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Preface

This volume is a collection of proceedings contributions for the 7-week program
Probing Nucleons and Nuclei in High Energy Collisions that was held at the In-
stitute for Nuclear Theory, Seattle, WA, USA, from October 1 until November
16, 2018. The program was dedicated to the physics of the Electron Ion Collider
(EIC), the world’s first polarized electron-nucleon (ep) and electron-nucleus (eA)
collider to be constructed in the USA. The 2015 Nuclear Science Advisory Commit-
tee (NSAC) Long Range Plan recommended EIC as the ”highest priority for new
facility construction”. In 2018 the science case for the EIC was strongly endorsed
in a report by the US National Academies of Science, Engineering and Medicine.
The primary goal of the EIC is to establish the precise multi-dimensional imaging
of quarks and gluons inside nucleons and nuclei. This includes (i) understanding

the spatial and momentum space structure of the nucleon through the studies of
TMDs (transverse momentum dependent distributions), GPD (generalized parton
distributions) and the Wigner distribution; (ii) determining the partonic origin of
the proton spin; (iii) exploring a new quantum chromodynamics (QCD) frontier of
ultra-strong gluon fields, with the potential to discover parton saturation — a new
form of gluon matter predicted to be common to all nuclei and nucleons.

The program brought together both theorists and experimentalists from Jef-
ferson Lab (JLab), Brookhaven National Laboratory (BNL) along with the na-
tional and international nuclear physics communities to assess and advance the
EIC physics. It summarized the progress in the field since the last INT workshop
on EIC in 2010, outlined important new directions for theoretical research in the
coming years and proposed new experimental measurements to be performed at the
EIC. The topics were organized week-by-week as follows:

Spin and Three-Dimensional Structure of the Nucleon:

Week 1. This week was dedicated to various aspects of GPDs: theory, phenomenol-
ogy, lattice QCD results, models. Recent progress and efforts towards the
EIC were discussed. Particular attention was paid to the D-term and pres-
sure inside the nucleon, transversity GPDs, pion and kaon form factors,
PDF's and GPDs, higher twists, GPDs of the light nuclei, and Wigner func-
tions.

Week II. This week was dedicated to transverse spin structure and the physics of
TMDs. New developments in the fields related to the EIC were discussed
and summarized. This included improvements on TMD factorization proofs
and phenomenological implementations, results of soft collinear effective
theories, models, and lattice QCD computations. Sivers and Collins func-
tions received particular attention. We discussed higher-twist effects as well
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as the evolution of TMDs in @2 and in energy, including the interplay of
small- and large-z physics.

Week III. This week was dedicated to the longitudinal spin structure and the pro-
ton PDFs, spin sum rules and the orbital angular momentum (OAM) of
the proton. We discussed the experimental and theoretical progress in lon-
gitudinal spin physics and possible EIC measurements of large-z PDFs.
Lattice QCD computations of spin components of the proton were a hot
topic, generating intense discussions.

Symposium:

Week IV. The central symposium took place in week 4. It involved researchers from
both the BNL and JLAB, along with the national and international EIC
communities, representing all the major topics of the program.

QCD Interactions inside the Nucleus:

Week V. This week was dedicated to moderate and large-x nuclear structure in eA
collisions. The traditional topics of nuclear PDFs, TMDs and GPDs were
discussed, along with the new developments in short-range nuclear correla-
tions and in jet physics, as well as in QED radiative corrections.

Week VI. This week was dedicated to small-x physics in eA collisions. Topics included
non-linear small-x evolution equations (LO, NLO, NNLO, collinear resum-
mation, etc.), particle production and correlations, diffraction and elastic
vector meson production. Discussions were particularly intense when the
small-z evolution at NLO took center stage.

Week VII. This week was dedicated to studying implications of what we would learn in
eA collisions at EIC for our understanding of pA and heavy ion collisions at
RHIC and LHC (and vice versa). EIC data would help us better constraint
initial conditions for heavy ion collisions, both in the event-averaged sense
and for the event-by-event fluctuations. Correlation functions measured at
EIC may shed light on whether long-range rapidity correlations observed in
pp, pA and AA collisions at LHC and RHIC are formed in the initial con-
ditions or result from the later-time dynamics. Jet quenching observables
in eA, pA and AA played a central role.

Conveners:

To help us organize and coordinate such an intense and diverse program, we have
employed the help of conveners, with a separate group of conveners working on each
week.

e First week conveners: Tanja Horn, Andreas Metz, Christian Weiss
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e Second week conveners: Harut Avakian, Alessandro Bacchetta, Daniel
Boer, Zhongbo Kang

e Third week conveners: Elke Aschenauer, Keh-Fei Liu, Cédric Lorcé

e Fifth and sixth week conveners: Giovanni Chirilli, Charles Hyde, Anna
Stasto, Thomas Ullrich, Bowen Xiao

e Seventh week conveners: Adrian Dumitru, Frangois Gelis, Tuomas Lappi,
Yacine Mehtar-Tani

We (the organizers) are very grateful to all the conveners for their hard work!

