P%M%(Tdt\ls

DE LA RECHERCHE A L'INDUSTRIE

Covariant extension of the GPD
overlap representation

M}r 18202, 0"=4 )

Ao [ph.GeV ™1 ‘5

a1l 0.5 10
6.3 GeV? 5 4
02 0.735 GeV? "v'.n% "
‘oz
he 60 120 180 240 300 360

¢ [deg]

QCD Workshop | Hervé MOUTARDE

université
May 4th , 2018 PARIS-SACLAY




cea Context and key questions.

Covariant
extension

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

What do we need for high precision phenomenology?

How can we implement all theoretical constraints in
flexible GPD parameterizations?

How do we relate all this to actual measurements?
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What do we need for high preci-
sion phenomenology?

«O0>» «4F>» «E>» «=>» = o



Anatomy of hadrons.

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

Covariant m Probabilistic interpretation of Fourier transform of

extension GPD(x,£ = 0, t) in transverse plane.
Phenomenology 1 . bj € SI 8E

2 PLEiRY 2
e pOobLAAN) = 5 [ H0,b1) + = 5 (x.0,b1)
Modeling +)\)\NF,<X7 0, bi):|
m Notations : quark helicity A, nucleon longitudinal

o polarization Ay and nucleon transverse spin S .

Examples Burkardt, Phys. Rev. D62, 071503 (2000)
PARTONS

Can we obtain this plcture from exclusive measurements?

ey pio valence transverse
Fits e FEh

Design

Releases

Conclusion slower VVeISS, AIP Conf.
longitud. Proc. 1149,
Z.. 150 (2009

@ ® x<00l  x~0.1 x~03 ©

H. Moutarde | QCD Workshop 2018 - Camburi | 4 / 46



~==  Anatomy of hadrons.

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

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

enomenolo| A A A
= <N ,D+ T [N, P — 2> — 3 <P+ 2) {A(m(/tpu)
S Ay, Q) A

A )\ v 2 uv

Modeling +B( )P( ) 2M M (A#A - A 77# >:| u (P 2) )
e o with t = A2,
i m Key observation: link between GPDs and gravitational
PARTONS form factors
o / dxxHI(x,&,1) = A9(t) +4E2C9(1) ,
Conclusion

/dxxEq(x,E, t) = BI(t) —4£2C(t) .
' Ji, Phys. Rev. Lett. 78, 610 (1997)
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Anatomy of hadrons.

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

Covariant | Spln sum rule:
extension
o | /dXX(Hq(X,ﬁ, 0) + E%(x,£,0)) = A%(0) + BI(0) = 29 .
enomenology
e e Ji, Phys. Rev. Lett. 78, 610 (1997)
Modeling m Shear and pressure distributions:
(N| TP N) = s(r) o — 1(5’3’ + p(rs” .
7 3
Polyakov and Shuvaev, hep-ph/0207153
PARTONS Polyakov, Phys. Lett. B555, 57 (2003)
. m Energy, radial pressure and transverse pressure

distributions (u* the 4-velocity at spacetime location x”):

(NIT*| Ny = (e + pe)utt” — pe™™ + (pr— pe)X*x” -

Conclusion

Trawinski et al., in preparation
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cea

Covariant DVCS
extension o
€
*|
Phenomenology ")/

Content of GPDs
Experimental access = = = = = = =
Tomography

Dispersion relations

Modeling

Definition p

Polynomiality
Radon transform
Positivity

Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

Exclusive processes of current interest (1/2).

Factorization and universality.

Generalized
Parton
Distributions
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Exclusive processes of current interest (1/2).

Factorization and universality.

Covariant DVC S e Q2

extension 2 - Generalized
® e
2 *
51 1L o v 8 Parton
Phenomenology 5 ")/ Q . . i
Content of GPDs & factorization DISt”bUUOnS
Experimental access of ~T7"-" e N
Tomography £ x4+ & x—& —_ y
Dispersion relations 2
24
Modeling 5 3\ |
% 7
einiton g D S D nucleon
Polynomiality =
Radon transform ~ mmmmm == P====== t bX
Positivity

Inverse Radon

Examples

PARTONS
Design
Fits

Releases

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

Factorization and universality.

Covariant DVC S e Q2

extension 2 o Generalized
3 *
51 m N v v Parton
Phenomenology 5 ")/ Q . i i
Content of GPDs & factorization DISt”bUUOnS

Experimental access

o

Tomography 2 X + E X — 5 —_— Yy
@

Dispersion relations 2
24

Modeling 5 3\
% 7

Detiiton £ e nucleon
<} p 7 p

Polynomiality =2

Radon transform 2 mm e mm e y=--===- t bX

Positivity
Inverse Radon DV M P e
Examples g o
= e e iialale

PARTONS D 2
Design 2 * 2 !
H v

factorization !
Releases N -
Conclusion X + £ X — g

Nonperturbative
A
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Exclusive processes of current interest (1/2).

Factorization and universality.

Covariant DVC S e Q2

extension _ Generalized
Parton
Distributions

Perturbative
*
2
2

Phenomenology
Content of GPDs factorization

Experimental access

o

Tomography 2 X + E X — 5 —_— Yy
@

Dispersion relations 2
24

Modeling 5 3\
% 7

Detiiton £ e nucleon
<} p 7 p

Polynomiality =2

Radon transform 2 mm e mm e y=--===- t bx
Positivity

Inverse Radon DVMP e TC S e+

Examples

PARTONS

Design

Perturbative
A
2
*
Do
|

Fits

Perturbative
A

Releases

Conclusion

Nonperturbative
A
Nonperturbative
A

oY
YvY
o
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Exclusive processes of current interest (1/2).

Factorization and universality.

Covariant DVC S e Q2

extension _ Generalized
Parton
Distributions

Perturbative
A
)
-2

Phenomenology
Content of GPDs factorization

Experimental access

13

Tomography 2 X + E X — 5 —_— Yy
[

Dispersion relations 2
24

Modeling T [N
% 7

Detiiton £ e nucleon
<} p 7 p

Polynomiality =2

Radon transform 2 mm e mm e Pmmm = t b
X
Positivity

Inverse Radon DVMP e TC S e+

Examples

PARTONS

Design

Perturbative
N
=
*

Fits

Perturbative
A

Releases

Conclusion

Nonperturbative
A
Nonperturbative
A

oY
YvY
o
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Exclusive processes of current interest (1/2).

