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Anatomy of hadrons.

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

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

p(X7 bLa )‘7 AN) -

1 ‘
5 H(X,O, bi) +

bjL eJ-,-S"l ﬁ

M b2 (x,0,b%)
i

FAMH(x, 0, bi)}

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

Can we obtain this picture from exclusive measurements?

Tongitud.

(@)

singlel
quarks, gluons

® x<001

pion
cloud

x~0.1

valence
quarks

©)

transverse
spin

. Weiss, AIP Conf.
Proc. 1149,
- 150 (2009
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Anatomy of hadrons.

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

Precision m Probabilistic interpretation of Fourier transform of
phenﬁnﬁi’m.og, GPD(x,£ = 0, t) in transverse plane.

b ;S| OE
M op?

1 ’
Introduction ,O(X, b, A, AN) = § H(X, 0, bi) +

Physical content

(x,0, bi)

Formal definition

Dispersion relations

GFi(,mi» N —i—)\ANI:I(X. O. bi)
bp“:'d'"gl m Notations : quark helicity A, nucleon longitudinal

e s polarization Ay and nucleon transverse spin S .
pnverse Radon Burkardt, Phys. Rev. D62, 071503 (2000)

Phenomenology

Models Not quite, but close!

Moutarde et al.,
Eur. Phys. J. C78,

° 890 (2018

Releases
DVCS data
Global CFF fit

b, [fm]

Conclusion
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Anatomy of hadrons.
GPDs, 3D hadron imaging, and beyond (2/3).

m Most general structure of matrix element of energy
momentum tensor between nucleon states:

</v P+5 A g N, P — §> = u<P+§> {A(t)%ﬂpv)
A C(t) A
(hjgA A N ABAY A2 _ =
+B(t)P i 2M M(AA A*ny )}u(P 2)
with t = A2

m Key observation: link between GPDs and gravitational
form factors

/dxxHq(x,g,t) = A9(t) +4E2C(¢)

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

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

Precision m Spin sum rule:
GPD
phenomenology

Introduction

/dxx(Hq(x7 £,0) + E9(x,£,0)) = A9(0) + BI(0) = 29

Physical content

Formal definition Ji, Phys. Rev. Lett. 78, 610 (1997)
Dispersion relations

Fit status

Generic model m Shear and pressure of a hadron considered as a

building . .

Polynamility continuous medium:

Radon transform

ri::[;adm <N‘ TU(E‘ N> N _ S(r) ﬁ o 15/] —'— p(r)du
Phenomenology _rQ 3

Models

compn et Polyakov and Shuvaev, hep-ph/0207153
DVCS data

Global CFF fit . . -

Concusion m Energy density, tangential and radial pressures of a

Ol

Appendix hadron considered as a continuous mediu
Lorcé et al., arXiv: 1810 .09837 [hep-ph]
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Mechanical properties of hadrons.

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

Precision m Matrix element in the Breit frame (a = g, g):
GPD
phenomenology A A t
SITO) =) = M{p O (A0 + g Ba(t)]
(3Imo1-3) WO [As(®) + o Bt

Introduction

Physical content _ t A 14 Al/
S 0 | Calt) - v Co(9)] + — Ca<t)}
Generic model m Anisotropic fluid in relativistic hydrodynamics:
building

O (7) = [£(1)+ pul)] s = pel)™ + (1) = )] XX
. where u* and x* = x*/r.
Phenomenology m Define isotropic pressure and pressure anisotropy:
Ejzﬂ::m pr(r) + 2 Pt(r> pe(r)
Global CFF fit p( r) f— r()g /‘
Conclusion o «— pr(r)
Appendix S(r) - Pr(r) - pt(r) '//,ms pe(r)

Vi
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Mechanical properties of hadrons.