Physics Questions Discussed

The key physics questions addressed by the program were as follows:

e How are the sea quarks and gluons, and their spins, distributed
in space and momentum inside the nucleon?
GPDs, TMDs and the Wigner distribution allow us to reveal the multi-
dimensional nucleon structure in impact parameter and momentum space.
The transverse spin polarization of the nucleon can be used as a crucial
tool helping us understand non-trivial spin-orbit partonic correlations in
the proton. Longitudinal spin structure of the nucleon will be definitely
explored at the EIC and the measurements at the EIC will allow us to
constrain the gluon spin contribution to the spin of the nucleon.

e Where does the saturation of gluon densities set in?
The large number of partons in a nucleus may result in strong gluon fields
leading to the phenomenon of gluon saturation, also known as the Color
Glass Condensate. This universal regime of high-energy QCD is described
by non-linear evolution equations. The program addressed the theoretical
and phenomenological progress in our understanding of gluon saturation
in ep, eA, along with proton—nucleus (pA) and nucleus—nucleus (AA) colli-
sions.

e How does the nuclear environment affect the distribution of
quarks and gluons and their interactions in nuclei?
Nuclear PDFs, TMDs, and GPDs are interesting and important beyond
small-z: the large-x structure of nuclei reflects non-trivial non-perturbative
QCD dynamics in a cold nuclear matter environment, possibly providing
essential information for our understanding of confinement. Cold nuclear
matter can serve as a testing ground for the energy loss calculations de-
scribing propagation of an energetic quark or gluon in quark-gluon plasma
(QGP) created in heavy ion collisions.

Materials of the program and videos of presentations can be found at this URL:
http://www.int.washington.edu/talks/WorkShops/int_18_3/



February 28, 2020 1:30 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 5

We thank the Institute for Nuclear Theory at the University of Washington for
its kind hospitality and stimulating research environment. We are particularly in-
debted to Larry McLerran (the INT director), Kimberlee Choe, Cheryl McDaniel,
and Linda Vilett for helping us make this program a success. This program was
supported in part by the INT’s U.S. Department of Energy grant No. DE-FG02-
00ER41132. We are also grateful to the managements of BNL and JLab for the
financial support. Many thanks go to Tiffany Bowman from BNL for her tremen-
dous help with the program’s poster and logo, which are also displayed in these
proceedings.

We hope these proceedings will be useful to readers as a compilation of EIC-
related science at the end of the second decade of the XXI century. We anticipate
that significant further progress on the above physics topics will be achieved in the
next decades, particularly when EIC is built and starts producing data.

Yoshitaka Hatta
Yuri Kovchegov

Cyrille Marquet
Alexei Prokudin

(the program organizers)

January 1, 2020



February 28, 2020 1:30 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book

List of Conveners

Elke Aschenauer
Brookhaven National Laboratory, Upton, NY 11973, USA

Harut Avakian
Jefferson Lab, Newport News, Virginia 23606, USA

Alessandro Bacchetta

Dipartimento di Fisica, Universita degli Studi di Pavia, I-27100 Pavia, Italy
and Istituto Nazionale di Fisica Nucleare, Sezione di Pavia

Daniel Boer

Van Swinderen Institute for Particle Physics and Gravity, University of Groningen, Nijenborgh
4, 9747 AG Groningen, The Netherlands

Giovanni A. Chirilli

Institut fiir Theoretische Physik, Universitit Regensburg,
D-93040 Regensburg, Germany

Adrian Dumitru

Department of Natural Sciences, Baruch College, CUNY,
17 Lexington Avenue, New York, NY 10010, USA

Frangois Gelis

Institut de physique théorique, Université Paris Saclay,
CNRS, CEA, F-91191 Gif-sur-Yvette, France

Tanja Horn

Jefferson Lab, Newport News, Virginia 23606, USA

Catholic University of America, Washington, DC 2006/

Charles Hyde
Old Dominion University, Norfolk, VA, USA

Zhong-Bo Kang

Department of Physics and Astronomy, University of California, Los Angeles, CA 90095, USA
and Mani L. Bhaumik Institute for Theoretical Physics, University of California, Los Angeles,
CA 90095, USA

Tuomas Lappi

Department of Physics, University of Jyvdskyld, P.O. Box 35, 40014 University of Jyvdskyld,

page 6



February 28, 2020 1:30 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book

Finland

Helsinki Institute of Physics, P.O. Box 64, 00014 University of Helsinki, Finland

Keh-Fei Liu
Department of Physics and Astronomy, University of Kentucky, Lexington, KY 40506, USA

Cédric Lorcé
CPHT, CNRS, Ecole polytechnique, I.P. Paris, 91128 Palaiseau, France

Yacine Mehtar-Tani
Brookhaven National Laboratory, Upton, NY 11978, USA

Andreas Metz
Department of Physics, Temple University, Philadelphia, PA 19122, USA

Anna M. Stasto
Department of Physics, The Pennsylvania State University, University Park, PA 16802, USA

Thomas Ullrich
Brookhaven National Laboratory, Upton, NY 119738, USA

Christian Weiss
Jefferson Lab, Newport News, Virginia 23606, USA

Bo-Wen Xiao

Key Laboratory of Quark and Lepton Physics (MOE) and Institute of Particle Physics,
Central China Normal University, Wuhan 430079, China