Factorization and universality.

Covariant D\/C S e Q2

extension _ Generalized
Parton
Distributions

Perturbative
*
2
-2

Phenomenology
Content of GPDs factorization

Experimental access
Tomography

Dispersion relations

Modeling

Definition

Nonperturbative
A

Polynomiality
Radon transform 2 mmmmmmm- Pmmm = t bx

Positivity

Inverse Radon DVMP e TC S e+

Examples 'g o 'g
© e Ty " &
PARTONS 2 4 7T,|p, 2 ~y
Des 2 A 02 ! g p e’
esign £ v £ y —
g g €
factorization L factorization
Releases A" T XA v IR N
Conclusion X + 5 X — 5 X + f X — g

Nonperturbative
N
Nonperturbative
N

TY
Y Y
e}
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Exclusive processes of present interest (2/2).

Factorization and universality.

Covariant
extension

Phenomenology
Content of GPDs

imental access

Tomography

Dispersion relations

Modeling

Definif

PARTONS

Design

Fits

Releases

Conclusion

Bjorken regime : large @* and fixed xB ~ 2¢/(1 + €)
m Partonic interpretation relies on factorization theorems.
m All-order proofs for DVCS, TCS and some DVMP.

m GPDs depend on a (arbitrary) factorization scale pur.

m Consistency requires the study of different channels.

m GPDs enter DVCS through Compton Form Factors :
] Q
]:(Ea t, QQ) = / dx C <X7 3 aS(N’F)? ,UF> F(Xa &t :U’F) )
-1

for a given GPD F.
m CFF F is a complex function.
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~== Imaging the nucleon. How?
Extracting GPDs is not enough..Need to extrapolate!

Covariant 1. Experimental data fits 2. GPD extraction

extension

Hix 1:5=02,0'=4 )

Ao [pb.GeV ™) "

Phenomenology

Content of GPDs

Experimental access

Tomography o1l (zm)
@ =
Dispersion relations ol 9
-0 =
Modeling I T Y
Definition deg]
v v

Polynomiality

Radon transform 3 N u Cleon im gl ng

Positivity

Inverse Radon

Examples Images from Guidal et al.,
Rept. Prog. Phys. 76 (2013) 066202 The 2015 Long Range Plan for Nuclear Science

PARTONS
Design
Fits Sidebar 2.2: The First 3D Pictures of the Nucleon
Releases A computed tomography (CT) scan can help physicians

pinpoint minute cancer tumors, diagnose tiny broken
Conclusion bones, and spot the early signs of osteoporosis.

Now physicists are using the principles behind the &

procedure to peer at the inner workings of the proton. 5

This breakthrough is made possible by a relatively new
concept in nuclear physics called generalized parton
distributions.

An intense beam of high-energy electrons can be used by [fm] by [fm]
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Imaging the nucleon. How?

Extracting GPDs is not enough..Need to extrapolate!

Covariant

extension Extract H(x, ¢, t, ;i) from experimental data.
Phenomenology ref
_enomeno Extrapolate to vanishing skewness H(x, 0, t, ).

Experimental access

T i Extrapolate H(x, 0, t, i) up to infinite t and down to
Modeling Van|5h|ng t.

Compute 2D Fourier transform in transverse plane:

Positivity

Inverse Radon

Examples —+oco d A
Houb) = [ St (e 1A]) Hx0,~81)
JO

Design

Fits

Releases

]

Propagate uncertainties.

Conclusion

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

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

From principles to actual data.

Direct experimental access to a restricted kinematic domain.

GPD H at t = —0.23 GeV?2 and @?

GPD model: see Kroll et al., Eur. Phys. J. C73, 2278 (2013)

v
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cea

Covariant
extension

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

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)

v
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From principles to actual data.

Direct experimental access to a restricted kinematic domain.

Covariant hat is the physical region?

extension

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity

Inverse Radon

Examples
=
=
==
PARTONS ,‘:’:.':.':::3
Design
Fits
Releases
Conclusion

GPD model: see Kroll et al., Eur. Phys. J. C73, 2278 (2013)

4
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From principles to actual data.

Direct experimental access to a restricted kinematic domain.

Covariant m finite beam ener

extension

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS

Design

Fits

Releases

Conclusion

GPD model: see Kroll et al., Eur. Phys. J. C73, 2278 (2013)

4
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From principles to actual data.

Direct experimental access to a restricted kinematic domain.

Covariant
extension

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS

Design

Fits

Releases

Conclusion

GPD model: see Kroll et al., Eur. Phys. J. C73, 2278 (2013)

v
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cea

Covariant
extension

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

From principles to actual data.

Direct experimental access to a restricted kinematic domain.

The cross-over line

GPD model: see Kroll et al., Eur. Phys. J. C73, 2278 (2013)

v
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cea

Covariant
extension

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

From principles to actual data.

Direct experimental access to a restricted kinematic domain.

The black curve is what is needed for transverse plane imaging!

GPD model: see Kroll et al., Eur. Phys. J. C73, 2278 (2013)

4
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~5= From principles to actual data.
Cea L

Direct experimental access to a restricted kinematic domain.

Covariant sity plot of Hat t 0.23 GeV
extension

Phenomenology -

Content of GPDs 0.9

Experimental access C

Tomography 0.8

Dispersion relations =

Modeling 0'7;

Definition 0.6 ;

Polynomiality E

Radon transform 0.5

Positivity E

Inverse Radon 0.4F

Examples -

PARTONS 0-3:£ = §max

Design E

Fits 0'2;

Releases =

0'1:_C - _
Conclusion FS — ‘5111111 ) ) )
-1 0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.
X ¢ ="d
GPD model: see Kroll et al., Eur. Phys. J. C73, 2278 (2013)
v
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y From principles to actual data.
cea 2 L

Direct experimental access to a restricted kinematic domain.