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

Precision

. m Write dictionary between quantum and fluid pictures:
phenomenology

troducti 6;,(!’) dd& —iN -7 - t

—— M /(%)3 C r{Aa(t) + Colt) + 11 [Balt) - 4Ca(t)]}

Formal definition

Dispersion relations

~—

Fit status pr,a(r o d.?)& 7,-& -7 _— B é t_1/2 g 3/2
Generic model M o '/ W € Ca(t) r2 M2 dt(t Ca(t)>

building

Polynomiality

BA x| 4t7V2d 7 d /g,

Phenomenology

Mudcls‘ . p r) dsﬁ - — 2 t

e 20 / ap . TGOt e GO

Global CFF fit 3 N . —1/2 2

Conclusion Sa(r) g / d Ag e_iA ’ 42 t / d 2 (t5/2 Ca(t))
Appendix M (27T) r M2 dt
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Introduction
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Generic model

building

& [Gev/m?)
b it
4

Polynomiality
Radon transform
Positivity
Inverse Radon [GeV/im?]
04
Phenomenology
Models

Computing chain
Releases

DVCS data

Global CFF fit

quark + glue

Conclusion

Appendix

o € [GoViim?]

Lorce et al.,

arXiv:1810.09837 [hep-ph]

Mechanical properties of hadrons.

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

Do

m Evaluate orders of magnitude with naive multiple model:

[GeVim?]
0.10
063 Po e
--------- 23
oo8f _ e
—— = por .t .
004 -

7 € (GeV/m’]

v

R 5 i
10% 10 10t
my density [MeV/fm®]

Annala et al., Phys. Rev.
Lett. 120, 172703 (2018)
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~5=  Spin-0 Generalized Parton Distribution.

Definition and simple properties.
ACLA

Precision ng (X g./ t) —

GPD
phenomenology 1 dz_ ixP+ 2~ A _ y4 V4 A
o 2 ) or © mEr )G M
ntroduction z| =0

i with £ — A? and € — —A+/(2P").
Dispersion relations

Fit status

Generic model
building

References

Polynomiality

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

Phenomenology

Models

Computing chain

Releases m PDF forward limit

DVCS data
Global CFF fit

Conclusion

H(x,0,0) = q(x)

Appendix
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~5=  Spin-0 Generalized Parton Distribution.

Definition and simple properties.
ACLA

Precision ng (X g./ t) —

GPD
phenomenology 1 dz_ ixP+ 2~ A _ y4 V4 A
o 2 ) or © mEr )G M
ntroduction z| =0

Physical content

with t = A% and ¢ = —A1/(2PF).

Generic model
building

References

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

Phenomenology

Models

Computing chain

Releases m PDF forward limit

DVCS data

Global CFF i m Form factor sum rule

Conclusion —+1

Appendix / dX Hq(X7 E* t) - F?(t)
J-1
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~5=  Spin-0 Generalized Parton Distribution.

Definition and simple properties.
ACLA

Precision Hg_ (X’ 57 t) —

GPD
phenomenology 1 dz_ ixPt 2 A _ V4 z A
T S e LG ROl eI
ntroduction o=

Physical content
fmsamtin © with t = A% and £ = —AT/(2PT).

Fit status

Generic model
building

References

Polynomiality

Radon transform

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

Positivity

Inverse Radon

Phenomenology
Models

Computing chain

A m PDF forward limit
sl err m Form factor sum rule
Conclusion q ) ) . ]
m HY is an even function of £ from time-reversal invariance.
Appendix
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~5=  Spin-0 Generalized Parton Distribution.

Definition and simple properties.

Precision Hg_ (X’ 57 t) —

GPD
phenomenology 1 dz_ ixPt 2 A _ V4 z A
T S e LG ROl eI
ntroduction o=

Physical content

Formal definition with t = AQ and 5 — —A+/(2P+)

Dispersion relations

Fit status

Generic model

building References
kvt Miiller et al., Fortschr. Phys. 42, 101 (1994)

Inverse Radon

Ji, Phys. Rev. Lett. 78, 610 (1997)
Radyushkin, Phys. Lett. B380, 417 (1996)

Phenomenology
Models

Computing chain

A m PDF forward limit
sl err m Form factor sum rule
Conclusion q ) ) . ]
m HY is an even function of £ from time-reversal invariance.
Appendix
|

HY9 is real from hermiticity and time-reversal invariance.
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Spin-0 Generalized Parton Distribution.

