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PARTONS Argonne @
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@ PARtonic Tomography Of Nucleon Software: a software dedicated to

the study of GPDs and exclusive processes.
B. Berthou et al., PARTONS: a computing platform for the phenomenology of
Generalized Parton Distributions

arXiv:1512.06174

@ Such study requires a flexible software architecture.
@ 1 new physical development = 1 new module.
o What can be automated will be automated.
o Aggregate knowledge and know-how:
» Models
» Measurements
» Numerical techniques
» Validation
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@ Hard Part: Short distance
interactions computed through
perturbation theory.

@ Soft Part: Long distance
interactions encoded in GPDs;
realm of non-perturbative QCD.
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ORATORY

@ Hard Part: Short distance
interactions computed through
perturbation theory.

@ Soft Part: Long distance
interactions encoded in GPDs;
realm of non-perturbative QCD.

Deep Exclusive Processes are understood thanks to a combination of both
perturbative and non perturbative QCD.

This entanglement requires a flexible software to perform extensive studiesJ
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Long Range Correlations: GPDs domain Arggmgo
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Long Range Correlations: GPDs domain Arggmg3
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@ Generalised Parton Distributions (GPDs):
» are defined according to a non-local matrix element,

1 [enP's DAi—q Z\ 4 /2 A,
3 [P+ S E  G)IP - 302 000

1 q - q _iot*A,
= 5p7 [H (x, & t)oy u+ E(x, &, t)u s Y|

1 [erP's N A,
e e T G S A G [ LR
1

L F(x, ¢, )ayt Ea g AT
5P 6, 1)y ysu+ E7(x, £, 1) ul.

2M

D. Miiller et al., Fortsch. Phy. 42 101 (1994)
X. Ji, Phys. Rev. Lett. 78, 610 (1997)
A. Radyushkin, Phys. Lett. B380, 417 (1996)

4 GPDs without helicity transfer + 4 helicity flip GPDs
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Long Range Correlations: GPDs domain Arggmg3

@ Generalised Parton Distributions (GPDs):

» are defined according to a non-local matrix element,
» depend on three variables (x, ¢, t),
» can split in terms of quark flavour and gluon contributions,
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Long Range Correlations: GPDs domain Arggm]ga

@ Generalised Parton Distributions (GPDs):

ORATORY

» are defined according to a non-local matrix element,
» depend on three variables (x, ¢, t),
» can split in terms of quark flavour and gluon contributions,

» can be related to the 2+1D parton number density when £ — 0.

M. Burkardt, Phys. Rev. D62, 071503 (2000)

C. Mezrag (ANL)

PARTONS

Pion GPD in Impact
parameter space from:

CM et al., Phys. Lett. B741,
190-196 (2015)
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Long Range Correlations: GPDs domain Argonnea
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@ Generalised Parton Distributions (GPDs):
» are defined according to a non-local matrix element,
depend on three variables (x, &, t),
can split in terms of quark flavour and gluon contributions,
can be related to the 2+1D parton number density when £ — 0.
are univeral, i.e. are related to the Compton Form Factors (CFFs) of
various exclusive processes through convolutions:

vV vy VvVvyy

H(E, 1) = / dx C(x, & )H(x,&, )

R EV/HE



GPDs: What we know from the theory side Arggm]ga

@ Polynomiality Property:

[%]
/1 dx xMH(x, ¢, t) = §2jC2(’j(t) + mod(m, 2)§m+1cr?1+1(t)
1 =0

N3

Lorentz Covariance

ER 6/ 18



GPDs: What we know from the theory side Argonnea

AAAAAAAAAAAAAAAAAA

@ Polynomiality Property:
Lorentz Covariance

xX+E€ x—&
a(55) a (££)
<
A. Radysuhkin, Phys. Rev. D59, 014030
B. Pire et al., Eur. Phys. J. C8, 103

M. Diehl et al., Nucl. Phys. B596, 33
P.V. Pobilitsa, Phys. Rev. D65, 114015

Positivity of Hilbert space norm

@ Positivity property:

52
1-¢2

Hq(Xvéa t)_ Eq(X,f7 t)

1999)
1999)
2001)
2002)

Py
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GPDs: What we know from the theory side Arggmga
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@ Polynomiality Property:
Lorentz Covariance
@ Positivity property:
Positivity of Hilbert space norm
@ Support property:
x € [-1;1]
M. Diehl and T. Gousset, Phys. Lett. B428, 359 (1998)

Relativistic quantum mechanics
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GPDs: What we know from the theory side Arggmgﬁ