Covariant s|ty plot Of H at t

extension

Phenomenology

0.
Content of GPDs
Experimental access 0.
Tomography
0.
Dispersion relations
. 0.
Modeling
Definition 0. \
Radon transform E
Positivity o ;f — E max

> N ® ©

5

Polynomiality

w

Inverse Radon

0.2

Examples

PARTONS 01 -

Design :E .Smin | |

Fits -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0,6 0,
X

e = Not a hopeless task: x and & dependence of GPDs are
strongly tied (polynomiality)!

s

Conclusion

m Need for GPD modeling and flexible parameterizations.
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cea Dispersion relations and the lines x = +£.
= Relation between ReH (&) and H(x = ££,€) at leading order. 7

Covariant
extension

m Write dispersion relation at fixed t and Q?:

. "0 d "+l 1 1
o | ReH (&) / —wImC(w) {/ dx { } H(x, X)
enomenology 1 e 1

wg—x_wg—i—x

Oipain i +Z(w) } :

Modeling

Diehl and Ivanov, Eur. Phys. J. C52, 919 (2007)
m At leading order in o, (no kinematic corrections):

ImC(w) W[d(w —1)—d(w+ 1)} :

m Dispersion relation simplifies to:

PARTONS

Design

Fits

Releases

"+l 1 1
Conclusion Re%(f) 0.8 /_1 dx |:w£ v wf T x
ImH(€) o< H(EE) — H(—¢&,€) .

m In principle tomography not possible at.eading order...
H. Moutarde | QCD Workshop 2018 - Camburi | 11 / 46
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DVCS analysis and fits.

No global GPD fit has been obtained so far.

Covariant m GPD fits only in the small xg region with a flexible
e parameterization (kinematic simplifications).
Phenomenology m Global fits of CFFs in the sea and valence regions.
e m Some GPD models with non-flexible parameterizations
= adjusted to experimental DVCS or DVMP data.
Moreling Kumericki et al., Eur. Phys. J. A52, 157 (2016)
o m Unclear model-dependence on tomographic images
poen vl obtained from CFF fits relying on leading order and
A leading twist analysis.
PARTONS The situation can be improved!
- m GPD parameterizations satisfying a priori all theoretical
Conclusion constraints on GPDs.

m Computing framework to go beyond leading order and
leading twist analysis.
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How can we implement all the-
oretical constraints in flexible
GPD parameterizations?

«O0>» «F>» «E>»

<

Q>



Spin-0 Generalized Parton Distribution.

Definition and simple properties.

Covariant ng (X7 g./ t) =

extension
1 [dzm p+,- A z z A
9 e py B (C2) g (2) e 2
Phenomenology 2 . 21 : 2 q 2 vq 2 2 zt=0
Content of GPDs z| =0
with t = A2 and &€ = —A*/(2P).

Modeling

Definition

References

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

PARTONS Radyushkin, Phys. Lett. B380, 417 (1996)
e m PDF forward limit
Conclusion

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

Definition and simple properties.

Covariant ng (X7 g./ t) =

extension o
} dieiXPsz* 7TP+é a(_z)f}ﬂ»q(Z) ﬂ'P—é

Phenomenology 2 21 ’ 2 2 2 2 zt=0
Content of GPDs ’ z| =0
Experimental access
Tumugvaphyl Wlth t= AQ and E — —A+/(2P+)
Dispersion relations h
Modeling

Definition

References

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

PARTONS Radyushkin, Phys. Lett. B380, 417 (1996)
e m PDF forward limit
Conclusion

m Form factor sum rule

+1
/ dxHO(x, €, 8) = FI(8)

1
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Spin-0 Generalized Parton Distribution.

Definition and simple properties.

Covariant Hg_ (X’ 57 t) =

extension

1 [dzm pr,- Al z\ , [z
Phenomenology 2./271'6 W’P—i_E q(_§>7 q<§)

A
P—=
ﬂ—/ 2>z+0
Z1

with t = A% and ¢ = —AT/(2PT).

References

Miiller et al., Fortschr. Phys. 42, 101 (1994)
Ji, Phys. Rev. Lett. 78, 610 (1997)
Radyushkin, Phys. Lett. B380, 417 (1996)
C'”l m PDF forward limit
e m Form factor sum rule

PARTONS

Design

Fits

m HY is an even function of £ from time-reversal invariance.
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~5=  Spin-0 Generalized Parton Distribution.

Definition and simple properties.

Covariant Hg_ (X’ 57 t) E

extension

1 [dzm pr,- Al z\ , [z
Phenomenology 2./27{-6 W’P—i_E q(_§>fy q(Z)

Content of GPDs

Experimental access

Tomography

et e With t= A% and £ = —AT/(2PT).

Modeling
Definition

Polynomiality

References

Radon transform

Positivity

Inverse Radon

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

Examples

PARTONS

Design

Fits

Releases

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.

Conclusion
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cea Spin-0 Generalized Parton Distribution.

Not so simple properties.

Covariant

extension ] Polynomia"ty

Phenomenology ~+1
Content of GPDs q - : .
ot 70- / dxx"H(x, &, t) = polynomial in &

Tomography —1

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

H. Moutarde | QCD Workshop 2018 - Camburi | 15 / 46



Spin-0 Generalized Parton Distribution.

Not so simple properties.

Covariant

extension ™ Polynomiality

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

Lorentz covariance
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Spin-0 Generalized Parton Distribution.

Not so simple properties.

Covariant

extension | Polynomia"ty
Lorentz covariance

Phenomenology ..
Content of GPDs m Positivity

Experimental access

Tomography

Dispersion relations X + X —
Modeling Hi(x, &, 1) < q<1+§>q<1—§>

Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion
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Spin-0 Generalized Parton Distribution.

Not so simple properties.

Covariant
extension

m Polynomiality

Phenomenology

Content of GPDs ] Positivity
Experimental access

Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

Lorentz covariance

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

Not so simple properties.

Covariant

extension n Polynomiality

Lorentz covariance

Phenomenology

Content of GPDs [} POSiti\Iity

Experimental access

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

Definition

Polynomiality

Radon transform

Positivity

Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion
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Spin-0 Generalized Parton Distribution.

Not so simple properties.

Covariant

extension ™ Polynomia"ty
Phenomenology Lorentz Covariance
Content of GPDs ] Positivity

Experimental access
Tomography

Positivity of Hilbert space norm

Dispersion relations

Modeling m H9 has support x € [—1, +1].
Definition
o Relativistic quantum mechanics

Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion
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cea Spin-0 Generalized Parton Distribution.

Not so simple properties.