Not so simple properties.

Precision

GPD m Polynomiality

phenomenology
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Distribution.

Lorentz covariance
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cea Spin-0 Generalized Parton Distribution.

Not so simple properties.
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Lorentz covariance

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

Not so simple properties.

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

HIi(x,6 =1,t=0) = %qﬂ (Hx)
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Spin-0 Generalized Parton Distribution.

Not so simple properties.

m Polynomiality

Lorentz covariance
m Positivity

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

Relativistic quantum mechanics
m 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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Dispersion relations and the lines x = £¢£.
Relation between ReH (&) and H(x = ££,€) at leading order. 7

m Write dispersion relation at fixed t and Q%

:/1”

dw +l 1 1 X
7ImC(w) {/1 ix Lufx_ w£+x} H<X’;)

+I(w)} :
Diehl and lvanov, Eur. Phys. J. C52, 919 (2007)

m At leading order in o, (no kinematic corrections):

ImC(w) W[d(w —1)—(w+ 1)} .

Dispersion relation simplifies to:

ReH (&)
ImH (&)

+1 1 1
x /_1 dx [w&—xw&—&—x] H(x,x)+Z ,
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DVCS analysis and fits.

No global GPD fit has been obtained so far.

Precision
GPD . . . . -
phenomenology m GPD fits only in the small xg region with a flexible
parameterization (kinematic simplifications).
Introduction . . )
Physical conent m Global fits of CFFs in the sea and valence regions.
Formal definition
Dispesion relaons m Some GPD models with non-flexible parameterizations
Fit status . .
. adjusted to experimental DVCS or DVMP data.
Generic model
buildi vy
R Kumeri¢ki et al., Eur. Phys. J. A52, 157 (2016)
Radon transform
Positivity
inverse Radon The situation can be improved!
Phenomenology . . . . o a .
Modls m GPD parameterizations satisfying a priori all theoretical
e constraints on GPDs.
DVCS data . .
Global CFF it m Computing framework to go beyond leading order and
Conclusion leading twist analysis.
Appendix
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Different questions to be answered with the same tools.

Ccea Software for the phenomenology of GPDs. g

fe

Precision
GPD i ; E i
phenomenology
, Higher New Meson
Introduction .
Physical content Twists? Experiments? Production?

Formal definition

Dispersion relations
Fit status

se_ st
Generic model
building
Theoretical
(:: Constraints? t
|

Polynomiaity Error
Radon transform .
Positiviy Propagation?

%

Inverse Radon

Phenomenology i ?

Models

L S ¢

5S¢

Computing chain

Next to
oves s Compton Model Loadi

ol CFF i . eadin
s Scattering? Dependence? &
Conclusion Order?

Appendix < 7
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Different questions to be answered with the same tools.

Software for the phenomenology of GPDs. g

[/

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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Generic model building

«O0>» «F>» «E>»

<

Q>



7 Polynomiality.

Abstract formulation: the range of the Radon transform.

Precision m Write polynomiality condition:
GPD
phenomenology m

/ I 6 ) = 3 (2€)/Ci(t)+ (26) ™ Gl (1)

Introduction - i=0

even

m Assume the existence of D9(z, t) such that:

Physical content

Generic model +1
building / dzZ" D(Z, t) = (1.') .

mm+1
J—1

m HI(x, &, t) — D(x/&, t) satisfies polynomiality at order m:

Phenomenology 1 m )
Zloul::jting chain / dXX,n <Hq(X7 5’ t) o D(X/g’ t)) - Z(2£)Iq;7’<t) .
Releases -1 i=0

DVCS data
Global CFF fit

R m Ludwig-Helgason condition: there exists Fp such that:
Appendix H(x, &, t) = D(x/€, t)+/ dpda Fp(B, o, t) §(x—F—af) .

JQpp
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The Radon transform.

Definition and properties.

