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Foreword.
A decade of collaboration between IRFU and BNL.

Involvement in PHENIX (2000-10) and sPHENIX

m Hardware muon arms electronics

m Software Muon tracking, simulation
m Analysis J/psi in dd, d-Au, Au-Au

Today's talk: 3D hadron structure and the need for an EIC
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Motivation.

QCD large distance dynamics from the hadron structure viewpoint.

Nucleon m Lattice QCD clearly showed that the mass of hadrons is
Tomography . .
generated by the interaction, not by the quark masses.
2000
Motivation
Mass without mass _Ljﬂ
Nucleon structure 1500 =
Physical c:m:nt —-= e T
= -z EEA

Phenomenology g 1000 . A
Formal definition 5 e[+ N
Fit status Ep
Experimental access 500 —K —— experiment
DVCS kinematics == width

o input
Framework 0 -~ T & QCD
Design
e Durr et al., Science 322, 1224 (2008)
Ergonomics
- m Can we map the location of mass inside a hadron?
Conclusion
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Imaging the origin of mass.

Identification of underlying mechanisms from parton distributions.
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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?
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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

Tomography

m QCD mechanisms behind the origin of mass in the
Motivation oo o
Mo thont s visible universe?
Nucleon structure . . .. .
Physical comtent m Cartography of interactions giving its mass to the
Phenomenology nuc|eon?
Formal definition
A m Pressure and density profiles of the nucleon as a
xperimental access
DVCS kirsratics continuous medium?
Framework . . . .
desisn m Localization of quarks and gluons inside the nucleon?
Architecture
Ergonomics m Possible impact on initial state of pp or pA scattering?
Examples
Rclca:cs —_

q(x.b.)

Conclusion ""L
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Perturbative and nonperturbative QCD.

Study nucleon structure to shed new light on nonperturbative QCD.

fe

CEA - Saclay

Nucleon Perturbative Asymptotic
QCD freedom

Nonperturbative

QCD

Tomography

Motivation

Mass without mass
Nucleon structure

Physical content

Phenomenology

Formal definition
= QCD ag(My) = 0.1181 £ 0.0011

B o ce © 1000

Fit status

Experimental access

DVCS kinematics J )

Framework Interface between perturbative and nonperturbative regimes

Design

Architecture

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

Releases

Ergonomics

Conclusion 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.
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Nucleon m Correlation of the longitudinal momentum and the
T h oge .
omosraphy transverse position of a parton in a hadron.

Motivation m DVCS recognized as the cleanest channel to access GPDs.

Mass without mass

Nucleon structure

Physiat content Deeply Virtual Compton Scattering (DVCS)

Phenomenology DVCS o Transverse center

Formal definition

Fitsatus . of momentum R

Experimental access ry RJ_ fr— E ,XIrJ_I
DVCS kinematics * Q2
v -
Framework factorization pp
Design = ===-= [, V- @

x+ €& x—§& R

Ergonomics

Examples

Releases

Conclusion

H. Moutarde | BNL Physics Colloquium | 7 /44



Anatomy of hadrons.

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

Nucleon m Correlation of the longitudinal momentum and the
T h oge .
omography transverse position of a parton in a hadron.

Motivation m DVCS recognized as the cleanest channel to access GPDs.

Mass without mass

Nucleon structure

Physiat content Deeply Virtual Compton Scattering (DVCS)

Phenomenclogy  DVCS — Transverse center
Fitstatus e of momentum R
Experimental access R — D ar

ol b L= DXL
DVCS kinematics * 2 L
Framework ’y ' Q factorization pp
Desgn " ==== il Wil —
Arcitecure x+& x—& R, mpact
oo parameter b

xamples
Releases > >
\
Conclusion P 4 P
----------- >t
V.

H. Moutarde | BNL Physics Colloquium | 7 /44



Anatomy of hadrons.

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

Nucleon m Correlation of the longitudinal momentum and the
T h oge .
omosraphy transverse position of a parton in a hadron.

Motivation m DVCS recognized as the cleanest channel to access GPDs.

Mass without mass

Nucleon structure

Physiat content Deeply Virtual Compton Scattering (DVCS)

F;henlodn:erzology DVCS o Transverse center
Fitstatus e of momentum R
Experimental access fy b RJ_ == Z, XI'rJ_I'
DVCS kinematics ,y* Q2 1
Eramework ! factorization pup XP+
Design = T—==== I —
Arcitecture x+§ X — R, mpact
— parameter b
AN AN . .
Releses 5 ? b Longitudinal
. 4
Conclusion = J ° V| 5t momentum XP+
v

H. Moutarde | BNL Physics Colloquium | 7 /44



Anatomy of hadrons.