Covariant
extension

m Polynomiality
Lorentz covariance
Phenomenology m Positivity

Content of GPDs
Experimental access Positivity of Hilbert space norm
Tomography

Dispersion relations

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

Polynomiality

Radon tansform m Soft pion theorem (pion target)

Positivity

Inverse Radon 1 1
Examples Hq(X,£ — 17 t= 0) - 7¢g ( . X)
PARTONS 2

Design

Fits

Releases

Conclusion
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cea Spin-0 Generalized Parton Distribution.

Not so simple properties.

Covariant

extension ] Polynomia“ty

Lorentz covariance

Phenomenology
Content of GPDs [} POSItIVlty

Experimental access

Tomosarhy Positivity of Hilbert space norm

Dispersion relations

Modeling m HY has support x € [—1, +1].

Definition

pobmoniatis Relativistic quantum mechanics
Radon transform

A m Soft pion theorem (pion target)

Examples . . .
PARTONS Dynamical chiral symmetry breaking
Design

Fits

Releases

Conclusion
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cea Spin-0 Generalized Parton Distribution.

Not so simple properties.

Covariant

extension ] Polynomia"ty

Lorentz covariance

Phenomenology

o e m Positivity

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

o Relativistic quantum mechanics
e o m Soft pion theorem (pion target)

Ecamples

PAR:'ONS Dynamical chiral symmetry breaking
Desin

e How can we implement a priori these theoretical constraints?
Conclusion

m In the following, focus on polynomiality and positivity.

m Do not discuss the reduction to form factors or PDFs.
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7 Polynomiality.

Mixed constraint from Lorentz invariance and discrete symmetries.

Covariant m Express Mellin moments of GPDs as matrix elements:
extension
+1

Phenomenology / dXXm Hq(X, E./ t)
Content of GPDs J—1
Experimental access

1 A = A
Tomography o _ +/- +\m
Dispersion relations - W P+ 5 CI(O)’Y (I D ) q(()) P— 5
Modeling
— m |dentify the Lorentz structure of the matrix element:
Radon transform
Posiiity linear combination of (PT)™1=K(AT)k for 0 < k < m+1
Inverse Radon
o m Remember definition of skewness At = —2£PT.
PARTONS

Design

Select even powers to implement time reversal.

Fits

Relesses m Obtain polynomiality condition:
Conclusion 1 m
[ o€, 6 = D (26 €01+ (26)™ (1)
- i=0

even
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7 Polynomiality.

Abstract formulation: the range of the Radon transform.

Covariant m Assume the existence of D9(z, t) such that:
+1
Phenomenology /l dZZmD(Z7 t) - qqﬂerl(t) :
r— m HI(x, &, t) — D(x/€, t) satisfies polynomiality at order m:
per . .
Modeling i
/ axxm (9 €,8) — D(/e. ) = D (26l (1)
Polynomiali _1 i—0
m In the Radon transform framework, this is the
PARTONS Ludwig-Helgason consistency condition.
e m Thus, there exists a function Fp such that:
Conclusion H(x, &, t) = D(x/€, t)—l—/ dpda Fp(5, a, t) (x—p—al) .
Qpp

The support Qpp = {|a| + |B] < 1} is related to the GPD
physical domain |x|, |¢] < 1.
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Double Distributions.

Relation to Generalized Parton Distributions.

Covariant m Most general representation of GPD:

extension
Phenomenology Hq(X'> 57 t) - / d/Bda 6(X_ /3 - (yf) (Fq([37 Oé? t) + €Gq(6* O(, t))
Content of GPDs QDD

mental access

m Support property: x € [—1,+1].

Modeling m Discrete symmetries: F7 is a-even and GY is a-odd.
Pomomiiy m Gauge: any representation (F9, G9) can be recast in one
o e representation with a single DD f7:

Inverse Radon

Examples

PARTONS H(x, &, t) = X/ dfda f]{_l)l\lKS(Bv a, t)d(x — B — af)
Design QDD

Fits

Releases

Belitsky et al., Phys. Rev. D64, 116002 (2001)
Hix6t) = (1= [ ddda (80,850 5 - at)

Qpp

Conclusion

Pobylitsa, Phys. Rev. D67, 034009 (2003)
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Double Distributions.

Ce@ Lorentz covariance by example.

Covariant
extension

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

Content of GPDs

L H(x, €) = 3x / dBdad(x— B — ag)
Modeling JQ
Ebom m Simple analytic expressions for the GPD:

6x(1

H(x,&) = ( 2)1f0<\£|<x<1

PARTONS —&
(x + [€])
Releases H(X f) = if — ‘f‘ <X < ’6‘ < 1.

€1(L+ 1€l

Conclusion
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Double Distributions.

Lorentz covariance by example.

m Compute first Mellin moments

Covariant
: 41

extension n [:25 dXXnH(X, é‘) f dxx"H é_) [j_é dXXnH(X7 5)
Phenomenology
Content of GPDs 0 1+§—2§2 262 1
Experimental access 1 _;’_E 1+£
Tomography
Dispersion relations
Modeling 1 1+€‘(”$2 3363 lzi 1262

ition 2(1+¢ +&

Polynomiality
Radon transform . . .
Positivity ) 3(1—€) (14264362 4-4€3) 6¢% 3(14£2)
:wersel Radon 10(1+E) 5(1+£) 10

xamples
PARTONS 5 - s .
3| 1He+elet 58 6£° L+t
Fits 5(1+¢) 5(1+¢) 5
Releases
Conclusion 4 1+£+£2+£3+£4+£576£6 ﬁfﬁ l+£2+f4

7(1+€) 7(1+8) 7

m Expressions get more complicated as n increases... But
they always yield polynomials!
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Covariant
extension

Phenomenology
Content of GPDs

imental access

Disper:

Modeling

Definition

transform
vity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

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 and DD in Belistky et al. gauge

VITE,,

X, 5) - RfBl\r’IKS (57 ¢) )

X
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Covariant
extension

Phenomenology
Content of GPDs

imental access

Disper:

Modeling

Definition

transform
vity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

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 and DD in Pobylitsa gauge

«/1+£2H

1 — (Xaf):RfP (57¢> )
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The range of the Radon transform.