page 7



February 28, 2020 1:30 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book

List of Authors

Christine A. Aidala®, Fatma Aslan®¢, Alessandro Bacchetta®, Ian Balitsky®f, Sanjin Benié9,
Shohini Bhattacharya”, Mariaelena Boglione?, Matthias Burkardt?, Justin Cammarota?:*,
Giovanni A. Chirilli’, Christopher Cocuzza® |, Aurore Courtoy™, Daniel de Florian™,
Pasquale Di Nezza®, Adrian Dumitru?, Sara Fucini?, Kenji Fukushima”, Yulia Furletovaf,
Leonard Gamberg®, Oscar Garcia-Montero?, Francois Gelis*, Vadim Guzey? %,
Yoshitaka Hatta¥, Francesco Hautmann?, Timothy J. Hobbs/:%® Tanja Horn/:b®
Edmond Tancu®®, Sylvester Joosten®®, Zhong-Bo Kang®®, Raj Kishore/®, Yuri V. Kovchegov9?,
Peter Kroll"®, Kresimir Kumericki*®J¢  Krzysztof Kutak®®, Tuomas Lappi®:'®,
Huey-Wen Lin™®, Xiaohui Liu™®, Simonetta Liuti®®°, Cédric LorcéP?®, Heikki Mantysaari®:‘e,
Cyrille Marquet P*, Yiannis Makris?®, Kiminad A. Mamo”®, Yacine Mehtar-Tani¥,
Andreas Metz", Zein-Eddine Meziani%® | Gerald A. Millers®, Asmita Mukherjeef®, Pavel M.
Nadolsky®®, Fredrick I. Olness®®, Barbara Pasquini?, Bernard PireP®, Cristian Pisano®®,
Daniel Pitonyak?, Maxim V. Polyakov%®?, Alexei Prokudin/>$, Jian-Wei Qiuf, Marco Radici?,
Abha Rajan?, Sangem Rajesh?®, Matteo Rinaldi?, Kaushik Roy¥:"®, Christophe Royon¥®,
Nobuo Satof, Marc Schlegel?, Gunar Schnell*?, Peter Schweitzer®®, Sergio Scopettad,
Ralf Seidl¥®, Kirill Semenov-Tian-Shansky? , Daria Sokhan?®, Anna M. Stasto%®,

Lech Szymanowski®®, Andrey Tarasov¥:9%, Dionysios Triantafyllopoulos¢®, Thomas Ullrich?,
Raju Venugopalan?, Ivan Vitev?®, Werner Vogelsang®, Anselm Vossen®®f Bo-Ting Wang®®,
Samuel Wallonf?, Christian Weissf, Bo-Wen Xiao9?, Ho-Ung Yee"?, Yong Zhao®?

@ Physics Department, University of Michigan,
Ann Arbor, Michigan 48109, USA

b Physics Department, New Mezico State University,
Las Cruces, NM 88003, U.S.A.

¢ Department of Physics, University of Connecticut, Storrs, CT 06269, U.S.A.

d Dipartimento di Fisica, Universita degli Studi di Pavia, I-27100 Pavia, Italy
and Istituto Nazionale di Fisica Nucleare, Sezione di Pavia

¢ Department of Physics, Old Dominion Univ., Newport News, VA23529
f Jefferson Lab, Newport News, Virginia 23606, USA

9 Yukawa Institute for Theoretical Physics, Kyoto University,
Kyoto 606-8502, Japan

k- Department of Physics, Temple University, Philadelphia, PA 19122, USA

© Dipartimento di Fisica, Universita di Torino, INFN-Sezione Torino
Via P. Giuria 1, 10125 Torino, Italy

J Department of Physics, Lebanon Valley College,
Annwville, PA 170038, USA

k. Department of Physics, College of William and Mary,

page 8



February 28, 2020 1:30 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book

Williamsburg, Virginia 23187, USA

L Institut fiir Theoretische Physik, Universitit Regensburg,
D-93040 Regensburg, Germany

™ [nstituto de Fisica, Universidad Nacional Autdnoma de México
Apartado Postal 20-364, 01000 Ciudad de México, Mexico

" International Center for Advanced Studies (ICAS), ECyT-UNSAM, Campus Miguelete,
25 de Mayo y Francia, (1650) Buenos Aires, Argentina

© INFN Laboratori Nazionali di Frascati, Frascati (Rome), Italy

P Department of Natural Sciences, Baruch College, CUNY,
17 Lexington Avenue, New York, NY 10010, USA

4 Dipartimento di Fisica e Geologia, University of Perugia and INFN, Perugia Section
Perugia, I-06123, Italy

" Department of Physics, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-0033, Japan
Institute for Physics of Intelligence (IPI), The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-0033, Japan
S Division of Science, Penn State University Berks, Reading, Pennsylvania 19610, USA

t Institut fiir Theoretische Physik, Universitit Heidelberg, Philosophenweg 16,
69120 Heidelberg, Germany

U Institut de physique théorique, Université Paris Saclay,
CNRS, CEA, F-91191 Gif-sur-Yvette, France

v National Research Center “Kurchatov Institute”, Petersburg Nuclear Physics Institute
(PNPI), Gatchina, 188300, Russia

epartment o ysics, Unwversity of Jyvaskyla, P.O. Box 35, nwersity of Jyvaskyla,
w D Physi Uni ] Jyvaskyld, P.O. Box 35, 40014 Uni ) Jyvaskyla
Finland

Y Brookhaven National Laboratory, Upton, NY 11973, USA
# University of Ozxford / University of Antwerp

@@ Department of Physics, Southern Methodist University,
Dallas, TX 75275-0175, U.S.A.

ba Catholic University of America, Washington, DC 20064

ce Institut de Physique Théorique, Université Paris-Saclay, CNRS, CEA, F-91191
Gif-sur- Yvette, France

da Argonne National Laboratory,

page 9



February 28, 2020 1:30 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book

10

Argonne, IL 60439, USA
€@ Department of Physics and Astronomy, University of California, Los Angeles, CA 90095,
USA
and Mani L. Bhaumik Institute for Theoretical Physics, University of California, Los Angeles,
CA 90095, USA

fa Department of Physics, Indian Institute of Technology Bombay, Powai, Mumbai 4000076,
India

