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Introduction

® 3DPartons 1s one of the two virtual-access (VA) packages of

STRONG2020:

® 1t gives access to open-source code necessary for phenomenology 1n the
field of 3D hadron structure.
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® 3DPartons has given a contribution to better understand a// ot the
four categories of distributions above. 2



Introduction

® 3DPartons consists of several libraries organised in a
modular way:

® continuous 1mprovements and addition of new models, channels, and
theoretical rehnements.

® As of today, 3DPartons 1s based on parts of, or ofters interfaces
to, various existing codes:

® PDFs/FFs: LHAPDL, APFEL/APFELA++, xIitter, MontBlanc, Denali,

® GPDs:
® TMDs:
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What is PARTONS?

PARTONS is a software framework dedicated to the phenomenology of 3D hadron structure, in particular
Distributions (GPDs) and Tranverse Momentum Dependent (TMDs) parton distribution functions.
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Gepard is software for analysis of three-dimensional distribut
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A PDF evolution library in C++

Introduction

APFEL++ is a C++ rewriting of th¢
distribution functions (PDFs). Hol
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structure allows for better mainta
range of tasks: from the solution
scattering (DIS) and single-inclug
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Interface to various representations of results: numerical and graphical
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a TMD fitting framework

Nanga Parbat is a fitting framework aimed at the determination of the non-perturbative component of TMD
distributions.
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radiative corrections
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the LHC and other hadron colliders. The determination of the PDFs is a complex

»n deep-inelastic scattering (DIS), with data collected by the HERA ep collider
es (fixed target DIS, ppbar collisions etc.) provide additional constraining powers for
from LHC will continue to improve the knowledge of the PDF.
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nd assess the impact of new data. The framework includes modules allowing for a
relevant data sets from HERA, Tevatron and LHC. This framework is already used in
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EpIC is a modern and versatile Monte Carlo generator used in studying exclusive processes. These processes

are sensitive to generalised parton distributions (GPDs), which describe the 3D partonic structure of hadrons in

the language of quantum chromodynamics (QCD). EpIC has
experimental programmes, like electron-ion collider (EIC) to

EpIC is based on PARTONS framework, which provides the k
used to evaluate Born cross-sections, which together with ri
to generate unweighted Monte Carlo events.

Exclusive processes currently available in EpIC are:

« deeply virtual Compton scattering (DVCS)

* time-like Compton scattering (TCS)

« deeply virtual meson production (DVMP), only 1t° case
« double deeply virtual Compton scattering (DDVCS)
diphoton photoproduction (work in progress)
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MontBlanc

MontBlanc is a code devoted to the extraction of collinear distributions. So far, it has been used to
determine the fragmentation functions (FFs) of the pion from experimental data for single-inclusive
annihilation and semi-inclusive deep-inelastic scattering. Details concerning this fit of FFs in particular and
the methodology in general can be found in the reference below.

The FF sets in the LHAPDF format for both positive and negative pions as well as for their sum can be
found here.
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Pylint Configure

Lint a Python application with pylint.

CMake based, multi-
platform projects
Build and test a CMake based project
on multiple platforms.

Configure

Python Package
using Anaconda
Create and test a Python package on
multiple Python versions using

Anaconda for package management.
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Highlights: pion and kaon FFs

® Iixtraction of collinear FlFs of charged pions and kaons at

NNLO accuracy:

® based on data for inclusive production of hadrons in eTe™ annihilation (SIA)
and ep collisions (DIS).

® II's parameterised by means of a Neural Network with Monte Carlo
representation of the uncertainties.

® Code (MontBlanc) publicly available.
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¢ MontBlanc

MontBlanc is a code devoted to the extraction of collinear distributions. So far, it has been used to determine the
fragmentation functions (FFs) of the pion from experimental data for single-inclusive annihilation and semi-

inclusive deep-inelastic scattering. Details concerning this fit of FFs in particular and the methodology in general Pion and kaon fragmentation functions at next-to-next-to-le ading )
can be found in the reference below. order Gheck or
updates

The FF sets in the LHAPDF format for both positive and negative pions as well as for their sum can be found here.
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Highlights: helicity PDFs

® Irst ever extraction of collinear helicity PDFs of the proton at

NNLO accuracy:

® based of experimental data for fully-inclusive and semi-inclusive ep (DIS)
collisions.

® PDFs parameterised by means of a Neural Network with Monte Carlo
representation of the uncertainties.

® (Code (Denali) publicly available.
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Helicity-dependent parton distribution functions

at next-to-next-to-leading order accuracy

from inclusive and semi-inclusive deep-inelastic scattering data

Valerio Bertone®, Amedeo Chiefa?¢, and Emanuele R. Nocera®

Denali

(MAP Collaboration)!