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

Covariant

extension m The Mellin moments of a Radon transform are
homogeneous polynomials in w = (sin ¢, cos ¢).
Ph I .
onemens o8y m The converse is also true:
Experimental access
Tomegaphy Theorem (Hertle, 1983)
Dispersion relations
Modeling Let g(s,w) an even compactly-supported distribution. Then g
P is itself the Radon transform of a compactly-supported
Radon transform distribution if and only if the Ludwig-Helgason consistency
e condition hold:
Examples
PARTONS (i) gis € inw,
Design . i i
Fis (i) [ dss™g(s,w) is a homogeneous polynomial of degree m for all
e integer m > 0.
Conclusion
.

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

H. Moutarde | QCD Workshop 2018 - Camburi | 21 / 46



-~ |mplementing Lorentz covariance.
cea .mp 5

Extend an overlap in the DGLAP region to the whole GPD domain.

Covariant DGLAP and ERBL regions

extension

(x,§) € DGLAP <« |s| > |sing|,

Phenomenology

enomenel (x,¢§) € ERBL < |s| <|[sing|.
r— a

Dispersion relations

Modeling
Definition IB = (X - 5)/(1 + 5)
Polynomiality

Radon transform

S W B=(x—8/1-¢ Each point (B,a)
PARTONS _ [77 with 5 7é 0

Design ‘ > contributes

e O (x+6/(1+€) to both DGLAP and
Conclusion '

ERBL regions.

= (x+9/01+9)
Qpp (‘Oz‘ + ‘3 '
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cea Positivity.

A consequence of the positivity of the nom in a Hilbert space.

Covariant
extension . .
m Identify the matrix element defining a GPD as an inner

Phenomenology product of two different states.

o e m Apply Cauchy-Schwartz inequality, and identify PDFs at
S specific kinematic points, e.g.:
Modeling

- 1 x+¢ x—§

Radon transform Hq X ) <

== Hs Ol <\ T=a9\ 1) I\ 1=¢
PARTONS m This procedures yields infinitely many inequalities stable
oo under LO evolution.
CRII Pobylitsa, Phys. Rev. D66, 094002 (2002)

m The overlap representation guarantees a priori the
fulfillment of positivity constraints.
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cea Overlap representation.

A first-principle connection with Light Front Wave Functions.

Covariant

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

Phenomenclog| (: P \) = /[dXdkﬂN’l/)Ef’/\) (i, kit, - xn ko) |8, ki, - kn)
y cess NG

m Derive an expression for the pion GPD in the DGLAP

Modeling )

o region £ < x < 1:

Ra * - B ,A o N A) .

" HI(x, € ) oc Y / [dxdk | g (x—%7) (5 )* (K, &)Y (%, K L)
Examples 31

PARTONS _ N

oo with X, k| (resp. ¥, k' ) generically denoting incoming

Rl (resp. outgoing) parton kinematics.

Conclusion

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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Overlap representation.

Advantages and drawbacks.

Covariant

extension m Physical picture.
m Positivity relations are fulfilled by construction.
Phenomenclogy m Implementation of symmetries of N-body problems.
E::vwll What is not obvious anymore
Modeling What is not obvious to see from the wave function
o representation is however the continuity of GPDs at x = £¢
e and the polynomiality condition. In these cases both the
e foer DGLAP and the ERBL regions must cooperate to lead to the
PARTONS required properties, and this implies nontrivial relations
oo between the wave functions for the different Fock states
Reesses relevant in the two regions. An ad hoc Ansatz for the wave
Conelusion functions would almost certainly lead to GPDs that violate
the above requirements.
Diehl, Phys. Rept. 388, 41 (2003)
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~-= Implementing Lorentz covariance.
cea mp 5

Extend an overlap in the DGLAP region to the whole GPD domain.

Covariant
extension

Phenomenology
Content of GPDs
Experimental access

Temosarhy For any model of LFWF, one has to address the following

Dispersion relations
Modeling three questions:

Definition

Polynomiality . .
o st Does the extension exist?
Positivity

Inverse Radon

Exarples If it exists, is it unique?
PARTONS

Design

How can we compute this extension?

Fits

Releases

Conclusion
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~——  |mplementing Lorentz covariance.
cea 'mp <

Uniqueness of the extension.

Covariant Consider a GPD H vanishing on the DGLAP region and write it
as a Radon transform:

Phenomenolo,
L HM@—L dBda [Fp(8,0) +6(8)D(a)] 6(x— B - a) .
S Jomn

Dispersion relations

Modeling m Fp(B,a) =0 for all @ and 3 > 0.

ooty Boman and Todd-Quinto, Duke Math. J. 55, 943 (1987)
o e m Up to D-term-like contributions, the DGLAP region

e Raden completely characterizes a GPD.

PARTONS m Modeling strategy:

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

Conclusion Ensure polynomiality by inverting the Radon transform to

identify an underlying DD.
Chouika et al., Eur. Phys. J. C77, 906 (2017)

H. Moutarde | QCD Workshop 2018 - Camburi | 27 / 46



Covariant
extension

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

lll-posedness in the sense of Hadamard.

A first glimpse at the inverse Radon transform.

m Numerical evaluation almost unavoidable (polar vs
cartesian coordinates).

m lll-posedness by lack of continuity.

m The unlimited Radon inverse problem is mildly ill-posed
while the limited one is severely ill-posed.

m Even if it existed, an analytic expression of the invert
Radon transform would be of limited practical use.

.__

2 o L L I I I

0
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Covariant
extension

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

Computation of the extension.

Problem reduction.

GPD

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

ER

BL

H. Moutarde ‘ QCD Workshop 2018 - Camburi

DGLAP

ERBL

DGLAP

-1
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Computation of the extension.

Problem reduction.

Covariant How can we get a DD from a GPD in the DGLAP region?
extension m Restrict to quark GPDs (8 > 0).

Phenomenology
Content of GPDs

Experimental access

Tomography G P D
Dispersion relations

Modeling \\aX &

Definition \ 1

A

Polynomiality

Radon transform
Positivity

Inverse Radon
¥ ERBL
PARTONS \ N

Design

Fits -1

Releases

T /

Examples

=
™
—
DGIAP
==
x

Conclusion

ERBL

-1
y 4
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Computation of the extension.

Problem reduction.

Covariont How can we get a DD from a GPD in the DGLAP region?
extension m Restrict to quark GPDs (5 > 0).
m Only ERBL region "sees” both 8> 0 and 8 < 0.