9% Department of Physics, The Ohio State University, Columbus, OH 43210, USA

ha Fochbereich Physik, Universitaet Wuppertal,
D-42097 Wuppertal, Germany

i Department of Physics, Faculty of Science, University of Zagreb, 10000 Zagreb, Croatia
Jja Institut fiir Theoretische Physik, Universitit Regensburg, D-93040 Regensburg, Germany

ke Instytut Fizyki Jadrowej Polskiej Akademii Nauk,
Krakow, 31-342 Krakow, Poland

la Helsinki Institute of Physics, P.O. Box 64, 00014 University of Helsinki, Finland

™a Department of Physics and Astronomy, and Computational Mathematics, Science €
Engineering, Michigan State University

ne Center of Advanced Quantum Studies, Department of Physics, Beijing Normal University,
Beijing, 100875, China

%@ Physics Department, University of Virginia,
882 McCormick Road, VA 22903, USA

pe CPHT, CNRS, Ecole polytechnique, I.P. Paris, 91128 Palaiseau, France
9% Los Alamos National Laboratory,
Theoretical Division, MS B283,
Los Alamos, NM 87545, USA

T@ Department of Physics and Astronomy, Stony Brook University,
Stony Brook, New York 11794-3800, USA

5¢ Physics Department, University of Washington,
Seattle, WA 98195-1560, USA

te Dipartimento di Fisica, Universita di Cagliari, and INFN, Sezione di Cagliari
Cittadella Universitaria, 1-09042 Monserrato (CA), Italy

ta Institut fiir Theoretische Physik II, Ruhr-Universitdt Bochum, D-44780 Bochum, Germany
ve The University of Kansas, Lawrence, USA

wa Department of Theoretical Physics, University of the Basque Country UPV/EHU,

page 10



February 28, 2020 1:30 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 11

11

48080 Bilbao, Spain;
IKERBASQUE, Basque Foundation for Science,
48013 Bilbao, Spain
za Department of Physics, University of Connecticut, Storrs, CT 06269, USA

ve RIKEN
Wako-shi, Saitama-ken 351-0198, Japan

2@ School of Physics € Astronomy, University of Glasgow,
Glasgow G12 8QQ, UK

@b Department of Physics, The Pennsylvania State University, University Park, PA 16802, USA
b NCBJ, 02-093 Warsaw, Poland

b Buropean Centre for Theoretical Studies in Nuclear Physics and Related Areas (ECT*) and
Fondazione Bruno Kessler, Strada delle Tabarelle 286, I-38123 Villazzano (TN), Italy

b Institute for Theoretical Physics, Tibingen University,
Auf der Morgenstelle 14, 72076 Tibingen, Germany

eb Department of Physics, Duke University

fb LPT, CNRS, Univ. Paris-Sud, Université Paris-Saclay, 91405, Orsay, France &
Sorbonne Université, Faculté de Physique, 4 place Jussieu, 75252 Paris Cedex 05, France

95 Key Laboratory of Quark and Lepton Physics (MOE) and Institute of Particle Physics,
Central China Normal University, Wuhan 430079, China

kb Department of Physics, University of Illinois, Chicago, Illinois 60607, USA

b Center for Theoretical Physics, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA



February 28, 2020 1:30 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 12

12



February 28, 2020 1:30 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 13

13
Contents
Preface 2
Week I 1
Exploring hadron structure with GPDs at EIC:
New topics in theory, experiment, interpretation 1
Tanja Horn, Andreas Metz, Christian Weiss
On large mass v — v and v — meson photoproduction 12
Lech Szymanowski, Bernard Pire, Samuel Wallon
Transition Distribution Amplitudes : from JLab to EIC 16
Lech Szymanowski, Bernard Pire, Kirill Semenov-Tian-Shansky
Coherent deeply virtual Compton scattering off He nuclei 21
Sara Fucini, Matteo Rinaldi and Sergio Scopetta
Extraction of DVCS form factors with uncertainties 25
Kresimir Kumericki
Form factors of the energy-momentum tensor 29
Mazxim V. Polyakov, Peter Schweitzer
GPDs from meson electroproduction and applications 35
Peter Kroll
Lattice calculation of the generalized parton distributions with the
LaMET approach 40
Yong Zhao
Nuclear shadowing in exclusive processes 46
Vadim Guzey
Color Correlations in the Proton 50

Gerald A. Miller

Model Calculations of Euclidean Correlators 54



February 28, 2020 1:30 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 14

14
Shohini Bhattacharya, Christopher Cocuzza, Andreas Metz

Experimental Investigations of Hadron Structure 58
Tanja Horn

Wigner functions and nucleon structure 63
Barbara Pasquini, Cédric Lorcé

Lorentz invariance relations for twist-3 quark distributions 68

Fatma P. Aslan, Matthias Burkardt

Deeply Virtual Compton Scattering: status of experiments at Jeffer-
son Lab and COMPASS 72
Daria Sokhan

Heavy Quarkonium Production at the EIC Energies 76
Jian-Wei Qiu

Week 11 80

Week 2: Transverse momentum and transverse spin 80
Alessandro Bacchetta, Zhong-Bo Kang

Probing Gluon Sivers Function in Inelastic Photoproduction of J/4
at the EIC 90
Raj Kishore, Asmita Mukherjee, Sangem Rajesh