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

m Correlation of the longitudinal momentum and the

Nucleon
T h g .
omography transverse position of a parton in a hadron.
Motivation m DVCS recognized as the cleanest channel to access GPDs.

Mass without mass

Nucleon structure

Physiat content Deeply Virtual Compton Scattering (DVCS)

F;he”f’dm'_et‘""gy DVCS — Transverse center
Fitstatus e of momentum R
T i by gL = LT
‘ 7, Q
Framework factorization pp XP+
Design = T—==== I —
Architecture X+ € X — § RJ_ mpaCt
oo parameter b
Releases > > —1 < X< +1 |_ . .
ongitudinal
Conclusion p > p 7]- < 5 < +]— g
,,,,,,,,,,, 5t momentum xPT
V.

m 24 GPDs Fi(x, &, t, uF) for each parton type i = g, u, d, ...

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
Tomography GPD(x, £ = 0, t) in transverse plane.
Motivation 1 . bj 6--5i OE

2 1. 6jiR 1 2

Mass without mass p(x b1, A\ AN) = 5 [H(x0,b7) + —————5(x,0,b7])
Nucl(':on structure 2 M abL
e FAH(x, 0,57
Bl vces m Notations : quark helicity A, nucleon longitudinal
Framework polarization Ay and nucleon transverse spin S .
o Burkardt, Phys. Rev. D62, 071503 (2000)

A Can we obtain this picture from exclusive measurements?
Conclusion o
usi - Weiss, AIP Conf,
longitud. Proc. 1149,
S 150 (2009

@ ® x<00l  x~0.1 x~03 ©
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Anatomy of hadrons.

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

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

1 ‘ b ;S OFE ‘
/O(Xﬂ bla)‘vAN) - § H<X7 0, bi) + #0[)2 (Xﬂov bi)
1
+AMH(x, 0, B2)

m Notations : quark helicity A, nucleon longitudinal
polarization Ay and nucleon transverse spin S .
Burkardt, Phys. Rev. D62, 071503 (2000)

Not quite, but close!

£, Moutarde et al.,
E Eur. Phys. J. C78,
o2 101 100 °

890 (2018
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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
Tomography
momentum tensor between nucleon states:

otivation A A A
o <N P+ T IN, P — 2> = u<P+ 2) {A(t)y(“P”)
Physical content A C(t) A
Phenomenolog B(t P( VA A A AHFAY — Az Hv P— —
e +B()Pig N T+ S )| u(P=3
with t = A2
Framework m Key observation: link between GPDs and gravitational
Aritecure form factors
- / UoxHI(x 6 8) = AT(e) +4€2C(1)
Conclusion

/dxxEq(x,§, ) = BI(t)— 42C(D)
! Ji, Phys. Rev. Lett. 78, 610 (1997)
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Anatomy of hadrons.

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

Nucleon m Spin sum rule:
Tomography

Motivation

[ wex(Hx€.0) + B, 0)) = A%0) + B7(0) = 27

Ji, Phys. Rev. Lett. 78, 610 (1997)

Physical content

Phenomenology
Formal definition

m Shear and pressure of a hadron considered as a
continuous medium:

Fit status
Experimental access
DVCS kinematics

Framework

e (N T(7)| Ny N = (1 (2 - ;)o) + p(n)3

Polyakov and Shuvaev, hep-ph/0207153

Conclusion
m Energy density, tangential and radial pressures of a

hadron considered as a continuous medium
Lorcé et al., Eur. Phys. J C79, 89 (2019)
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Mechanical properties of hadrons.

From the nucleon to compact stars (1/3).

CEA - Saclay

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

(Smn-2) -~ o aioe

s G0 - o5 G0 + 202 o}

m Anisotropic fluid in relativistic hydrodynamics:

0 (7)

[e(r)+pe(N] " u” = pe(r)n™ + [pr(r) = pe(N)] X" X"

where u* and x* = x*/r.
m Define isotropic pressure and pressure anisotropy:

)

p(r

s(r)

_ ) +2p(0) £S
3 A pe(r)
= pr(r) — pt(r) jj’fs p(r)
M
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Mechanical properties of hadrons.

From the nucleon to compact stars (2/3).

Write dictionary between quantum and fluid pictures:

- / gjﬁ? )

d3A iR -

- / (2m)3 ©

d3A iR -

- / (2m)3 ©

d3A iR -

- / (2m)3 ©

_ / dBA e—i& G
) (en)?

—iA ¥

r{Aa(t)Jr Ca(t) + 175 1Balt) 74Ca(t)]}
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cea Mechanical properties of hadrons.