Phenomenology
Content of GPDs

Experimental access

Tomography G P D

Dispersion relations

Modeling . F
Defi

Inverse Radon

ERBL

Examples

PARTONS
Design z z

- = &)
Fits -1 1 -1

Releases

Conclusion ERBL

DGIAP
=

1 -1

4
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Computation of the extension.

Problem reduction.

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

Covariant
extension m Restrict to quark GPDs (5 > 0).
m Only ERBL region "sees” both 8> 0 and 8 < 0.
Phenomenology ) ‘
Content of GPDS m Use a-parity of the DD.
Experimental access
Tomograph;
Modeling a F
Definition 1
Positivity
Inverse Radon
Exampes ERBL
PARTONS %
Design
1 TP 5| © 1~
Releases e
Conclusion ERBL
-1 -1
y ”
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e

Covariant
extension

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

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
Covariant
. \I’/:o(XAkL) = 8Vlbn—m
extension ] 2
(k3 + M)
Phenomenology . kl MQ
Content of GPDs IkIL \I]/:l (X, kL) — 8 \/ ]_5 T 2L722
(k2 + M)

(1—x)x,

(1—x)x, j=1,2

Experimental access

Tomography

Dispersion relations
Modelin = [ — =3
€ H(x, & t=0 H(x, & =0.5,t
Definition - ’
Polynomiality . R
—— numerical result —— numerical result
Radon transform ) .
=== analytical result —-- analytical result
Positivity =
Inverse Radon e | > | "~
Erms s [ 2o
IR I
PARTONS ! o % Lo
o T
Design | | >
-1 41X
Fits | [ 55
T2 r-2
Releases i1 o
Conclusion 08 15
/ 06‘4» 02>
foa J-03 &
Ry T oy S 02 Ry R N LY
1205025 0 025 05 075 1.05

75 05 0.25 )? 025 05 075 1 o L
Chouika et al., Eur. Phys. J. C77, 906 (2017)
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Examples - benchmarks (2/4).

Algebraic spectator model.

Covariant ¢ —p—1
extension k o gl\”Qp —p Mf ki "‘ m2 ki + AQ
SD(X7 J_) - X - -
v1—x X 1—x
Phenomenology

Comentof GP0s Hwang and Miiller, Phys. Lett. B660, 350 (2008)

Experimental access

Tomography

Dispersion relations

Modeling H(X“ 6# t — 0) H(X*€ — 05* t)

Definition
Polynomiality —— numerical result —— nhumerical result
Radon transform —--=- analytical result --- analytical result
Positivity

Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

1-05

1 075 05 g9 ey T a—————— I
0s 0 )? 025 05 075 1 107505025 0 025 05 075 1 .o
X

v

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

Regge-behaved Radyushkin DD Ansatz model.

Covariant Radyushkin DD Ansatz with phenomenological PDF:

extension
%) 35 (1 —x)3
Phenomenology qR,egge X) = 5 °
' 32 y/x

Content of GPDs
Experimental access

Tomography

Dispersion relations H(X. SC* — 0)
Modeling
Definition —— numerical result
Polynomiality -=-= analytical result
Radon transform
Positivity 14
Inverse Radon j 12 <
Examples ‘J 180 $

=
PARTONS I‘ j RS
Design I
Fits
Releases /
Conclusion 'W ——— 002'

5025 0 025 05 075 3 o
y

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

Covariant
extension

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

Examples - benchmarks (4/4).

Gaussian wave function model.

107505 025 5 o35 ox
5025 0 025 g5 1
2 075 1 0

2
k7

— ﬂ A /X(l _ X) ei4M2(lf><)>< .

H(x, & 0.5,¢)

V2]

T
=8
¢[Ge

1 075 05 fo}??)"ofz?ofif&ﬁ"
X ] -

v

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

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

Take home message.

What has been done, what remains to be done.

]

Modeling: GPDs (not CFFs) have to be extracted from
measurements to learn about hadron structure.

Generic procedure to build models satisfying all
theoretical constraints.

Remark: soft pion theorem can be fulfilled too!
Chouika et al., Phys. Lett. B780, 287 (2018)
Extension to spin-1/2 hadron in progress.

Integration in computing chain from GPDs to observables
(PARTONS framework) in progress.

Still have to figure out how to input phenomenological
parameterizations of PDFs and form factors for global
GPD fits.
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How do we relate all this to ac-
tual measurements?

PARtonic
Tomography

Nucleon
Software

P%TdNS of

«O0>» «F>» «E>»



~==  Computing chain design.

Differential studies: physical models and numerical methods.

Covariant
extension Experimental
o data and Full processes
enomenology
Content of GPDs phenomenology
Experimental access
Tomography
Dispersion relations
Modeling
Definition
2u:‘ynur:|inlit: Computation Sma” dIStanCG
Posiiviy of amplitudes contributions
Inverse Radon
Examples
PARTONS
Design
Fits .
Releases First
Conclusion principles and Large dIStance
fundamental contributions
parameters
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~==  Computing chain design.

Differential studies: physical models and numerical methods.

Covariant
extension Experimental
o data and Full processes
enomenology
Content of GPDs phenomenology
Experimental access
Tomography
Dispersion relations
Modeling
Definition
2u:‘ynur:|inlit: Computation Sma” dIStanCG
Posiiviy of amplitudes contributions
Inverse Radon
Examples
PARTONS
Design
Fits .
Releases First
Conclusion principles and Large dIStance
fundamental contributions
parameters
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cea Computing chain design.

Differential studies: physical models and numerical methods.

Covariant — —

extension Experimental " n o
o data and g O =

enomenology A — >
Content of GPDs phenomenology ]
Experimental access — ~

—h——————h——————Ah—
Tomography N N N
Dispersion relations
) — ¥ ¥—— ¥ —
Modeling ()
Definition U) D—
Polynomiality Com putation @) 8 z
Radon transform ] > = >
Positivity Of am pI 1tu d es a a
Inverse Radon » d )
Examples 7 Y o
PARTONS ~
Design S
Fits
Releases First [GPD at 14 # /’L?f}
Conclusion principles and TEvolution
fundamental [ GPD at et ]
a
parameters HE
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cea Computing chain design.

Differential studies: physical models and numerical methods.