For s > 0 and ¢ € [0, 27]:

- dpda (3, a)d(s—f cos p—asin @)

and:

Rf(—s,¢) = Rf(s,¢ £7)

Relation to GPDs:

s
X = and £ =tan¢
cos ¢ ‘

Relation between GPD H and DD Fp

VITE e - D ()| = RFo(s0)

§

H. Moutarde | NPQCD 2018 | 15 /39




cea Implementing Lorentz covariance.
Extend an overlap in the DGLAP region to the whole GPD domain.

Precision DGLAP and ERBL I’egions

GPD

phenomenology (X, f) (= DGLAP <~ ’5’ Z |Sin gb‘ y
(x,¢) € ERBL < |s| <|sing|.

Introduction

Each point (5, «)
with 5 # 0
contributes

to both DGLAP and
ERBL regions.

Phenomenology
Models

DVCS data
Global CFF fit

Conclusion

Appendix
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Uniqueness of the extension.

Statement.

Theorem (simple case)

Let f be a compactly-supported summable function defined on
R? and Rf its Radon transform.
Let (sp,wp) € R X S' and Uy an open neighborhood of wy s.t.:

foralls> sy andw € Uy Rf(s,w) =0.

Then f{R) = 0 on the half-plane (X |wy) > sy of R?.

Theorem (Boman and Todd Quinto, 1987)

Assume (sg,wg) € R x S™1 and f &' (R). Let p(R,w) be a
strictly positive real analytic function on R" x S"~! that is even
inw. Let Uy be an open neighborhood of wq. Finally assume
R, (s,w) =0 for s > sy and w € Uy. Then f=0 on the half
space (N |wp) > sp.
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Uniqueness of the extension.

Statement.

Theorem (simple case)

foralls> sy andw € Uy Rf(s,w)=0.
Then f(R) = 0 on the half-plane (X |wy) > sy of R?.

DGLAP and ERBL regions in polar coordinates
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Uniqueness of the extension.

Statement.

Theorem (simple case)

foralls> sy andw € Uy Rf(s,w) =0.

Then f{R) = 0 on the half-plane (X |wy) > sy of R?.

Consider a GPD H being zero on the DGLAP region.

Take & = tan ¢g € [0, 1], xo €]&p, +oo[ and sp s.t.
X COS (g > Sy > sin ¢y.

m Je >0 s.t. sp > sin¢ for |[p — ¢p| < €.
m Hyp: the underlying DD f has a zero Radon transform for

all ¢ €]pg — €, 0+ €[ and s > sy (DGLAP region).
Then f{3,a) = 0 for all (3,a) s.t.
B cos g + asingpg = s > 5.

m At last select s = xp cos ¢g to get 5+ aéy = xg.
m Cannot constrain the line 5 = 0. [J
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cea Overlap representation.

A first-principle connection with Light Front Wave Functions.

Precision

GPD m Decompose an hadronic state |H; P, \) in a Fock basis:

phenomenology
[57

Introduction ‘ P )\ E / dXko_ Nl/) (X1 kJ_l ..... s XN, kJ_N ‘B, kl, ey kN>
Physical content
Formal definition
Do reatons m Derive an expression for the pion GPD in the DGLAP
Generic model region 5 S X S 1:

building

Polynomiality

oo consorn [ (. £ 1 Z/ [dxdk | |ndj g0 (x— XJ)(q/ ,/\))*(SJ’IA{/L)@Z}I(\?)\)(X, ki)

Positivity
Inverse Radon

Phenomenology

e with X, k| (resp. %Rl) generically denoting incoming
s (resp. outgoing) parton kinematics.

bl CFF i Diehl et al., Nucl. Phys. B596, 33 (2001)
:::'::::" m Similar expression in the ERBL region —¢ < x < &, but

with overlap of N- and (N + 2)-body LFWFs.
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Implementing Lorentz covariance.
Extend an overlap in the DGLAP region to the whole GPD domain.

For any model of LFWF, one has to address the following
three questions:

Does the extension exist?

If it exists, is it unique?

How can we compute this extension?