From the nucleon to compact stars (3/3). //z/a

Nucleon m Evaluate orders of magnitude with naive multiple model:

Tomography
IETLS glue

. ) [GeVitm?®) [GeV/fm®]
Motivation 06 0.10
Mass without mass 0.08 Po T
--------- P
Nucleon structure oo8fF et
— == pat .t >
Physical content 0.04 . -
P -
-
002f .- P
Phenomenology 7’
0.00f 4 €6 [GeVifm®]
Formal definition 2 P 10
-0.02F \ -
Fit status Sey _--
R &, [GeV/fm?] -004F T~ -~
Experimental access 10
y 4

DVCS kinematics

Framework qual’k + glue

Design

[GeVifm?]
Architecture 0.4
Ergonomics P
Examples 02 "
Releases
02
Conclusion
01
» i H i
o. 107 10% 10*
t‘——-ez- 04 06 08 ) C
energy density [MeV /fim®)

Lorcé et al., Eur. Phys J. Annala et al., Phys. Rev.
C79, 89 (2019) Lett. 120, 172703 (2018)
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Spin-0 Generalized Parton Distribution.

Definition and simple properties.

Hi(x & 1) =

1 [dzm p+,- Al_y z z
LJ oo (m 3ol ()
2/ ax € mEtS9\73) 793

with t = A% and ¢ = —A1/(2PF).

References

Miller et al., Fortschr. Phys. 42, 101 (1994)

Ji, Phys. Rev. Lett. 78, 610 (1997)

Radyushkin, Phys. Lett. B380, 417 (1996)

m PDF forward limit

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

Definition and simple properties.

Hi(x, &, 1) =

1 [dzm jpt+,- Al_r z z
LJ oo (m 3ol ()
2) 2r € <7T/+2‘q 2) 7 9\3

with t = A% and ¢ = —A1/(2PF).

References

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

m PDF forward limit
m Form factor sum rule

+1
[ ok 0 = Al

J—1
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~5=  Spin-0 Generalized Parton Distribution.

Definition and simple properties.
ACLA

Nucleon Hg_ (X’ 57 t) E

Tomography 1 d N A
z ixPtz— = ( Z) + ( Z)
i Bl P+ = _° ‘
Motivation 2 ./ 271' € <7‘r + 2 ‘ q 2 7 q 2

Physical content Wlth t= AQ and 5 — —A+/(2P+)

Phenomenology

Formal defi

References
Framework Miiller et al., Fortschr. Phys. 42, 101 (1994)
S Ji, Phys. Rev. Lett. 78, 610 (1997)
- Radyushkin, Phys. Lett. B380, 417 (1996)
c::::sion m PDF forward limit

m Form factor sum rule

m HY is an even function of £ from time-reversal invariance.
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Nucleon Hg_ (X’ 57 t) E

Tomography

1 dz~ ixPtz— A _ V4 V4
L2 e (npela(-) ()
Motivation 2 ./ 27‘[‘ € i + 2 q 2 7 q 2

Mass without mass

Physical content Wlth t= AQ and 5 — —A+/(2P+)

Phenomenology
Formal definiti

References

Framework Miiller et al., Fortschr. Phys. 42, 101 (1994)
S Ji, Phys. Rev. Lett. 78, 610 (1997)
reenens Radyushkin, Phys. Lett. B380, 417 (1996)
c::::sion PDF forward limit

Form factor sum rule

H9 is an even function of £ from time-reversal invariance.
HY9 is real from hermiticity and time-reversal invariance.
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cea Spin-0 Generalized Parton Distribution.

Not so simple properties.

Nucleon

Tomography m Polynomiality

Motivation +1
Mass without mass q — 7 ;
Ve i / 1 dxx"H(x, &, t) = polynomial in &

Physical content

Phenomenology
Formal definition

Fit status
Experimental access

DVCS kinematics

Framework
Design
Architecture
Ergonomics
Examples

Releases

Conclusion

H. Moutarde | BNL Physics Colloquium | 16 / 44



Spin-0 Generalized Parton

Not so simple properties.

Nucleon

Tomography m Polynomiality

Motivation
Mass without mass
Nucleon structure

Physical content

Phenomenology
Formal definition

Fit status
Experimental access

DVCS kinematics

Framework
Design
Architecture
Ergonomics
Examples

Releases

Conclusion

Distribution.

Lorentz covariance
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Spin-0 Generalized Parton Distribution.

Not so simple properties.

m Polynomiality

m Positivity

Lorentz covariance

= o292
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Lorentz covariance

Positivity of Hilbert space norm
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Spin-0 Generalized Parton Distribution.

Not so simple properties.

m Polynomiality

Lorentz covariance
m Positivity

Positivity of Hilbert space norm
m HY has support x € [—1, +1].
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Spin-0 Generalized Parton Distribution.

Not so simple properties.

m Polynomiality

Lorentz covariance
m Positivity

Positivity of Hilbert space norm
m H9 has support x € [—1, +1].

Relativistic quantum mechanics
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cea Spin-0 Generalized Parton Distribution.