Denali is a code devoted to the extraction of collinear longitudinally polarised parton distri
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Highlights: TMDs

® Simultaneous extraction of T'’MD PDFs of the proton and TMD
FFs ot light hadrons (pions and kaons):

® based of experimental data for semi-inclusive hadron production 1 ep
(SIDIS) collisions and Drell-Yan production in pp collisions.

® State-of-the art N3LL accuracy.
® lirst flavour-dependent extraction from a global analysis.

® Code (NangaParbat) publicly available.
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Highlights:

® Recomputation and implementation of one-loop evolution for GPDs
for all of the twist-2 quark and gluon distributions:

® diagrammatic computation in light-cone gauge.

® last and accurate implementation that ranges between DGLAP (¢ = 0) and ERBL
(& =1) limits.

® Possibility to evolve any GPD model (eg those present in PARTONS) in the

variable-flavour number scheme.

® Code (APFEL++/PARTONS) publicly available.
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A PDF evolution library in C++

Introduction One-loop evolution of twist-2 generalized parton distributions

APFEL++ is a C++ rewriting of the Fortran 77 code APFEL originally conceived to evolve collit Valerio Bertone ’1,* Rafael F. del Castillo,Z’T Miguel G. Echevarria ,3,4,1: Oscar del Rio ’2’§ and Simone Rodini 5.6,

distribution functions (PDFs). However, APFEL++ is based on a completely new code design IIRFU CEA. Université Paris Saclay F-9119] Gif sur-Yvette. France

guarantees a better performance along with a more optimal memory management. The new P ) . . .
Lo . IR, ! *Departamento de Fisica Tedrica and IPARCOS, Universidad Complutense de Madrid,
structure allows for better maintainability and easier extensibility. This makes APFEL++ suitak R .
E-28040 Madrid, Spain

range of tasks: from the solution of the DGLAP evolution equations to the computation of de

3 . . . . .
scattering (DIS) and single-inclusive-annihilation cross sections. Also more complex comput: 4Department of Physics, Um.verst_ty of the Basque Country UPV/EHU, 48080 Blll.)ao, Spa.m
as differential semi-inclusive DIS and Drell-Yan cross sections, are easily implementable in Al El'gU Quantum Center, University of the Basque Country UPV/EHU, 48940 Leioa, Spain
1 Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany
(’CPHT, CNRS, Ecole polytechnique, Institut Polytechnique de Paris, 91120 Palaiseau, France

® (Received 29 November 2023; accepted 29 January 2024; published 23 February 2024) 7




Highlights: G1TMDs

® lirst complete computation of the GI'MD matching functions
at one-loop accuracy:

® they allow to reconstruct GTMDs in terms of GPDs.

® computation valid in both DGLAP (¢ < x) and ERBL (£ > x) regions.

® Perfect example of interoperability (APFEL+PARTONS+NangaParbat).
® (alculation valid in the unpolarised case:

® extension to all other twist-2 polarisations on the way.
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This repository accompanies (and contains) the paper in which the one-loop GTMD matching functions on GPDs No packages published
are presented. The sample codes in the folder code can be used to reproduce the plots in the paper. S fmtemsiees o
s10052-022-10863-3.pdf - o N .
In order to run the codes, a few dependencies need to be installed prior to compilation: ® ® Elj e Page 1 of 18 @ @\ Q O 2 O ® Q
* PARTONSV3,
¢ APFEL++, ")
. Nengaparbat. Eur. Phys. J. C (2022) 82:941 THE EUROPEAN
https://doi.org/10.1140/epjc/s10052-022-10863-3 PHYS'C AL J OURNAL C Check for
updates

Compilation

Regular Article - Theoretical Physics

In order to compile the code, you need to edit the Makefile inthe code folder to adjust the compiler ( €
set the correct path to the PARTONS libraries ( PARTONSLIBS ) and includes ( PARTONSINCS ). Once this is
typing make will compile the codes producing a number of executables. A more detailed description of th
of each executable can be found in the corresponding source code.

Matching generalised transverse-momentum-dependent
distributions onto generalised parton distributions at one loop

Valerio Bertone?
IRFU, CEA, Université Paris-Saclay, 91191 Gif-sur-Yvette, France 8




Experimental opportunities

® Presently, many facilities around the world are delivering high-precision
data that could be exploited to achieve a better understanding of the
hadron structure:

o CERN (LHC, COMPASS/AMBER, LHCSpin/SMOG2)

o
o
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Experimental opportunities

® Presently, many facilities around the world are delivering high-precision
data that could be exploited to achieve a better understanding of the
hadron structure:
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Experimental opportunities

® Presently, many facilities around the world are delivering high-precision
data that could be exploited to achieve a better understanding of the
hadron structure:

~
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Experimental opportunities

® Presently, many facilities around the world are delivering high-precision
data that could be exploited to achieve a better understanding of the

hadronstructure: Lirrjprrirrprrrrgprrrrgprrea
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Experimental opportunities

® 'The future EIC (US) and EicC (China) are unique to broaden our
knowledge of the internal structure ot hadrons.
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Experimental opportunities

® The tfuture EIG (US) and EicC (China) are unique opportunities
to broaden our knowledge of the internal structure ot hadrons.

