < m+1

Tomography
Experimental access L
oves m Remember definition of skewness AT = —2¢PT.
Universality tests . .
ot 20 e m Select even powers to implement time reversal.
Toolbox m Obtain polynomiality condition:
Design
Archgltecture 1 m
Features H

q . i m+1
/ AxXTHI(x, &, 1) = > (28 CLi(8)+(2) ™ iy (1)
Conclusion -1 i=0
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Double Distributions.

Lorentz covariance by example.

m Choose FI(B,a) = 356(B) ad GI(B,a) = 3ab(P):

H(x,&) = SX/Qdﬂda d(x—p—af)

m Simple analytic expressions for the GPD:

H(x,&) = 6X(1 52)1f0<£|<x<1
(XHSD

A8 = Taare

if — ¢l <x< ¢ <1.
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Double Distributions.

Lorentz covariance by example.

m Compute first Mellin moments.

Nucleon
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Hadron spectrum
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Features 7(14’,5) 7(1+£) 7
Team = =
_ m Expressions get more complicated as n increases... But
Conclusion . i
Ronendn they always yield polynomials!
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The Radon transform.

Definition and properties.

l;ucleon o For s > 0 and (Z) € [0, 271']
Eng?nsesr?ng +00
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Towards 3D images d)

Toolbox

Design

Relation between GPD and DD in Belistky et al. gauge

Team m H(
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Features

Conclusion
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The Radon transform.
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The range of the Radon transform.

The polynomiality property a.k.a. the Ludwig-Helgason condition.

m The Mellin moments of a Radon transform are
homogeneous polynomials in w = (sin ¢, cos ¢).
m The converse is also true:

Theorem (Hertle, 1983)

Let g(s,w) an even compactly-supported distribution. Then g
is itself the Radon transform of a compactly-supported
distribution if and only if the Ludwig-Helgason consistency
condition hold:

(i) gis C* inw,

(i) [ dss™g(s,w) is a homogeneous polynomial of degree m for all
integer m > 0.

m Double Distributions and the Radon transform are the
natural solution of the polynomiality condition.
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cea Support theorem.

We don't need to know the GPD everywhere to image the proton!
ACLA

Nucleon Theorem

Reverse [
Engineering Let f be a compactly-supported summable function defined on
2 and Rf its Radon transform.
«“r Let (sg,wo) € R x S' and Uy an open neighborhood of wy s.t.:
:alonpcm for alls> sy andw € Uy Rf(s,w) =0.
structure
Quarks and guons Then f{R) = 0 on the half-plane (X |wy) > sy of R?.
Content of GPDs a
Tomography

Experimental access
DvCs |

Universality tests

Towards 3D images

wo
(co ¢>0,5m ®0).
m N=(8,a).

Toolbox
Design
Architecture

Features

Team t
Conclusion

Appendix
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~5=  Support theorem.

We don't need to know the GPD everywhere to image the proton!

Nucleon m Assume deconvolution of CFF achieved.
Reverse m Data: H(x, &) for all x € [—1,+1] and & € [Emin, Emax]-

Engineering
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m Range ¢ €
[d)min-/ 4/)11131)(}-
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p
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. 1 SmN
Universality tests

Towards 3D images

Toolbox

Design
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e Opp (Jof + 18] X

Team

Conclusion m The DD f(8, ) can be determined and H(x,& = 0)
Appendix uniquely constrained by Lorentz covariance:
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Modularity and automation.

Parse XML file, compute and store result in database.

Q

Automation Service

, phi) Observable

result

- Saclay

2

kmematml Tresuu

Process

a,

Compton Form Factor

Kinematic result

e

ConvolCoeffFunction | %7

GKIL

kmsmat\cl T resut

g/

vinnikov

GPD Eeuse
kmematw\L T result

o/ |

Evolution

%
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Modularity and layer structure.

Modifying one layer does not affect the ot

er layers.

Com ) Coroeess ) )

DataLayer

Module Layer Service Layer
| o)

Module Services

[ rmemanc ) (_Resun )

L

| |

Data Access Object Layer
( Database Service )
( DAO

T

JEEE

(

SQLite
connector

MysQL
connector

| T

Visualizaton

Database LocalSide

Database ServerSide

MySQL Server
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y Automation and nonregression.
cea &

Mnemosyne, the PARTONS project database server.

Nucleon
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Hadron spectrum
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structure
p g m Store experimental data.

Lepton scattering

Content of GPDs

Tomography m Store grids of new models.

Experimental access
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Keep track of validated results.
m Systematic nonregression tests.

Help preparing new releases.
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