Not so simple properties.

Nucleon

Tomography m Polynomiality

Lorentz covariance

Motivation

Positivity
Mass without mass
Nucleon strcture Positivity of Hilbert space norm

Physical content

Phenomenology

H? has support x € [—1,+1].
i Relativistic quantum mechanics

Experimental access

EV—— m Soft pion theorem (pion target)

Framework 1 1
Hi(x,E =1,t=0) = 505% ( +X>

Architecture
Ergonomics
Examples

Releases

Conclusion

H. Moutarde | BNL Physics Colloquium | 16 / 44



cea

Nucleon
Tomography

Motivation
Mass without mass
Nucleon structure

Physical content

Phenomenology
Formal definition

Fit status
Experimental access

DVCS kinematics

Framework
Design
Architecture
Ergonomics
Examples

Releases

Conclusion

Spin-0 Generalized Parton Distribution.

Not so simple properties.

Polynomiality
Lorentz covariance
Positivity
Positivity of Hilbert space norm
H9 has support x € [—1, +1].
Relativistic quantum mechanics
Soft pion theorem (pion target)

Dynamical chiral symmetry breaking
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Spin-0 Generalized Parton Distribution.

Not so simple properties.

m Polynomiality

Lorentz covariance

m Positivity

Positivity of Hilbert space norm
m H9 has support x € [—1,+1].

Relativistic quantum mechanics
m Soft pion theorem (pion target)

Dynamical chiral symmetry breaking

How can we implement a priori these theoretical constraints?

m In the following, focus on polynomiality and positivity.

m Do not discuss the reduction to form factors or PDFs.
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DVCS analysis and fits.

No global GPD fit has been obtained so far.

Nucleon
Tomography . . R ) .
m GPD fits only in the small xz region with a flexible
Motivation parameterization (kinematic simplifications).
I m Global fits of CFFs in the sea, valence and glue regions.

Physical content

m Some GPD models with non-flexible parameterizations

Phenomenology

Forma defniin adjusted to experimental DVCS or DVMP data.
Bl vces Kumericki et al., Eur. Phys. J. A52, 157 (2016)
Framework

Design

The situation can be improved!

Architecture

Ergonomics

Examples m GPD parameterizations satisfying a priori all theoretical
e constraints on GPDs.

Conclusion

m Computing framework to go beyond leading order and
leading twist analysis.
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Exclusive processes of present interest (2/2).

Factorization and universality.

Nucleon
el Bjorken regime : large @ and fixed xB ~ 2¢/(1 + €)
Motivation m Partonic interpretation relies on factorization theorems.
m All-order proofs for DVCS, TCS and some DVMP.
Phenomenclogy m GPDs depend on a (arbitrary) factorization scale pr.
Foma defintion m Consistency requires the study of different channels.
Framework
Desin m GPDs enter DVCS through Compton Form Factors :
— ) 1 Q
Releases -7:(5~ t, Q ) - / dxC <Xa£7 QS(:U’F)v /1> F(X7§7 t, /LF)
Conclusion -1 'F

for a given GPD F.

m CFF F is a complex function.
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:22 Need for global fits of world data.

Different facilities will probe different kinematic domains.

Nucleon 5
Tomography : rgam ’ W Experimental data collected at
3 facilities

Motivation
Mass without mass
Nucleon structure

Physical content

Phenomenology
Formal definition

Fit status
Experimental access

DVCS kinematics

- /Thomas

Framework

Design : ‘ 7 Jefferson

Architecture

S ) [ ]
Ergonomics b National

Examples

Releases 4 r Laboratory

Conclusion
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~——=  Need for global fits of world data.

Different facilities will probe different kinematic domains.

Nucleon
Tomography

Motivation
Mass without mass
Nucleon structure

Physical content

Phenomenology
Formal definition
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Experimental access
DVCS kinemati

5| ~—~Thomas =

Framework

Y )’ —
Desin - Jefferson ea quarks
Architecture \

[ ]
Ergonomics N National

Examples

Releases _ Laboratory

Conclusion

EIC: a unique probe of the gluon sector
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Need for global fits of world data.

Only a small subset of the (€, t, @) space is directly accessed.

Nucleon Kinematic reach of existing or near-future DVCS measurements

Tomography
HERA

—
L
}

Motivation
Mass without mass

S
Nucleon structure ICE 1 2 T H E R M ES
<]

Physical content

Phenomenology
Formal definition

Fit status
Experimental access

DVCS kinematics

Framework
Design
J— JLab6

Ergonomics

Examples

Releases

Conclusion

existing measurements
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Need for global fits of world data.

Only a small subset of the (€, t, @) space is directly accessed.