Global Analysis of Transverse-Spin Observables 94

Daniel Pitonyak, Justin Cammarota, Leonard Gamberg, Zhongbo Kang,
Joshua Miller, Alexei Prokudin, Nobuo Sato

Pion nucleus Drell-Yan process and parton transverse momentum in
the pion 98
Aurore Courtoy

Towards generalization of low x evolution equations 102
Krzysztof Kutak
Jet TMDs 106

Xiaohui Liu

TMDs through jets and quarkonia 111



February 28, 2020 1:30 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 15

15
Yiannis Makris
TMD Phenomenology:
Recent developments in the global analyses of polarized TMDs 115

Mariaelena Boglione

Measurements of transverse-momentum distributions in semi-
inclusive deep-inelastic scattering 121
Gunar Schnell

Di-hadrons and polarized A’s as novel probes of the nucleon structure 125
Anselm Vossen

TMDs and Fragmentation functions in ete™ - and relation to the EIC 131
Ralf Seidl
Power corrections to TMD factorization 136

Andrey Tarasov

Searching for TMD-factorization breaking in p+p and p+A collisions:
Color interactions in QCD 143
Christine A. Aidala

Gluon TMDs and Opportunities at an EIC 147
Cristian Pisano

Matching collinear and transverse momentum dependent observables
in the CSS formalism 151
Leonard Gamberg, Andreas Metz, Daniel Pitonyak, Alexei Prokudin

Transversity distribution and its extraction 157
Marco Radici

Week III 166

Introduction for Week 111 166
Elke Aschenauer, Yoshitaka Hatta, Yuri Kovchegov, Keh-Fei Liu, Cédric
Lorcé, Cyrille Marquet, Alexei Prokudin

J /v photo-production near threshold and the proton mass problem 169
Yoshitaka Hatta

Quark and Gluon Helicity at Small z 173



February 28, 2020 1:30 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 16

16

Yuri V. Kovchegov

Progress and Prospects of Lattice-QCD Parton Distribution Functions 177
Huey-Wen Lin

Transverse Force Tomography 183
Fatma Aslan, Matthias Burkardt, Marc Schlegel

Spin content of the proton at higher orders 187
Daniel de Florian, Werner Vogelsang

Quark-gluon-quark contributions to twist three GPDs 193
Abha Rajan, Simonetta Liuti

Week IV 198

Introduction for Week IV 198
Yoshitaka Hatta, Yuri Kovchegov, Cyrille Marquet, Alexei Prokudin

The LHCspin project 199
Pasquale Di Nezza

Probing BFKL dynamics, saturation and diffraction at hadronic colliders 204
Christophe Royon

Mass structure and pressure forces inside the nucleon 209
Cédric Lorcé

Generalized TMDs and Wigner Functions 213
Andreas Metz

NLO impact factor for inclusive photon+dijet production in e + A
DIS at small x 217
Kaushik Roy, Raju Venugopalan

Hadron structure and parton branching beyond
collinear approximations 225
Francesco Hautmann

Origin of the Proton Mass? Heavy Quarkonium Production at
Threshold from Jefferson Lab to an Electron Ion Collider 230
Zein-Eddine Meziani, Sylvester Joosten



February 28, 2020 1:30 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 17

17

Probing Nuclear Structure with Future Colliders 234
Timothy J. Hobbs, Pavel M. Nadolsky, Fredrick I. Olness, Bo-Ting Wang

Radiative processes and jet modification at the EIC 239
Tvan Vitev

Aspects of Quark Orbital Angular Momentum 243
Matthias Burkardt

Weeks V & VI 247

Summary of Weeks 5 & 6 247
Giovanni A. Chirilli, Anna M. Stasto, Thomas Ullrich, Bo-Wen Xiao

Exclusive vector meson production at the EIC 256
Heikki Mantysaari

Conformal properties of rapidity evolution of TMDs 260
Ian Balitsky, Giovanni A. Chirilli

Small-z physics in the dipole picture at NLO accuracy 267
Edmond Iancu, Tuomas Lappi, Dionysios Triantafyllopoulos

Probing nuclear gluons with heavy flavor production at EIC 288
Yulia Furletova, Nobuo Sato, Christian Weiss

Week VII 293

Summary of Week 7 293
Adrian Dumitru, Frangois Gelis, Tuomas Lappi, Yacine Mehtar-Tani

Interplay between Reggeon and Photon in Proton-Nucleus Collisions 297
Ho-Ung Yee

Holographic Approaches to DIS on a Nucleus 301
Kiminad A. Mamo

CGC photon production at NLO in pA collisions 306

Sangin Benié, Kenji Fukushima, Oscar Garcia-Montero, Raju Venugopalan

Factorization for quarkonium production in proton-proton and
proton-nucleus collisions 310



February 28, 2020 1:30 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 18

18

Kazuhiro Watanabe



February 28, 2020 1:30 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 1

o)
ans 00 Ny,
Wz X

IS
7. Week 1

D)
N8
S

o>
suono>"

S

Exploring hadron structure with GPDs at EIC:
New topics in theory, experiment, interpretation

Tanja Horn®, Andreas Metz?, Christian Weiss®

@ Catholic University of America, Washington, D.C. 20064, USA
b Department of Physics, SERC, Temple University, Philadelphia, PA 19122, USA
¢Theory Center, Jefferson Lab, Newport News, VA 23606, USA