Modeling strategy

Ensure positivity by modeling the DGLAP region as an
overlap of LFWFs.

Ensure polynomiality by inverting the Radon transform to
identify an underlying DD.

Chouika et al., Eur. Phys. J. C77, 906 (2017)

’
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Inverse problem: geometrical interpretation.

Towards a numerical evaluation.

And if the input data are inconsistent?

m Instead of solving g = Rf, find fsuch that ||g— Rf|2 is
minimum.

m The solution always exists.

m The input data are inconsistent if ||g — Rf]j2 > 0.
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Computation of the extension.

Problem reduction.

Precicion How can we get a DD from a GPD in the DGLAP region?
GPD

phenomenology

Introduction

Physical content

Formal definition G P D
Dispersion relations

Fit status

Generic model
building \ :

Polynomiality K \

Radon transform \
Positivity X \

Inverse Radon 3 R ERBL

Phenomenology N, ]

Models X X B
Computing chain - 1 . \ 1 1

Releases R

DGLAP
DGLAP

DVCS data N R

Global CFF fit AN N ERBL

Conclusion N
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Problem reduction.

Precicion How can we get a DD from a GPD in the DGLAP region?
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Computation of the extension.

Problem reduction.

Precicion How can we get a DD from a GPD in the DGLAP region?
I, m Restrict to quark GPDs (8 > 0).
m Only ERBL region "sees” both 8> 0 and 8 < 0.

Introduction

Physical content

Formal definition G P D
Dispersion relations

Fit status
@
, 3
Generic model '
building A

Polynomiality
Radon transform /
Positivity / p

“ ' ERBL
Inverse Radon 7 B
Phenomenology
Models T/ z P
Computing chain -1 N 1 _1

Releases

DGIAP
=

DVCS data
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Conclusion
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Computation of the extension.

Problem reduction.
ACLAY

Precision

How can we get a DD from a GPD in the DGLAP region?
I, m Restrict to quark GPDs (5 > 0).

m Only ERBL region "sees” both 8> 0 and 8 < 0.
Introduction m Use a-parity of the DD.
gy 0D

Fit status

a 3
Generic model 1
building

Polynomiality

Radon transform

ERBL

Phenomenology
Models

Computing chain -1 1 ﬁ -1

Releases

DGLAP

DVCS data
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Computation of the extension.

Finite elements.

Example of a P1 basis function

Discretize the DD on a mesh with n ~ 800 triangular cells.
Compute the Radon transform of a P1 basis function.
Sample m ~ 4n (x, £)-lines intersecting the DD support.
Solve a linear system AX = B with A a sparse m x n
matrix.
Adopt an iterative regularization method: LSMR.

Fong and Saunders, arXiv:1006.0758
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Examples - benchmarks (1/4).

Cea Algebraic Bethe-Salpeter model.

MS
(k3 +m2)°

: K M
Intr?duction Ikl \I]/:l (X, kL) = 8V ]_57-‘-L7‘ (]_fx)x7 J: 172
Physical content L (ki + MZ)Z

Formal definition

Dispersion relations
H(x,&,t=0) H(x,& = 0.5, t)

Precisi
P Uro(x, k) = 8V1bmw (1—x)x,
phenomenology

Generic model
building
ol . —— numerical result —— numerical result
it k .
olynomiality —-==- analytical result —-- analytical result
Radon transform =
i = | Al
Positivity =i | | y
B n
Inverse Radon j 12 o l‘L 2s
e 1
Phenomenology fo= L
=~ 0 o
Models fa faXx
Computing chain 12 2T
Releases I I o
DVCS data /o8 10~
Global CFF fit /0.6 2>
) Toa o3&
Conclusion 7 S T2 — To4 =
107505025 0 035 05 075 1 o 107505025 0 035 05 075 15

Appendix X ) X
Chouika et al., Eur. Phys. J. C77, 906 (2017)
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Examples - benchmarks (2/4).

Algebraic spectator model.