@ Polynomiality Property:
Lorentz Covariance
@ Positivity property:
Positivity of Hilbert space norm
@ Support property:
Relativistic quantum mechanics

@ Soft pion theorem (pion GPDs only)

M.V. Polyakov, Nucl. Phys. B555, 231 (1999)
CM et al., Phys. Lett. B741, 190 (2015)

Dynamical Chiral Symmetry Breaking
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GPDs: What we know from the theory side Arggmgﬁ

Polynomiality Property:

Lorentz Covariance

Positivity property:
Positivity of Hilbert space norm

Support property:

Relativistic quantum mechanics

Soft pion theorem (pion GPDs only)
Dynamical Chiral Symmetry Breaking

How can we implement all these constraints?
@ There is still no GPDs models relying only on first principles

@ Still several “phenomenological” approaches have been developed

R 6/ 18



Phenomenological approaches of GPDs Arggmg;g

@ Double Distribution models:
I.V. Musatov and A.V. Radysuhkin, Phys. Rev. D61, 074029 (2000)
M. Guidal et al., Phys. Rev. D72, 054013 (2005)

S.V. Goloskokov and P. Kroll, Eur. Phys. J. C42, 281 (2005)
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@ Double Distribution models:
I.V. Musatov and A.V. Radysuhkin, Phys. Rev. D61, 074029 (2000)
M. Guidal et al., Phys. Rev. D72, 054013 (2005)

S.V. Goloskokov and P. Kroll, Eur. Phys. J. C42, 281 (2005)

@ Dual model:
M.V. Polyakov and A.G. Shuvaev, hep-ph/0207153 (2002),

M.V. Polyakov and K.M. Semenov-Tian-Shansky, Eur. Phys. J. A40, 181 (2009)
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@ Double Distribution models:
I.V. Musatov and A.V. Radysuhkin, Phys. Rev. D61, 074029 (2000)
M. Guidal et al., Phys. Rev. D72, 054013 (2005)

S.V. Goloskokov and P. Kroll, Eur. Phys. J. C42, 281 (2005)
@ Dual model:

M.V. Polyakov and A.G. Shuvaev, hep-ph/0207153 (2002),

M.V. Polyakov and K.M. Semenov-Tian-Shansky, Eur. Phys. J. A40, 181 (2009)
@ Mellin-Barnes approach:

D. Miiller and A. Schéfer, Nucl. Phys. B739, 1 (2006)

K. Kumericki and D. Miiller, Nucl. Phys. B841, 1 (2010)
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@ Double Distribution models:
I.V. Musatov and A.V. Radysuhkin, Phys. Rev. D61, 074029 (2000)
M. Guidal et al., Phys. Rev. D72, 054013 (2005)

S.V. Goloskokov and P. Kroll, Eur. Phys. J. C42, 281 (2005)

Dual model:

M.V. Polyakov and A.G. Shuvaev, hep-ph/0207153 (2002),

M.V. Polyakov and K.M. Semenov-Tian-Shansky, Eur. Phys. J. A40, 181 (2009)

@ Mellin-Barnes approach:
D. Miiller and A. Schéfer, Nucl. Phys. B739, 1 (2006)

K. Kumericki and D. Miiller, Nucl. Phys. B841, 1 (2010)

Quark-diquark hybrid models:
G. Goldstein et al., Phys. Rev. D84, 034007 (2011)
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@ Double Distribution models:
I.V. Musatov and A.V. Radysuhkin, Phys. Rev. D61, 074029 (2000)
M. Guidal et al., Phys. Rev. D72, 054013 (2005)

S.V. Goloskokov and P. Kroll, Eur. Phys. J. C42, 281 (2005)

Dual model:

M.V. Polyakov and A.G. Shuvaev, hep-ph/0207153 (2002),

M.V. Polyakov and K.M. Semenov-Tian-Shansky, Eur. Phys. J. A40, 181 (2009)

@ Mellin-Barnes approach:
D. Miiller and A. Schéfer, Nucl. Phys. B739, 1 (2006)

K. Kumericki and D. Miiller, Nucl. Phys. B841, 1 (2010)

Quark-diquark hybrid models:
G. Goldstein et al., Phys. Rev. D84, 034007 (2011)

@ Mellin-Barnes approach and Dual models are in fact equivalent
D. Miiller et al., JHEP 1503, 52 (2014)
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What is inside PARTONS? Argonnea

AAAAAAAAAAAAAAAAAA

@ Four phenomenological models have been implemented:
» updated version of the Goloskokov-Kroll model (Eur. Phys. J. C42, 281