Exploring hadron structure with generalized parton distributions (GPDs) and related
concepts is an essential part of the physics program of the planned Electron-Ion Collider
(EIC). We discuss new topics in GPD physics (theory, experiment, interpretation) that
have emerged in the last years and could be included in the EIC program. This includes:
(a) D-term and QCD forces in the nucleon; (b) Transversity GPDs in pseudoscalar meson
production and high-mass pair production; (c) Pion and kaon form factors and GPDs;
(d) Transition distribution amplitudes and backward meson production; (e) Neutron
GPDs and nuclear modifications; (f) Nuclear GPDs and quark/gluon imaging of nuclei;
(g) Twist-3 GPDs and quark-gluon correlations; (h) Wigner functions and potential ob-
servables. We also comment on future theoretical developments needed for the GPD
program at EIC and emerging connections with other areas of nuclear physics. [Conven-
ers’ summary, Week 1 of INT Program INT-18-3]

Keywords: Generalized parton distributions, Electron-Ion Collider, hadron structure

1. Introduction

GPDs have emerged as an essential concept in the study of hadron structure in
QCD. They unify the concepts of elastic form factors and parton densities and de-
scribe the spatial distribution of quarks and gluons in hadrons. They also contain
information on the hadronic matrix elements of certain local QCD operators, partic-
ularly the QCD energy-momentum tensor and the angular momentum of quarks and
gluons. The experimental determination of the nucleon GPDs synthesizes results
of different types of measurements such as elastic e/N scattering (FFs), inclusive
deep-inelastic eN scattering (PDFs), with the essential “new” information coming
from measurements of hard exclusive processes such as e+ N — ¢+ M+ N (M = ~,
meson) or y+N — H+N (H = high-mass dilepton, hadron pair). Measurements of
such processes are presently being performed in dedicated fixed-target experiments
at JLab 12 GeV and at CERN COMPASS.

Exploring hadron structure with GPDs is one of the main objectives of a future
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EIC. The basic EIC science program as described in the 2011 INT Report® and the
2012 White Paper?, and endorsed by the NAS Study, identifies several measure-
ments related to GPDs, in particular “quark/gluon imaging” of the nucleon with
deeply-virtual Compton scattering (DVCS) e + p — €’ + v + p and exclusive char-
monium production e +p — €’ + J/1 +p. Beyond these basic measurements, many
more possible GPD-related measurements could be performed at EIC, realizing the
full potential of the GPD concepts and enabling novel physics studies. Identifying
such new measurements, assessing their feasibility, and integrating them in the EIC
science program has become a priority of the EIC community.

The 2018 INT Program “Probing Nucleons and Nuclei in High Energy Col-
lisions” hosted a 1-week workshop dedicated to the GPD program at EIC. The
objectives of the meeting were to (a) identify new GPD-related physics topics that
could be studied at the EIC (concepts, measurements, questions); (b) outline the
theoretical developments needed or planned in preparation for the EIC program:;
(¢) summarize the connections of GPD physics at EIC with other areas of nuclear
physics (theory, experiment). This article is the Convener’s summary of the main
results of the meeting. It reflects what was actually presented and discussed in the
week and is not intended to be a comprehensive summary of all relevant directions
in the field. For a detailed discussion of the various physics topics we refer to the
individual contributions in these proceedings and the presentations available online.

2. New GPD physics topics and EIC measurements
2.1. D-Term and QCD forces in the nucleon

Concepts: One interesting aspect of GPDs is their connection with the form factors
of the QCD energy-momentum tensor (EMT), which are of fundamental interest
and describe the “mechanical properties” of hadrons in QCD. The second moments
(z-weighted integrals) of the unpolarized nucleon GPDs H and E give access to the
three nucleon form factors of the traceless (spin-2) part of the EMT. The first two
form factors describe the distribution of momentum and angular momentum in the
nucleon and have been studied extensively for many years (Ji sum rule3, mechan-
ical interpretation, LQCD calculations, possible model-dependent extraction from
exclusive reaction data). The third form factor, D(t), related to the D-term in the
GPDs*, provides other essential information about nucleon structure in QCD and
has become an object of great interest recently. > Its unique properties are: (a) The
“charge” D(0) can be considered the last unknown global property of nucleon; it is
as fundamental as the nucleon mass and spin, but contrary to the latter it is not
known a priori and has to be determined experimentally. (b) The t-dependence
of D(t) describes the spatial distribution of forces (pressure) in the nucleon in a
3D interpretation in the Breit frame.” (c) The value of D(t) is closely related to
dynamical chiral symmetry breaking in QCD, the phenomenon which may play an
important role for the generation of the nucleon mass.

Measurements: The D-term can be obtained from the real part of the DVCS
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amplitude. It appears as the subtraction constant in the dispersion relation for
the DVCS amplitude (energy-independent part) and can be determined from the
experimental data without modeling or extraction of the GPDs. This circumstance
makes D(t) uniquely accessible and sets it apart from the other EMT form fac-
tors, which can only be determined through model-dependent GPD extraction.
A first experimental determination of the D-term from JLab data was recently
reported.® At EIC the D-term could be determined using several types of mea-
surements: (a) DVCS, by extracting the real and imaginary parts of the DVCS
amplitude from the e + N — €’ + v + N’ beam-spin asymmetry and cross sec-
tion data, and determining the subtraction constant in the dispersion relation. In
particular, the EIC kinematic coverage would allow one to measure Im(DVCS) at
energies v ~ several 10 GeV, fixing the high-energy part of the dispersion inte-
gral and eliminating the associated uncertainty. (b) Timelike Compton scattering
(TCS), v + N — (¢747) + N'.? The cross-channel process to DVCS is especially
sensitive to Re(DVCS). In particular, the lepton charge asymmetry is accessible
through interchange of the leptons in the £7¢~ pair. (c) Possibly additional time-
like processes of (photo)production of a pair of particles with large invariant mass

Questions: (a) Are there alternative ways to access the D-term at EIC, e.g.
through meson production or large-mass pair production, complementing the access
through DVCS/TCS? (b) Can one give a 2-dimensional light-front interpretation
of the D-term form factor, complementing the 3-dimensional interpretation as the
pressure distribution in the Breit frame?