(k) = gMP (e KiEm KGN et
plx ki) = ==X 1=
— X X X

Hwang and Miiller, Phys. Lett. B660, 350 (2008)

H(x, &, t=0) H(x, & = 0.5,t)

—— numerical result —— numerical result
—--=- analytical result --- analytical result

E(x,¢)

1075 .05 035

025 05 075 1 10

5-025 0 025 05 075
X

v

Chouika et al., Eur. Phys. J. C77, 906 (2017)
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Examples - benchmarks (3/4).

Regge-behaved Radyushkin DD Ansatz model.

Radyushkin DD Ansatz with phenomenological PDF:

35 (1 —x)3
JRegge (X) = T\& .

H(x, &, t = 0)

—— numerical result
-=-= analytical result

—
1 075 05 .25 Qo 05 075 1

Chouika et al., Eur. Phys. J. C77, 906 (2017)
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Examples - benchmarks (4/4).

Gaussian wave function model.

Precision

GPD )
phenomenology 4 /1 = B $
U (X7 ki) _ vVon me AMZ(1—x)x

Introduction

Physical content

H(x,& = 0.5, 1)

Formal definition
Dispersion relations

Fit status

0.5,

Generic model
building
Polynomiality

Radon transform

H(xl, £

Positivity

Inverse Radon

2o
2
7

Phenomenology
Models

Computing chain

¢[Gey,

Releases -1 —o.7757.537,5_‘2576’*6;5*7657——»,,‘«
DVCS data X > 075
- v

1 075 05 fo}??)"ofz?ofif&ﬁ"
2 .

Conclusen Chouika et al., Eur. Phys. J. C77, 906 (2017)

Appendix
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GPD Computing made simple.

Differential studies: physical models and numerical methods.

Full processes
Experimental
data and
phenomenology

Small distance
Computation
of amplitudes

Large distance
First
principles and
fundamental
parameters

— PARtonic
n 0 a 1/ Tomography
< o E FARTONS Of
I i

o Nucleon
‘ ‘ ' Software

s
wn o m Perturbative
o % S .

2 2 > approximations.

- [— 4 ) u Physical models.

= Fits.
[GPD at u M?f} m Numerical
ol methods.
i
T VO[: N Accuracy and
E GPD at uf ] speed.
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Open source release.

Publicly available on CEA GitLab server.

Preclslon < partons.cea fr
GPD .
phenomenology
. Ll
PARTONS PARtonic Tomography Of Nucleon Software s
7
Introduction Main Page Download Tutorials + Reference documentation + About +
Physical content
Formal definition
Dispersion relations Main Page
Fit status
Generic model What is PARTONS? Table of Gontents
building PARTONS is a C++ software framework dedicated to the & What Is PARTONS?
Polynomiality of Parton Distri (GPDS). - Gt PARTONS
R GPDs provide a comprehensive description of the partonic PAF\TdNS SR TS
adon transform & How to use PARTONS
structure of the nucleon and contain a wealth of new
Positivity " 4 pudlcations and talks
information. In particular, GPDs provide a description of the P
Inverse Radon nucleon as an extended object, referred to as 3-imensional 4 Contact and newsletter

nucleon tomography, and give an access to the orbital angular momentum of quarks.

Phenomenolo,
4 PARTONS provides a necessary bridge between models of GPDs and experimental data

Models measured in various exclusive channels, lie Deeply Virtual Compton Scattering (DVCS) and Hard Exclusive Meson Production (HEMP).
Computing chain The experimental programme devoted 1o study GPDs has been carrying out by several experiments, ke HERMES at DESY (closed),
Releases 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
DVCS data lon Colider (EIC).
Global CFF fit PARTONS is useful to theorists to develop new models, phenomenologists to interpret existing measurements and to experimentalists to
design new experiments

Conclusion

: Get PARTONS
Appendix

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

Publicly available on CEA GitLab server.