(2005))
» the Mezrag-Moutarde-Sabatié model (Phys. Rev. D88, 014001 (2013))
» the MPSSW model (Phys. Rev. D87, 054029 (2013))
» the Vinnikov model (hep-ph/0604248)
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@ Four phenomenological models have been implemented:
» updated version of the Goloskokov-Kroll model (Eur. Phys. J. C42, 281
(2005))
» the Mezrag-Moutarde-Sabatié¢ model (Phys. Rev. D88, 014001 (2013))
» the MPSSW model (Phys. Rev. D87, 054029 (2013))
» the Vinnikov model (hep-ph/0604248)
@ Make as easy as possible for users to add their own favourite model

through the modular architecture

) ) Module (GPD)
input (standardize) :: output (standardize)
Fay
Model_L (GK11) Model_2 (MPSSW13) Model_3 (..
H(x, xi, t, MuF)
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@ Four phenomenological models have been implemented:
» updated version of the Goloskokov-Kroll model (Eur. Phys. J. C42, 281
(2005))
» the Mezrag-Moutarde-Sabatié model (Phys. Rev. D88, 014001 (2013))
» the MPSSW model (Phys. Rev. D87, 054029 (2013))
» the Vinnikov model (hep-ph/0604248)
@ Make as easy as possible for users to add their own favourite model
through the modular architecture

@ Designed to be able to deal with forthcoming models based on
Light-Front Wave Functions.

CM et al., Phys. Lett. B741, 190-196 (2015)
CM et al., Few Body Sys. 57 (2016) 729-772

N. Chouika et al. arXiv:1612.01176
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@ Four phenomenological models have been implemented:
» updated version of the Goloskokov-Kroll model (Eur. Phys. J. C42, 281
(2005))
» the Mezrag-Moutarde-Sabatié model (Phys. Rev. D88, 014001 (2013))
» the MPSSW model (Phys. Rev. D87, 054029 (2013))
» the Vinnikov model (hep-ph/0604248)
@ Make as easy as possible for users to add their own favourite model
through the modular architecture

@ Designed to be able to deal with forthcoming models based on
Light-Front Wave Functions.

CM et al., Phys. Lett. B741, 190-196 (2015)
CM et al., Few Body Sys. 57 (2016) 729-772

N. Chouika et al. arXiv:1612.01176

@ Inbuilt evolution kernel is fully automatised, even for non-inbuilt
models.
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Short range interaction Argonnea

e Compton Form Factors (CFF):
3(6.1) = [ de CleMOx. 61

{ %j‘((f, deCR &, )H(Xv‘fa t)
\Sg{ f, deCl x, &, )H(X>£7 t)

R o/ 18



Short range interaction Argonnea

e Compton Form Factors (CFF):
3(6.1) = [ de CleMOx. 61

RH(E, t) = [dxCr(x, & t)H(x, &, t)
SH(E, t) = [dxC(x. & t)H(x, &, t)
@ At LO only quarks contribute to the hard kernel (DVCS):
The imaginary part of the CFF is proportional to the GPD at x = &.
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Short range interaction Argonnea

e Compton Form Factors (CFF):
3(6.1) = [ de CleMOx. 61

RH(E, t) = [dxCr(x, & t)H(x, &, t)
SH(E, t) = [dxC(x. & t)H(x, &, t)
@ At LO only quarks contribute to the hard kernel (DVCS):
The imaginary part of the CFF is proportional to the GPD at x = &.
@ At NLO, both quarks and gluons contributes.
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Effects of NLO correction on CFF Arggmgo
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An example on the Goloskokov-Kroll model:

10 T T T T T T T
0.8
0.6

04

& ReH

02

0.0

Plots from H. Moutarde et al., Phys. Rev. D87, 2013 (054029)
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Effects of NLO correction on CFF Arggmga
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An example on the Goloskokov-Kroll model:

207

¢ ImH

00 -l 1 1 1
10-3 102 10-1 f 1

Plots from H. Moutarde et al., Phys. Rev. D87, 2013 (054029)
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Effects of Heavy quarks at NLO Arggmga
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An example on the Goloskokov-Kroll model:

¢ Re(H)

0.8 s
Made with PARTONS s

- LO
=== NLO no HQ
— NLO

w5

Plots from the PARTONS Collaboration
HQ Kernel from J. Noritzsch, Phys. Rev. D69, 094016 (2004)
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Effects of Heavy quarks at NLO Arggmg3
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An example on the Goloskokov-Kroll model:

- LO
=== NLO no HQ
— NLO

| | .
1072 107! 10° f

Plots from the PARTONS Collaboration
HQ Kernel from J. Noritzsch, Phys. Rev. D69, 094016 (2004)
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Observables Argonne‘)
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Experiment Observable Normalized CFF dependence
Acs 09 ReH + 0.06Re€ + 0.24ReH
AL ? ReH + 0.05Re€ + 0.15ReH
A ImH + 0.05Imé + 0.12ImH
Afsin @ ImH + 0.10ImH + 0.01Imé
HERMES Alsin2e ImH — 0.97ImH + 0.49Imé — 0.03Im&
A jcos00 1+ 0.05ReX + 0.01ReH
Abcos® 1+ 0.79Re + 0.11Im¥H
A ImHRe€ — ImEReH
ASin(4=0s) cos ImJ{ — 0.56Imé& — 0.12Im3

Tables from P. Kroll et al., Eur. Phys. J. C73, 2278 {2013)
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Experiment | Observable Normalized CFF dependence
Af e ImH + 0.06Im¢& + 0.21ImHK
CLAS Agisne ImH + 0.12Im%H + 0.04Imé
Agi2¢ | ImJ — 0.79Im% + 0.30Imé& — 0.05Imé
Agsin? ImH + 0.07Im€ + 0.47ImH
HALL A gcos0¢ 1+ 0.05ReH + 0.007HI*
oos¢ 1+ 0.12ReX 4 0.05ReX

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

C. Mezrag (ANL)

PARTONS
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Experiment

Observable

Normalized CFF dependence

HERA

J0DVCS

HH* +0.098€* + FHIC*

C. Mezrag (ANL)

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

PARTONS
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Experiment

Observable

Normalized CFF dependence

HERA

J0DVCS

HH* +0.098€* + FHIC*

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

@ Forthcoming experiments:
» DVCS, DVMP and TCS at JLab 12
» On going DVCS program at COMPASS
» Exclusive processes at EIC for gluon tomography

C. Mezrag (ANL)

PARTONS
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GPD Study ArgQ.QﬂEQ

@ From GPDs to observables

Flexibility in the choice of models,

Computation of CFFs

Flexibility in the choice of pertubative approximation (as)
Flexibility in changing twist approximations (1/Q),
Computations of a given set of observables

v

vV vy VvYyYy

PARTONS contains the tools to compare your GPD model to available dataJ
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@ From GPDs to observables

Flexibility in the choice of models,

Computation of CFFs

Flexibility in the choice of pertubative approximation (as)
Flexibility in changing twist approximations (1/Q),
Computations of a given set of observables

v

vV vy VvYyYy

PARTONS contains the tools to compare your GPD model to available dataJ

@ From observables to GPDs:
» Flexibility in the choice of observables,
Extraction of CFFs,
Flexibility in changing twist approximations (1/Q),
Extraction of GPDs from CFFs,
Flexibility in the choice of pertubative approximation (o)

vV vy vyy

PARTONS allows you to extract GPDs from your favourite data set. J
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Computing chain design. A
Differential studies: physical models and numerical methods. Argonne
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Experimental
data and Full processes
phenomenology

Computation Small distance
of amplitudes contributions
First

principles and Large distance
fundamental contributions
parameters
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Computing chain design.

Differential studies: physical models and numerical methods.

Experimental
data and
phenomenology

Full processes

Computation
of amplitudes

Small distance
contributions

First
principles and
fundamental
parameters

Large distance
contributions

C. Mezrag (ANL)

PARTONS

Argonne°
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Computing chain design.

Differential studies: physical models and numerical methods. Argonneo
. Y
Experimental G m a
data and g kli E
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Computation
of amplitudes

First {GPD at u # /ﬁ:‘ﬂ
principles and TEvqution
fundamental

[ GPDat el |
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Computing chain design.

Differential studies: physical models and numerical methods. ArgOﬂﬂE°
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Experimental G " a
data and g LIL) E @ Many observables.
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phenomenology L S o Kinematic reach.

Computation
of amplitudes
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[ GPDat el |
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Computing chain design. A
Differential studies: physical models and numerical methods. Argonne
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Experimental

data and @ Many observables.
phenomenology @ Kinematic reach.
Need for
modularity ~

@ Perturbative

Computation e
approximations.

of amplitudes

) |@ Physical models.

2 o Fits.
First {GPD at pu # Ml;-?fj @ Numerical
principles and TEvolution methods.
fundamental ; @ Accuracy and
GPD at e’ |
parameters speed.
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Computing chain design.