Nucleon
Tomography

0; COMPASS
Nucleon structure Q 12 = H E R M ES
i<}

Motivation

JLab12

Mass without mass

Physical content

Phenomenology

Formal definition sea valen

Fit status

Experimental access 8 . quar S rks

DVCS kinematics

A
L 4

Framework

J— JLab6b
Ergonomics

Examples 4— N

Releases

Need an EIC to
determine gluon GPDs

0. : | }
0. 0.2 0.4 0.6 3

Conclusion 2
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Need for global fits of world data.

Nucleon
Tomography

Motivation

Mass without mass

Physical content

Phenomenology
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Fit status
Experimental access 8
DVCS kinematics

Framework

Desin 6.

Architecture

Ergonomics

Examples 4— .

Releases

Conclusion 2
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Nucleon structure Q 1 2 .
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Only a small subset of the (€, t, @) space is directly accessed.

JLab12

ominant and
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Physical content
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Conclusion

Software for the phenomenology of GPDs.

Different questions to be answered with the same tools.

é\ighir
Twists?

New
Experiments?

S ? ! ; 2
Error Theoretical
(:: Propagation? t (:: Constraints?
L S¢ _| 5S¢ _

Compton
(/i\sw;e;ng?

Model
Dependence?

5S¢

Next to

Leading
Order?

A

a—

Meson
Production?

] Q/{

B
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Different questions to be answered with the same tools.

Software for the phenomenology of GPDs. g

h

[/

CEA - Saclay

5 ¢

Higher
Twists?

Error
Propagation?
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Scattering?

New
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Constraints? t
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~==  Computing chain design.

Differential studies: physical models and numerical methods.

Nucleon
Te h: .
omograpiy Experimental
o data and Full processes

Motivation

Mass without mass phenomenology

Nucleon structure

Physical content

Phenomenology

Formal definition
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DVCS kinematics . -
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principles and Large distance
fundamental contributions
parameters
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Computing chain design.

Differential studies: physical models and numerical methods.

Experimental
data and
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of amplitudes

First
principles and
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cea Computing chain design.

Differential studies: physical models and numerical methods.
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Conclusion

A computing framework for physics.

Done: tests, benchmarking, documentation, tutorials.

3 stages:
Design.
Integration and validation.
Benchmarking and production.

1 new physical development = 1 new module.

Aggregate knowledge and know-how:

Models
Measurements
Numerical techniques
Validation

What can be automated will be automated.

Flexible software architecture.

B. Berthou et al., Eur. Phys. J. C78, 478 (2018)
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cea Modularity.

Inheritance, standardized inputs and outputs.

Nucleon
Tomography
GPDKinematic GPDModule GPDResult
L (standardized input) (abstract class) (standardized output)
Motivation

Mass without mass

Nucleon structure

Physical content

Phenomenology

Formal definition |
GPDGK11 GPDMMS1
(physical model) (physical model)

Fit status

Experimental access

DVCS kinematics

Framework

Design
Architecture
Ergonomics

Examples

Reeases m Steps of logic sequence in parent class.

Conclusion

m Model description and related mathematical methods in
daughter class.
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Flexibility.

Example: implementation of new coefficient functions.

[GPD at u ,fFefj
$ Evolution
| GPDat |

m A DVCS coefficient function
module generically outputs a
complex number when
provided (&, t, @2, %, u%).

__ConvolCoeffFunctionModule.h __

1 virtual std::complex<double> compute(
double xi, double t, double Q2, double MuF2,
double MuR2, GPDType::Type gpdType) =
0;

m This module can be anything:
m Constant CFFs for local fits.
m CFFs for massless quarks.
m CFFs for heavy quarks.
m CFFs with TMC.
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Modularity and layer structure.
Modifying one layer does not affect the other layers.

Visualization layer

—
Data layer ]
I
> >
< Module layer =
o o S
: 3 2
=4 ©
S g i
o € “q_)
<
L Service layer ]——
e
[
QL
—
Result layer
e
(]
Q
% Database layer ]
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cea
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XML file

kinematics

Modularity and automation.

Parse XML file, compute and store result in database.
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result

Database

o

DVCSProcessGV08

inematics result

|
—|

ProcessModule

&)

)

DVCSCFFStandard

kinematics result

<
1

ConvolCoeffFunctionModule

©

e

GPDGK11

kinematics result

<o
—|

GPDModule
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o

GPDEvolutionVinnikov

kinematics result
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Standard output
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Systematic studies made easy.
A faster and safer way to GPD phenomenology.

Automation allows...:

Nucleon
Tomography m to run numerous computations with various physical
assumptions,
%owa.t'onm m to run nonregression tests.
e m to perform fits with various models.
Phenomenology m physicists to focus on physics!
With PARTONS
S o _
Framework i i

Design
Architecture
Ergonomics
Examples

Releases

Conclusion

) o e
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GPD computations made fast

Improved performances thanks to clever architecture design.