2.2. Transversity or chiral-odd GPDs

Concepts: The complete description of the nucleon’s partonic structure at the
twist-2 level involves not only the chiral-even or “helicity” GPDs, but also by the
chiral-odd or “transversity” GPDs.!? The study of transversity GPDs has become
a subject of great interest and is motivated by the following theoretical properties:
(a) The transversity GPDs provide new information on nucleon spin structure and
spin-orbit phenomena, such as the deformation of the quark spatial distributions
through correlations between the position vector (impact parameter) of the quark,
the spin of the quark, and (potentially) the spin of the nucleon. (b) Comparison
between helicity and transversity GPDs provides insight into dynamical chiral sym-
metry breaking in QCD. (c¢) The transversity GPDs are nonsinglets and exhibit
only weak scale dependence (no mixing with gluons), thus providing clean probes
of nonperturbative structure. (d) The nucleon tensor charge is calculable in LQCD
and of independent interest. (e) The transversity GPDs complement the infor-
mation on the transversity PDFs obtained from semi-inclusive DIS and polarized
proton-proton collisions.

Measurements: Transversity GPDs can be probed in hard exclusive processes
where the quark-level scattering process flips the quark helicity, e.g. through a
chiral-odd meson distribution amplitude. In the last years it was shown that exclu-
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sive pseudoscalar meson production (7%, 7) at large z (> 0.1) and moderate Q? (<
10 GeV?) proceeds mainly through a helicity-flip quark process (involving the twist-
3 chiral-odd pion distribution amplitude), making it possible to use these processes
for the study of transversity GPDs.!!' 14 First experimental determinations of the
transversity GPDs have been performed using the JLab 6 GeV 70 and n data.'®
The EIC would allow to perform such measurements over a much wider kinematic
range, extending to  ~ 1072 and Q? ~ several 10 GeV2. The dominance of the
chiral-odd mechanism can be (and needs to be) studied with the EIC data them-
selves, using model-independent tests such as the relative size of the longitudinal
(L) and transverse (T) amplitudes inferred from the response functions. This will
definitively answer the question of the reaction mechanism and permit extraction
of the transversity GPDs with high precision.

Another proposed class of processes is the electroproduction of vector meson
pairs with large invariant mass, e + N — e’ 4+ p1 + p2 + N’ 1517 or photon-meson
pairs e + N — € + v 4+ pr + N8, Such measurements would become possible
for the first time with the kinematic coverage available at EIC. Their experimental
feasibility needs to be investigated.

Questions: (a) What is the region of dominance of the chiral-odd twist-3 mech-
anism in the T amplitude of pseudoscalar production? What can be inferred the-
oretically about the limits of this mechanism? (b) Can one observe the onset of
the asymptotically dominant chiral-even twist-2 mechanism in measurements with
EIC, e.g. by focusing on observables sensitive to the L amplitudes? (¢) How large
are subasymptotic corrections to the production mechanism of v 4 pr pairs?

2.3. Pion and kaon form factors, PDFs, GPDs

Concepts: While pions and kaons, being Goldstone bosons of (dynamical) chiral
symmetry breaking (DCSB) in QCD, occupy a special role in nature, our under-
standing of their parton structure is very limited in comparison to the nucleon.
However, the EIC can provide very important and unique insights in that field,
which go beyond what is presently known from measurements at, for instance,
HERA and will also complement results from future experiments at JLab 12.19:20
Specifically, one could aim at measuring PDFs,; form factors, and perhaps even
GPDs of these mesons. PDFs of mesons are interesting in their own right. A com-
parison between pion and kaon PDF's could also elucidate the role of strangeness in
hadron structure. Moreover, the PDF's of pions and kaons contain very important
information about their mass decomposition in QCD. Form factors depend on the
meson distribution amplitudes, which in turn could shed new light on the transi-
tion between non-perturbative and perturbative physics and, in particular, on the
role played by DCSB.2! The latter may be critical for understanding the origin of
the nucleon mass (see also Sec. 2.1). Experimental results for PDFs, form factors
and GPDs of pions and kaons could also be compared with first-principles calcula-
tions in lattice QCD, which represents another key motivation for measuring these
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quantities. Further motivations have been reported elsewhere. 19-2

Measurements: The processes and the corresponding QCD tools for measuring
PDFs, FFs and GPDs of hadrons are of course well established. It is the lack of
a free meson target which represents the major complication in this research field.
But scattering off the nucleon’s meson cloud, which in the inclusive case is called
Sullivan process, may well allow one to gain information on the parton structure of
pions and kaons. This method was used in the past already. At EIC the relevant
processes would be!?: (a) Inclusive forward hadron production in order to measure
meson PDFs. In the case of the pion one must consider e +p — ¢ + X + n. (b)
Exclusive meson production for form factor measurements. A sample process is
e+p— e +7" +n. (c) GPDs of mesons could in principle be addressed via more
complicated processes such as, for instance, e +p — e +V + 77 +n (V = p°, 7).