Differential studies: physical models and numerical methods.

Arggg"qgo

Experimental
data and
phenomenology

Need for

Many observables.

Kinematic reach.

modularity

Computation
of amplitudes

First

principles and

Evolution

fundamental
parameters

[ GPDat e |

Perturbative
approximations.

Physical models.
Fits.

Numerical
methods.

Accuracy and
speed.

C. Mezrag (ANL)
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Computing chain design.

Differential studies: physical models and numerical methods. Argonneo
. A Y )
Experimental W " a
data and g LIL) E @ Many observables.
a . .
phenomenology /1 |Z) (L] (& e Kinematic reach.
Need for i H H
modularity IS S A
n a .
Computation g 9 s ° Perturl.)atlv.e
of amplitudes D = = approximations.
u".‘ e .:‘\—) @ Physical models.
: o Fits.
First {GPD at pu # Ml;-?fj @ Numerical
principles and Evolution methods.
fundamental [ GPD at i<t ] @ Accuracy and
parameters F speed.
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Computing chain design.
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Computing chain design.

Differential studies: physical models and numerical methods. Argonneo
. A Y )
Experimental W " a
data and g LIL) E @ Many observables.
a . .
phenomenology /1 |Z) (L] (& e Kinematic reach.
Need for i H H
modularity IS S A
n a .
Computation g 9 s ° Perturl.)atlv.e
of amplitudes Aa = = approximations.
u".‘ e .:‘\—) @ Physical models.
s S o Fits.
First {GPD at pu # Ml;-?fj @ Numerical
principles and TEvolution methods.
fundamental ( GPD at et J @ Accuracy and
parameters F speed.
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Modularity and automation.

Parse XML file, compute and store result in database.

kinematic(xB, 1, Q

[ Automaton service |

result

Arggg"qgo

g
g
g
%

Alu
A clgh

o) | Observame | ‘/ sssssss
|
=T T=_f ek

ssssss

Compton Form Factor

kinematic

T resut "

deft |

ConvolCoeffFunction

a,

C. Mezrag (ANL)

oKL
kmeman:l T result //,J. 'ﬁ ﬁ'
GPD =<use>
% Vinnikov
kinematic result ,,_,/":' é s ﬁr
Evoluion use
PARTONS

@

ORATORY
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Towards the first beta release a
Expected FAQ Argonne 7=
@ What will be released?

» Release will take the form of a virtual machine, including ready-to-use
IDE and mySQL Database.
» Binaries and headers will be available, but not the source code.
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Towards the first beta release a
Expected FAQ Argonne'

e What will be released?

» Release will take the form of a virtual machine, including ready-to-use
IDE and mySQL Database.
» Binaries and headers will be available, but not the source code.

@ When is the release planned?

» Extensive tests of evolution module and database transactions have still
to be performed.
» The first beta release will hopefully take place this spring.
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Towards the first beta release
Expected FAQ

@ What will be released?
» Release will take the form of a virtual machine, including ready-to-use
IDE and mySQL Database.
» Binaries and headers will be available, but not the source code.
@ When is the release planned?
» Extensive tests of evolution module and database transactions have still
to be performed.
» The first beta release will hopefully take place this spring.
@ Can | use PARTONS on a laptop?
» It of course depends of what you want to do.
» On a desktop machine, with two threads, we reach a rate of 5.10> GPD
kinematics computed per second from the GK model.
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Towards the first beta release a
Expected FAQ Argonne 7=
@ What will be released?

» Release will take the form of a virtual machine, including ready-to-use
IDE and mySQL Database.
» Binaries and headers will be available, but not the source code.

@ When is the release planned?

» Extensive tests of evolution module and database transactions have still
to be performed.
» The first beta release will hopefully take place this spring.
@ Can | use PARTONS on a laptop?
» It of course depends of what you want to do.
» On a desktop machine, with two threads, we reach a rate of 5.10> GPD
kinematics computed per second from the GK model.
@ | am afraid to be lost in the code, where can | find help?

» We plan to release also various examples to help new users.
» A documentation will be also available online.
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Summary and Conclusion Argonne‘)
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@ Deep studies of GPDs require a flexible and reliable software.
@ PARTONS is an answer to this need:

» Flexibility through modular architecture
» Reliability ensured by systematic non-regression tests.
» Performance is also one of our main targets.

@ Try to make it as user friendly as possible.

@ We expect a release this year but have no precise schedule yet.
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Thank you for your attention
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