Nucleon
Tomography

Motivation
Mass without mass
Nucleon structure

Physical content

Phenomenology
Formal definition

Fit status
Experimental access

DVCS kinematics

Framework
Design
Architecture
Ergonomics
Examples
Releases

short_distance

Conclusion E t

trello

virtual_machine

#general

rembers | Company-wide announceme.

threads

Q Search @ %

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

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) (edited)

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.

Cédric

Very good! I will have plenty of good news to give at the EIC collaboration meeting

So your 500 results per second means that you can compute 500 given kinematics of Hix, xi
£,Q"2) per second, s that correct?

ors it that you can compute 500 given kinematics for every GPDs per second?

Hervé MOUTARDE 17::-

1 Hi Cédric! 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, xi, t, MuF2, Mur2) kinematic configurations in an
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Systematic studies made fast.

What can be done from scratch in about 1 hour.

Nucleon

Tomography
fuea Cener, . DVCS beam-spin asymmetries at EIC
. . (PARTONS)
Motivation —— GKI1

' o16 = sl o
Mass without mass =16GeV2 zg = 0.01
016 % B E.Ep = 500 GeV?2

Nucleon structure

008
Physical content 0 - R ,_ A - = S =
Phenomenolo, 008 :
&Y 0.16
Formal definition
024
it status 024 = 07 =8GeV2 zp = 0.005
Experimental access 016 -
DVCS kinematics 008 Yg‘}’
F ALU 0 1 \‘é T 3 Il |
ramework 1
008 &
Design 016 qu
Architecture 04 <
Ergonomics 024 — 0?=4Gev2 zp = 0.003
Examples 016
Releases 008 1
0 - \ .4 . —— - -
Conclusion -0.08 - See next talk on
-0.16 PARTONS by C. Mezrag
024
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1=0.1 GeV? =025 GeV?
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5 GPD or CFF fits (1/4).

— Local fit of CFFs

oo

Saclay

Nucleon

Tomography
s herve X
Motivation @ parTONS partons_fits v @
Mass without mass
@ partons_fits Mon, Sep 26, 2016
Nucleon structure
Physical content g pawel 3:16 PM
FCN=1.00128e-11 FROM MIGRAD STATUS=CONVERGED 44 CALLS a5
Phenomenology TOTAL
L EDM=2.00186e-11 STRATEGY= 1 ERROR MATRIX ACCURATE
Formal definition EXT PARAMETER STEP FIRST
Fit status NO.  NAME VALUE ERROR SIZE DERIVATIVE
R Town Sque 1 fit_CFF_H_Re 6.67247e-02 1.34241e+00 2.92531e-05 -7.02262e-07
Experimental access _— 2 fit _CFF_H_Im  1.24231e+0l 1.07342e+00  1.80608e—05 1.71071e-04
DVCS kinematics refio 3 fit_CFF_E_Re -3.94789e+00 fixed
tual_m 4 fit_CFF_E_Im -1.64116e-01 fixed
5 fit_CFF_Ht_Re  1.54183e+00 fixed
Framework 6 fit_CFF_Ht_Im  2.59017e+00 fixed
Desi 7 fit_CFF_Et_Re 5.41102e+01 fixed
esign 8 fit CFF_Et_Im  3.79052e+01 fixed
Architecture EXTERNAL ERROR MATRIX. NDIM= 25 NPAR= 2 ERR DEF=1
) 1.804e+00 7.961e-03
Ergonomics 7.961e-03 1.153+00
Examples PARAMETER CORRELATION COEFFICIENTS
NO. GLOBAL 1
Releases 1 0.00552 1.000 0.006
2 0.00552 0.006 1.000
Conclusion
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 1Z
Help
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Cea GPD or CFF fits (2/4).

Global fit of CFFs using a analytic parameterization.

Nucleon
Tomography

Motivation
Mass without mass
Nucleon structure = Kinematic cuts Q2>1.5GeV2  (where we can rely on LO approximation)

Physical content

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

Formal definition » X2/ ndf 3272.6/(3433-7)=0.96
Fit status
Experimental access u Free parameters 3Hsea 3fival fisear Csub» @subr  NE, NE
DVCS kinematics
u x2/ndf per data set [1] Phys. Rev. C 92, 055202 (2015)
Framework [2] Phys. Rev. Lett. 115, 212003 (2015)
Design [3] Phys. Rev. D 91, 052014 (2015)
Architecture
Ergonomics Experiment Reference Observables Npointsall N points selected chi2 chi2 / ndf
Examples Hall A []KINX2 ol 120 120 1350 119
Releases
Hall A [IKINX2 BolU 120 120 989 088
Conclusion Hall A [11KINX3 oUU 108 108 2748 272
Hall A [1KINX3 AolU 108 108 107.3 1.06
CLAS 2 oUU 1933 1333 10892 082
CLAS 2 AoLU 1933 1333 11719 088
CLAS Bl AUL, ALU, ALL 498 305 3384 113
Pawel Sznajder DIS 2017 12
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GPD or CFF fits (3/4).