Covariant — —
extension Experimental &) o = Many
data and g ¢ =
Phenomenology 5 I_ > Observa b|eS.
Content of GPDs henomen0|o ] H H
Experimental access P &Y ) m Kinematic reach.
——h—————————————
Tomography . . .
Dispersion relations
. —¥———¥—¥—
Modeling ( \ (
Definition U) D—
pobmomaity Computation O 3 =
Radon transform . > — >
Positivity Of am pl 1tu des (@) (|
Inverse Radon » d )
Examples i i’
PARTONS %
Design . . : . .
Fits
Releases F | rSt [ G P D at lu’ # /’L?fJ
Conclusion principles and 1Evo|ution
fundamental [ GPD at e ]
a
parameters i
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Covariant
extension

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Defi

Positivity

Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

Computing chain design.

Differential studies: physical models and numerical methods.

Experimental
data and
phenomenology

Need for
modularity

Computation
of amplitudes

First
principles and
fundamental
parameters

'
(9]

(9]
g O
a =

-/

(DVMP |

Many
observables.

Kinematic reach.

[GPD at pu # ,ur,_-ef}
$ Evolution
| GPDatp |

Perturbative
approximations.

Physical models.
Fits.

Numerical
methods.

Accuracy and
speed.
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cea

Covariant
extension

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

Computing chain design.

Differential studies: physical models and numerical methods.

Experimental
data and
phenomenology

Need for
modularity

Computation
of amplitudes

First
principles and
fundamental
parameters

0 'S )
wn o
(9p]

S |el |12
a = a)
- —- )

: : :
) — )
wn o
(9p]

s |e |12
al |kl B
w‘.‘ - ..4 N
S

L

[GPD at pu # ,ur,_-ef}
TEvqution

Many
observables.

Kinematic reach.

| GPDat el |

Perturbative
approximations.

Physical models.
Fits.

Numerical
methods.

Accuracy and
speed.
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Computing chain design.

Differential studies: physical models and numerical methods.

Covariant
extension Experimenta| wn o u Many
data and Y & =

Phenomenology 5 I_ > Observa b|eS.
Cnnte.nlnfGPDs phenomenology D . )
Expermental acess ) m Kinematic reach.
o i Need for
Modeling modularity Y

Dy

m Perturbative
approximations.

Computation

posiiiy of amplitudes '
e e J |m Physical models.
PARTONS ! m Fits.
e First [GPD at p # M?f} m Numerical
Conclusion i H | d methOdS.
principles an ¥ Evolution
fundamental [ GPD at <t ] m Accuracy and
parameters at fbp speed.
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cea

Covariant
extension

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

Computing chain design.

Differential studies: physical models and numerical methods.

Experimental
data and
phenomenology

Need for
modularity

Computation
of amplitudes

First
principles and
fundamental
parameters

0 'S )
wn o
(9p]

S |el |12
a = a)
- —- )

: : :
) — )
wn o
(9p]

s |e |12
al |kl B
w‘.‘ - ..4 N
S

L

[GPD at pu # ,ur,_-ef}
1Evo|ution

Many
observables.

Kinematic reach.

| GPDat g |

Perturbative
approximations.

Physical models.
Fits.

Numerical
methods.

Accuracy and
speed.
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53 GPD or CFF fits (1/3).

— Local fit of CFFs

oo

Saclay

Covariant

extension
Phenomenolo, 7 nerve }
3% ;3, PARTONS partons_fits v @
Content of GPDs
Experi @ partons_fits Mon, Sep 26, 2016
xperimental access
Tomography : pawel 3:16 P\
Dispersion relations FCN=1.00128e-11 FROM MIGRAD  STATUS=CONVERGED 44 cALLS a5
TOTAL
i EDM=2.00186e-11  STRATEGY= 1 ERROR MATRIX ACCURATE
odeling
EXT PARAMETER STEP FIRST
Definition NO.  NAME VALUE ERROR SIZE DERIVATIVE
Polynomiali Town Sque 1 fit_CFF_H_Re 6.67247e-02 1.34241e+00  2.92531e-05 -7.02262e-07
olynomiality el 2 fit_CFF_H_Im  1.2423le+01 1.07342e+00 1.80608e-05 1.71071e-04
Radon transform rele 3 fit_CFF_E_Re -3.94789e+00 fixed
tual_m: 4 fit_CFF_E_Im -1.64116e-01 fixed
Positivity 5 fit_CFF_Ht_Re 1.54183e+00 fixed
Inverse Radon 6 fit_CFF_Ht_Im  2.59017e+00 fixed
7 fit_CFF_Et_Re 5.41102e+01 fixed
Examples 8 fit_CFF_Et_Im 3.79052e+01 fixed
EXTERNAL ERROR MATRIX. ~ NDIM= 25  NPAR= 2  ERR DEF=1
PARTONS 1.804e+00 7.961e-03
7.961e-03 1.153e+00
Design PARAMETER CORRELATION COEFFICIENTS
i NO. GLOBAL 1
its 1 0.00552 1.000 ©.006
Releases 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 m 2
Help
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CQ@ GPD or CFF fits (2/3).

Global fit of CFFs using a analytic parameterization.

Covariant
extension

Phenomenology

Content of GPDs

Experimental access = Kinematic cuts Q2>1.5GeV2  (where we can rely on LO approximation)
Tomograph; . .
oosrry 4/Q2<0.25 (where we can rely on GPD factorization)

Dispersion relations

Modeling u x2/ndf 3272.6/(3433-7)=0.96
Definition
Polymomiality u Free parameters aHsear 3flval Afisear  Csubs Bsubr  NE, NE
Radon transform
Positivity ® 2/ ndf per data set [1] Phys. Rev. C 92, 055202 (2015)
Inverse Radon [2] Phys. Rev. Lett. 115, 212003 (2015)
Examples [3] Phys. Rev. D 91, 052014 (2015)
PARTONS Experiment Reference Observables N points all N points selected chi2 chi2 / ndf
Deci
Fijzlg" HallA [1]KINX2 olu 120 120 1350 119
Releases Hall A [1KINX2 Aoy 120 120 9.9 088
HallA [1]KINX3 olu 108 108 2748 272
Conclusion Hall A [1]KINX3 AolU 108 108 1073 106
CLAS U] olu 1933 1333 1089.2 0.82
CLAS [ AolU 1933 1333 1719 0.88
CLAS 6] AUL,ALU, ALL 498 305 3381 113
Pawel Sznajder DIS 2017 12
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GPD or CFF fits (2/3).