Precision <
GPD
phenomenology

& dri-gitlab.cea.r

tLab  Projects Snippets  Help

partons > — core > Details

Introduction

Physical content &
Formal definition s
Dispersion relations o
Fit status n core e
Generic model 2
building Filter by name... Last created
Polynomiality
Radon transform g PETtONS
" PARTONS project *2 @
Positivity
Inverse Radon n elementary-utils o @
Utility softwares (logger, parser, threads, string and file manipulation)
Phenomenology
7 numa
Models R N numerical analysis ot routines *0 G
Computing chain
. partons-example
e n Running version of PARTONS with examples (C++ code and XML computing scenarios) %0 @
DVCS data
Global CFF fit -
Conclusion
i »
Appendix

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

Publicly available on CEA GitLab server.

Precision <
GPD
phenomenology

partons.cea fr

PARTO N S PARtonic Tomography Of Nucleon Software PﬁH‘chNs

Introduction Main Page Download Tutorials + Reference documentation + About +

Physical content

Formal definition
Dispersion relations Contact
Fit status

. Main contact: partons@cea.fr.
Generic model

building .

Polynomiality Technical support

Radon transform Problems with installation and usage: partons @cea.r.
Positivity

Inverse Radon Newsletter

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

Phenomenology
additional text needed): SUBSCRIBE partons-users.

Models

Computing chain To unsubscribe, use UNSUBSCRIBE instead in the subject.

Releases
DVCS data Development team
Global CFF fit The list of development team members can be found at our GitLab page.
Conclusion If you want to join the development team of PARTONS, contact Hervé Moutarde.
Appendix Generated on Wed Mar 21 2018 16:23:16 for PARTONS 1.0 by Doxygen 1.8.14

Berthou et al., Eur. Phys. J. C78, 478 (2018)
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CQZI Phenomenology from a qqq wavefunction.

Preliminary results: tests with the xYQSM.

Precision
PhenS::eDnobgy CLAS 2015 data ELI at t = -034 GeV2

Ay at xg =0.2415, t= —0.137 and Q?=1.946

}

0.2
Introduction

Physical content 0.1
Formal definition

0.0

Dispersion relations

Fit status 0.1/ — LOCFFs
—— NLO CFFs
Generic model 0.2 NLO CFFs with LO evolution
building *€] T from p? =0.259 GeV? to uf = Q2 *
+ CLAS data 2015
Polynomiality -0.3
0 50 100 150 ¢ 200 250 300 350

Radon transform

Y T | | ,.
Positivity 1 07505025 0 025 05 075 Tbgzs
X

Inverse Radon

Phenomenology

Models m Only LO phenomenology achievable without extension to
o ERBL region.

i m Computation of various DVCS observables in the
Conclusion valence region under different pQCD assumptions with
Appendix PARTONS

Chouika, PhD thesis (2018)
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First global CFF fit with PARTONS.

Assumptions, limits and key ingredients.

Precision
GPD
phenomenology m Leading twist and leading order analysis.
Introduction m Focus on the quark sector (intermediate to large xg).
Physical content
Forymzll definition
Dispersion rlations m Dispersion relations: CFF H depends on D-term and

Fit status

border function H(x, £ = x).

Generic model
building

Polynomiality

oo et m Tomography: model skewing function H(x, x, t)/H(x, 0, t)
o consistently with perturbative QCD.

Inverse Radon

Phenomenology
Models m Fit to PDFs and elastic form factors.
Computing chain

Releases

= m Propagate uncertainties by replica method.
Conclusion Moutarde et al., Eur. Phys. J. C78, 890 (2018)
Appendix
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Selected DVCS measurements.

All existing sets except d'ogy, from Hall A (2015-17) and HERA.