Global fit of CFFs using neural networks.

cea

fe

Saclay

Neural network global fit of CLAS asymmetries, May 31 7

Nucleon

Tomography
Motivation

Mass without mass

:h' :f:: e = Our very first attempt to use NN technigue — proof of

feasibility

Phenomenology

Formal definition = Genetic algorithm (GA) to leam NN

Fit status

) 13 .

Experimental access NN and GA libraries by PARTONS grouj

DVCS kinematics O Re CFF - Y group
Framework t

Design O Im CFF ) .

Architecture @ = Very simple design of NN

Ergonomics

Examples u CLAS asymmetry data only

Releases
Conclusion u ¥2/ndf=273.9/(305-68)=1.16

Pawe! Sznajder Nucleon and Resonance Structure Workshop 2017 B
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Cea

Nucleon
Tomography

Motivation
Mass without mass
Nucleon structure

Physical content

Phenomenology
Formal definition

Fit status
Experimental access

DVCS kinematics

Framework
Design
Architecture
Ergonomics
Examples

Releases

Conclusion

GPD or CFF fits (4/4).

From local to global fits in 8 months!

PARTONS architecture allows focusing on
parameterization and fitting engine.

The same machinery is used for local and global fits.
Fast and constant progress since the first fits.

More to come in the near future.

See Pawel Sznajder's seminar in Stony Brook tomorrow!
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Nucleon
Tomography

Motivation
Mass without mass
Nucleon structure

Physical content

Phenomenology
Formal definition

Fit status
Experimental access

DVCS kinematics

Framework
Design
Architecture
Ergonomics
Examples

Releases

Conclusion

First release content.
DVCS channel only.

GPD modules

m GK

m VGG

m Vinnikov (evolution)

m MPSSW13 (NLO study)
= MMS13 (DD study)

m VGG

m GV

= BMJ
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Open source release.

Publicly available on CEA GitLab server.

Nucleon < partons.cear
Tomography +
) i
PARTONS PARtonic Tomography Of Nucleon Software Tirdes
Motivation !

Mass without mass Main Page Download Tutorials + Reference documentation + About +

Nucleon structure

Physical content

Main Page

Phenomenology

Formal definition What is PARTONS? Table of Gontents

Fit status
Experimental access PARTONS is @ G++ software framework dedicated o the & Wt i pARTONS?
i Get pARTONS
DVCS kinematics of Parton Di (GPDs) - N
GPDs prove & compreensv desorpton of e partorio T NATEINGS  +coes ot
4 How to use PARTON
Framework structure of the nucleon and contain a wealth of new -
. information. In particular, GPDs provide a description of the + teene
Design nucleon as an extended object, referred to as 3-dimensional 4 Contact and newsletter
Architecture nucleon tomography, and give an access to the orbital angular momentum of quarks.
c .
fgonomics PARTONS provides a necessary bridge between models of GPDs and experimental data
Examples measured in various exclusive channels, lie Deeply Virtual Compton Scattering (DVCS) and Hard Exclusive Meson Production (HEMP).
Releases The experimental programme devoted to study GPDs has been carrying out by several experiments, like HERMES at DESY (dlosed),
COMPASS at CERN, Hall-A and CLAS at JLab. GPD subject will be also a key component of the physics case for the expected Electron
Conclusion lon Coliider (EIC).

PARTONS is useful to theorists to develop new models, phenomenologists to interpret existing measurements and to experimentalists to
design new experiments.

Get PARTONS
Berthou et al., Eur. Phys. J. C78, 478 (2018)
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Open source release.

Publicly available on CEA GitLab server.

Nucleon < & dri-gitlab.cea.fr &
Tomography +

tLab  Projects Snippets  Help

Motivation partons > = core > Detalls
Mass without mass
Nucleon structure &
Physical content Frerons
o
Phenomenolo,
gy n core o
Formal definition
Fit status &
Experimental access Filter by name... Last created
DVCS kinematics
.. Partons
Framework n PARTONS project *2 @
Design n elementary-utils %0 @
Architecture Utility softwares (logger, parser, threads, string and file manipulation)
Ergonomics o numa
Examples n T Nimass: numerical analysis C-+ routines *0 @
Releases
W . PATtOMS-example 0 @
Conclusion Running version of PARTONS with examples (C++ code and XML computing scenarios)
»

Berthou et al., Eur. Phys. J. C78, 478 (2018)
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Open source release.