Global fit of CFFs using a analytic parameterization.

cea

Covariant
extension

Phenomenology

Content of GPDs CLAS: AUL and ALL 0.68cl.
Experimental access @xg=0.26,t=-0.23 GeV2 Q2= 2.0 GeV% E=5.9 GeV

Tomography

Dispersion relations

Modeling preiminary AUL

Definition
Polynomiality . )
Radon transform
Positivity ! )
Inverse Radon

0 \ 0.
Examples 1

PARTONS

Design

AL

L1

T

AUL
ALL

Fits

POF e POF unc.
Releases
ol POF UnC. oI POF Unc.

Conclusion

Dirac FF unc. Dirac FF unc

Thn 2n % Thn 2n

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

Pawel Sznajder DIS 2017 16

-
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cea

Covariant
extension

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

GPD or CFF fits (3/3).

Global fit of CFFs using neural networks.

fe

Saclay

Neural network global fit of CLAS asymmetries, May 31 7

Q2

Pawe! Sznajder

= Qur very first attempt to use NN technique — proof of
feasibility

= Genetic algorithm (GA) to lear NN

= NN and GA libraries by PARTONS group

Re CFF
Im CFF _ _
= Very simple design of NN
u CLAS asymmetry data only
» x2/ndf=273.9/(305-68)=1.16
Nucleon and Resonance Structure Workshop 2017 B
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Open source release.

Publicly available on CEA GitLab server.

Covariant
extension < partons.ceafr
=
) I
Phenomenology PARTONS PARtonic Tomography Of Nucleon Software Tyrohe

Content of GPDs
Exveri Main Page Download Tutorials + Reference documentation + About +
xperimental access

Tomography
Dispersion relations R
Main Page

Modeling
Definition What is PARTONS? Table o Gontents

Polynomiality

PARTONS is a C++ software framework dedicated to the & What is PARTONS?
Radon transform o Parton Distr (GPDs). . L Get PARTONS
Positivity GPDs provide a comprehensive description of the partonic PAHTdNS e O
Inverse Radon structure of the nucleon and contain a wealth of new Lt
Examples information. In particular, GPDs provide a description of the e
nucieon as an extended object, referred to as 3-dimensional 4 Contact and newsletter
PARTONS nucieon tomography, and give an access to the orbital angular momentur of quarks.
Design PARTONS provides a necessary bridge between models of GPDs and experimental data
Fits measured in various exclusive channels, like Deeply Virtual Compton Scattering (DVCS) and Hard Exclusive Meson Production (HEMP).
The experimental programme deveted to study GPDs has been carrying out by several experiments, ke HERMES at DESY (closed).
il CCOMPASS at CERN, Hall-A and CLAS at JLab. GPD subject will be also a key component of the physics case for the expected Electron
. lon Colider (EIC).
Conclusion

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

Get PARTONS
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Open source release.

Publicly available on CEA GitLab server.

Covariant

extension < & drf-gitlab.cea.fr

p GitLab  Projects Snippets  Help This group

Phenomenolo,
gy - partons » = core » Details

Content of GPDs

Experimental access

&
Tomography e
Dispersion relations 1] f
Modeling n core o
Definition

&
Polynomiality

Filter by name... Last created
Radon transform
Positivity artons
m e B ) °
Inverse Radon PARTONS project
Examples )
n % elementary-utils %0 @
Utilty softwares (logger, parser, threads, string and file manipulation)
PARTONS
Design 2, numa
e LI i — analysis C++ routines *0 0
its
e W n. PEtOMS-example 0 @
Running version of PARTONS with examples (C++ code and XML computing scenarios)

Conclusion

»

H. Moutarde | QCD Workshop 2018 - Camburi | 41 / 46



Open source release.

Publicly available on CEA GitLab server.

Covariant
extension < partons.ceafr
=
) e
Phenomenology PARTONS PARtonic Tomography Of Nucleon Software Farehe

Content of GPDs

Exveri Main Page Download Tutorials + Reference documentation +  About +
xperimental access

Tomography

Dispersion relations

Contact
Modeling
Defini n Main contact: partons@cea.fr.
Polynomiality
Radon transform Technical support

Positivit,
v Problems with installation and usage: partons@cea.r.

Inverse Radon

Examples
Newsletter
PARTONS Sign up 1o the newsletter to be informed on the new releases by sending an email to sympa@saxifrage.saclay.cea.fr with this subject (no
Design additional text needed): SUBSCRIBE partons-users.
Fits To unsubscribe, use UNSUBSCRIBE instead in the subject.
Releases
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 1.8.14

H. Moutarde | QCD Workshop 2018 - Camburi | 41 / 46



Covariant
extension

Phenomenology
Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling

Definition

Positivity
Inverse Radon

Examples

PARTONS

oo DVCS modules

Releases

Conclusion

First release content.
DVCS channel only.

GPD modules

m GK
m VGG

Vinnikov (evolution)

MMS13 (DD study)

MPSSW13 (NLO study)

m LO
m NLO
m NLO Noritzsch

Evolution modules

v

m VGG
m GV
= BMJ

Vinnikov (LO)

o, modules

4-loop perturbation

m constant value

y
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Covariant
extension

Content of GPDs
Experimental access
Tomography

Dispersion relations

Modeling
Definition
Polynomiality
Radon transform
Positivity
Inverse Radon

Examples

PARTONS
Design
Fits

Releases

Conclusion

Future releases.

A lot remains to be integrated..Contributors welcome!

Channel modules

Phenomenology | DVM P

m TCS

m M production
m 777

y

Other modules

m Mellin moments (EM
tensor, lattice QCD)
m 77?7

m DAs

m DDs

m Form factors
m PDFs

m LFWFs
m 777

Nonperturbative QCD modules

m Gap equation solver?
m «. models?
m 777
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Conclusion and prospects.

Putting all the pieces together.

Covariant

extension m We can now build generic GPD model satisfying a priori
all theoretical constraints.

Phenomenology

Content of GPDs m We now have tools to systematically relate these models
Experimental access -

S to experimental data. Open source release under
prperonreens GPLv3.0. of the PARTONS framework.

Modeling
Defi

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

Radon transform

Positivity

e o New studies become possible!
PARTONS m Global GPD fits.
b~ m Energy-momentum structure of hadrons.
S::,e;ion m Impact of nonperturbative QCD ingredients on 3D hadron
structure studies.
m 777
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