Saclay

Precision No.  Collab.  Year Ref. Observable Kinematic - No. of points
GPD dependence used / all
T
phenomenology 1 HERMES 2001 [13] 1255% 3 10/ 10
2 2006 (114 AL ’ t 1/4
3 2008 (115 (i\% _— zp; 18 / 24
ATy cons
Introduction A;nw N o cos i
Physical content AC“(Q’ $s)sini¢
Formal definition 4 2009 Ai“{,};" zB; 35 /42
Dispersion relations ASL‘E”B’VCS
Fit status AgeT
5 2010 Afpimie Zp; 18 /24
Generic model AfjFesie
building 6 2011 ACL";sévégz ““: z; 24 /32
° A5nlg o) sin
Polynomiality Ams(¢ ¢s)wsw
Radon transform Asln(d? $s)sinid
Positivity 7 2012 35 /42
Inverse Radon oBj /
Phenomenology
8 CLAS 2001 — 0/2
Models 9 2006 — 2/2
Computing chain 10 2008 ® 283 / 737
Releases 11 2009 [ 22 /33
DVCS data 12 2015 ¢ 311 / 497
Global CFF fit 13 2015 ) 1333 / 1933
14 Hall A 2015 ) 228 / 228
Conclusion 15 2017 ) 276 / 358
16 COMPASS 2018 — 1/1
Appendix SUM: 2600 / 3970
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A selection of results.
2600 experimental points, 13 free parameters, ;\z/dof ~0

CLAS
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0 [nb/GeV*]

Hall A

w
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fe
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y Distances in the transverse plane.
cea P

How much can we learn?!

Precision Aside on electromagnetic form factors
GPD
phenomenology m Form factor: Fourier transform of charge density.

S m The Fourier transform of a compactly-supported function
ntroduction
Physicalcontent is analytic over the complex plane.

Formal definition

Dispersion rlations m Form factors have a branch cut along the timelike axis.
Fit status
Generic model m Hence the charge distribution cannot be bounded.

building

T o
Polynomiality

e Distance to center of mass Distance to spectators

Inverse Radon a N

PARTONS Fits 2018-1 PARTONS Fits 2018,

Phenomenology

Models
Computing chain
Releases E 05 T os
DVCS data IS B
Global CFF fit g o 3 o
Conclusion
0. -0, inpal POF e
Appendix oo
o2 01 100 102 01 100
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cea Conclusion and prospects.

Putting all the pieces together.

Precision
GPD . . . . ..
phenomenology m We can now build generic GPD models satisfying a priori

all theoretical constraints.

Introduction

We now have tools to systematically relate these models
to experimental data in multi-channel analysis.

Physical content
Formal definition
Dispersion relations

Fit status

m We now have an operating engine for global CFF fits.

Generic model
building

Polynomiality

We revisit the mechanical properties of hadrons to
e s assess how much we can learn from GPD extractions.

Inverse Radon

New studies become possible!

Phenomenology

e m Global GPD fits.

v o m Energy-momentum structure of hadrons.

Global CFF fit

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

m GPD and TMD studies in a common framework.
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Uniqueness of the extension.
Proof.

Proof (elements)

Let Ry = (b,a) € R?, s€ R and § > 0 such that

(Ng |wg) = bcospg+ asingpyg =s> sy + 0.

Denote B a ball containing Ry and the support of f, which is
bounded by assumption.

We will show that f= 0 in a neighborhood of Ny in B.
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Uniqueness of the extension.

Proof.

Step 1

Identification of a neighborhood, T of Wy s.t.:
YweT,

Vs> sp+4,

/ AR S(s — (R|w))AR) =0 .
JR2
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Uniqueness of the extension.
Proof.

Precision Step 2

GPD
phenomenology  Prove by induction on the multi index m = (m, n) that, for all

. nonnegative integers,. m, n and w € T:
P ds / AR 5(s — (R]w))R™ (R |w)KAR) = 0.
B

Formal definition [50 —‘,—(5 400 [
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Uniqueness of the extension.
Proof.

Precision Step 2 (C )
GPD ) )
phenomenology  |nduction step: infinitesimal change of the first cartesian
coordinate of w. G-type gontribiitions go to 0.
Introduction
Physical content
Formal definition
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P
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building
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Positivity
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w
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Conclusion
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Uniqueness of the extension.
Proof.

Step 3
Apply previous result with k=0 and w = wy, let ¢ goes to O:

for all n,m >0 / dpda fMa"f(B,a) =0 .
H,

wo

Conclude by injectivity of the Fourier transform from L!(R?)
into the set of continuous functions on R2.
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