Publicly available on CEA GitLab server.

Nucleon ¢ partons.cea.fr @
Tomography +
) Ll
PARTONS PARtonic Tomography Of Nucleon Software Firos
Motivation !

Mass without mass Main Page Download Tutorials + Reference documentation + About +

Nucleon structure

Physical content

Phenomenology Contact

Formal definition Main contact: partons@cea.fr.
Fit status

Experimental access

Technical support

Problems with installation and usage: partons@cea.fr.

DVCS kinematics

Framework
Design Newsletter

Architecture
Sign up to the newsletter to be informed on the new releases by sending an email to sympa@saxifrage.saclay.cea.ir with this subject (no

c .
rgonomics additional text needed): SUBSCRIBE partons-users.
Examples
— To unsubscribe, use UNSUBSCRIBE instead in the subject.
Conclusion Development team

The list of development team members can be found at our GitLab page.
If you want to join the development team of PARTONS, contact Hervé Moutarde.

Generated on Wed Mar 21 2018 16:23:16 for PARTONS 1.0 by Doxygen 18,14

Berthou et al., Eur. Phys. J. C78, 478 (2018)
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Future releases.

A lot remains to be integrated..Contributors welcome!

Nucleon

Tomography
Channel modules

Motivati
o e = DVMP m DAs
Nucleon structure
Physical content | TCS | DDS
Phenomencl®’  m yM production m Form factors
R B m PDFs
DVCS kinematics y
. m LFWFs

ramework
S Other modules m 7?77
o m Mellin moments (EM
Releases .
Conclust tensor, lattice QCD) Nonperturbative QCD modules
onclusion

m 777 m Gap equation solver
v

m 777
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Nucleon
Tomography

Motivation
Mass without mass
Nucleon structure

Physical content

Phenomenology
Formal definition

Fit status
Experimental access

DVCS kinematics

Framework
Design
Architecture
Ergonomics
Examples

Releases

Conclusion

Within the next four years.
Virtual Access Infrastructure 3DPartons in STRONG-2020

A workpackage of the EU-funded STRONG-2020 program

m Mutualize developments for GPD and TMD frameworks.

m Address the question of event generation.

m Open-source release and maintenance of computing codes
related to 3D hadron structure.
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cea Conclusion and prospects.

Putting all the pieces together.

Nucleon m We now have tools to systematically relate these models
Tomography to experimental data in multi-channel analysis.
Motivation m We now have an operating engine for global CFF fits.
Mass without mass
Nucleon stsucture m We revisit the mechanical properties of hadrons to

Physical content

assess how much we can learn from GPD extractions.

Phenomenology

Formal definition

Fitsatus m We can now build generic GPD models satisfying a priori
VS all theoretical constraints.

Framework New studies become possible!

Design .

e m Global GPD fits.

Ergonomics

Exampes m Energy-momentum structure of hadrons.

Releases

Quantitative impact of nonperturbative QCD ingredients
on 3D hadron structure studies.

Conclusion

m GPD and TMD studies in a common framework.

m ... And probably much more!
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Cea See you soon in Paris!
— .

Nucleon

Tomography I c U . 2_‘_1 -ll’glﬁvlszz-ifﬁ

Electron-Ton Collider User Group Meeting Ecole Nationale Supérieure de

Motivation

Mass without mass . : The world's moat powerful microscope for

Nucleon structure A . aludqu the “glue” that binds the building

Physical content ' blocks of visible matter
ysical e . Qf

Dariél BOER: Graringsn

Silvia DALLA TORRE: INFN/Tste .

Formal definition Bapht 2 T @) 3D STRUCTURE OF PROTON /
Fit status Yuji GOTO: RKEN

Tanja HORN: CUA ; . ATURATION AND THE COLOR GLASS CON!

Charles HYDE: 9DU

Phenomenology

Experimental access

DVCS Kinemati Rihard NLNER: T Rty - 58" SOLVING THE MYSTERY OF THE PRO

Carlos MUNOZ CAMACHO: CARSIN2P3

Warco RADICE NFNPavia A
Fl’a I’TIEWOrk Franck SABATIE: CEA-Saclay \ UL L

) Ancrel SERV: JLAB
Design Emat SICHTERMANN: LBHL
Eernd SURRDW: Terple
Thomss ULLRICH: BNL
Ergonomics Ferdinand WILLEKE: ENL
Rilatara VOSHIDA: ILAS

Architecture

Examples

Releases

Conclusion SRS &
{ocal Organizing Committee indico.in2p3.fr/event/EICL

Francesco BOSSU: CEA-Saclay

Valrie FROIS: CNRSINZPS, Sece
Carlos MUNOZ CAMACHO: CNRS/INZP3 ) @,
Franck SABATIE CEA Sacay

Scanme
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