EIC Sclenge nghllghts

SPIN is one of the
fundamental
properties of matter.

Does the mass of
visible matter emerge
from quark-gluon

How are the quarks
and gluon
distributed in space

Is the structure
of a free and
bound nucleon

-,. Mytfie
'3
g,
,’;._...

How many gluons
can fit in a proton?

How does a dense

All elementary interactions? and momentum the same? nuclear environment
pgrtlcles, but tI)e inside the nucleon How do quarks affect the quarks
HlQQS carry spin. Atom: Binding/Mass = & nuclei? and gluons, and gluons, their
Spin cannot be 0.00000001 How do the interact with a correlations, and

explained by a static
picture of the proton

Nucleus:

nucleon properties

nuclear medium?

their interactions?

itis the interplay | o no/Mass = 0.01 emerge from them How do the What happens to
e - and their confined the gluon density in
bet\nﬁen rtt?ees're‘lt:crj‘s'|c Proton: BindingMass Intaractions? hadronic states m?clei? Does ?;
?nteprgctlons of - 100 HOW Can we . emerge from saturate at h|gh
understand their these quarks and energyf)
quarks and gluons For the proton the dynamical origin in gluons? '
. EIC will determine an QCD? How do t‘he )
The EIC will unravel important term What is the relation ﬁ = ?&E
the different contributing to the quark-gluon gluon gluon
buti 9 to Confinement interactions splittin inati
contribution from the proton mass, the so- p g recombination
quarks, gluons and called “QCD trace create nuciaar
orbital angular anomaly binding?

momentum.
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Theory opportunities

® Prominent new techniques in Lattice QCD (LLOQCD) have recently
open new avenues to compute parton distributions:

® quasi- and pseudo-distributions.

® [LQCD started playing an important role in hadron structure:
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® LOGCD 1s likely to become an indispensable tool. E



Theory opportunities

® Higher-twists (H'l) corrections, especially in the typical
kinematic coverage of excluswe processes are typically sizeable:

0.15

; —t =0.17 GeV? _ —t =0.23 GeV? —t =0.28 GeV?

.
0.12
0.09

0.06

""""
. ]
.....

0.03

o

ﬂl“_|
>
U -0'030 60 120 180 240 300 0 60 120 180 240 300 0 60 120 180 240 300 360
\
2 ¢ [deg]
—— 0.15
5 —t=0.32 GeV? —+=0.37 GeV?
S L KinX3

rp = 0.33 —0.34
Q> =2.1-22 GeV?
- Bethe-Heitler

—— KM10a + TMC*

e 0 60 120 180 240 300 0 60 120 180 240 300 360
¢ [deg]

® Important to account for H'l" etffects. 6



Theory opportunities

® Resummation 1s a crucial ingredient for phenomenology at high-
energies:
® collinear resummation (DGLAP),
® high-energy resummation (BFKL/BK/JIMWLK),
® threshold resummation,
® transverse-momentum resummation (GSS/CdFG),

® resummation of power corrections,

® [t 15 of the utmost importance to incorporate these etfects in
existing numerical frameworks:

® make them easily accessible to the community (public codes),

® determine parton distributions (PDFs/'TMDs/GPDs) accounting for them.
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Technological opportunities

® We are in the high-performance-computing (HPC) era:
® hadron-structure community at the foretront to exploit this resourc.
® Artificial intelligence (Al) and machine learning (ML):

® these technologies have already been very tfruittul in the tfield of
hadronic structure,

® 3DPartons has already made massive use of them,

® therefore, we are 1n a advantageous position to keep exploiting
these technologies at best.

® Quantum Computing is now gaining momentum:
® fast development of new devices and algorithms,
® applications to physics in an exploratory phase,

® prominent synergy with ML (QML).
® The lupl(( LRP provides a snapshot of the current statys.



Conclusions

® 3DPartons delivered impactful results in many areas
of hadronic structure.

® [t 15 built upon a solid code infrastructure that

consistently incorporates the resulting developments making
them publicly available.

® This puts 3DPartons mn a unique position to exploit
present and future opportunities:

® current and future experimental facilities,

® theoretical developments,

® technological advances.
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