Questions: (a) A key challenge for all the aforementioned processes is the extrac-
tion of the meson-pole contribution which contains the scattering off a free meson
one is interested in. Valuable theoretical studies of this point are available al-
ready.?? (b) What is the meson flux factor? In this context, overlap with Drell-Yan
measurements such as those proposed for the CERN M2 beam line by the COM-
PASS++/AMBER Collaboration is expected to provide critical input. (¢) Detailed
feasibility studies for EIC (including forward tagging) are needed, but important

progress in that regard has already been made. %20

2.4. Transition distribution amplitudes

Concepts: Baryon-to-meson transition distribution amplitudes (TDAs) extend the
concepts of GPDs and distribution amplitudes. 23?4 As such they contain new valu-
able information on the parton structure of hadrons. TDAs appear in the QCD
description of certain exclusive processes in hadron-hadron collisions, and also for
backward-angle (small u, large ¢) hard exclusive meson production in lepton-nucleon
scattering. 226 Related experiments on meson (7, w) electro-production were re-
cently completed at Jefferson Lab?27-28,

Measurements and questions: (a) Also at EIC one would look for meson produc-
tion in the backward direction.2? Detailed feasibility studies for this specific kine-
matics are yet to be performed. (b) Can one make progress on modeling of TDAs
by going beyond the valence quark structure??%3° (¢) Can one further sharpen
the physics content of TDAs, perhaps by going to impact parameter space like is
often done in the case of GPDs?3! (d) Does QCD factorization hold for backward-
angle meson production? In this context it would already be a very important step
forward to work out the process at one-loop accuracy.

2.5. Neutron GPDs and nuclear modifications

Concepts: The study of nucleon GPDs requires measurements of hard exclusive
processes on the neutron as well as the proton. Both neutron and proton data are
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needed to determine the flavor composition of the GPDs and separate singlet and
nonsinglet GPDs in studies of QCD evolution. The extraction of the free neutron
GPDs from measurements on light nuclei (D, 3He) requires elimination/correction of
nuclear binding effects.3? Detection of the low-energy nuclear breakup state (spec-
tator nucleon tagging) controls the nuclear configuration during the high-energy
process and permits a differential treatment of nuclear binding effects, greatly sim-
plifying the extraction of free neutron GPDs. The technique also allows one to
study nuclear modifications of the GPDs (EMC effect, shadowing, antishadowing)
in controled nuclear configurations.

Measurements: Neutron GPDs are measured in quasi-free DVCS on the D and
3He nuclei in fixed-target experiments at JLab 12. Spectator tagging with special
detectors is planned for inclusive DIS on the D (BoNUS) and can be extended to
exclusive processes (Marathon), but is challenging and limited in spectator momen-
tum coverage. The EIC would enable a comprehensive program of neutron GPD
measurements and nuclear modification studies, including: (a) Measurements of
quasi-free DVCS on polarized light nuclei, e+ A - ¢’ + v+ N' + X(A—-1) (A =
D, *He); (b) Measurements of DVCS and meson production on the deuteron with
spectator proton tagging, e+ D — e’ + v+ X + p, or possibly neutron tagging; (c)
Measurements of DVCS and meson production on *He with the nuclear breakup
measurements, e.g., quasi-two body breakup e +3He — ¢’ + v +p + D. (d) Mea-
surements of the isospin dependence of nuclear modifications (PDFs/GPDs) using
mirror nuclei *He vs 3H.

Questions: (a) Forward detector requirements for spectator tagging and nuclear
breakup measurements? (b) Feasibility of neutron spectator tagging (efficiency,
resolution) for bound proton structure measurements? (c¢) Magnitude and kinematic
dependence of final-state interactions for exclusive processes with spectator tagging
(theoretical estimates)? (d) Theoretical calculations of nuclear breakup in high-
energy processes with A > 3 nuclei (light-front methods, input from low-energy
nuclear structure)?

2.6. Nuclear GPDs and quark/gluon imaging of nuclei

Concepts: Understanding the origin of nuclear binding from QCD is one of the prime
objectives of nuclear physics. Hard scattering processes on nuclei allow one to probe
the structure of the nucleus directly in terms of the fundamental QCD degrees of
freedom. In particular, coherent exclusive processes on light nuclei (DVCS, meson
productions) can be used to measure the nuclear GPDs and construct the trans-
verse distribution of quarks and gluons in the the nucleus (“nuclear quark-gluon
imaging”). The resulting distributions can reveal novel spin-orbit effects (deforma-
tion of the transverse quark/gluon distributions through nuclear spin) and provide
new insight into the dynamics of nuclear shadowing at small x (thickness or impact
parameter dependence).3? Comparison of different transverse distributions (gluons
vs. quarks, spin/flavor dependence) offers direct information on the properties of
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the nuclear bound state in QCD.

Measurements: Exploratory measurements of DVCS on “He are performed with
JLab 12. The EIC would enable a unique program of quark-gluon imaging of
polarized light nuclei using a variety of processes and targets: (a) Coherent DVCS
on polarized light nuclei, e + A — ¢/ +~v+ A’, using A = D (spin-1), 3He (spin-1/2),
4He (spin-0) for a comprehensive study of polarization effects. The *He nucleus
as a spin-0 system is particularly simple and possesses only unpolarized quark and
gluon GPDs. (b) Coherent heavy quarkonium and vector meson production on light
nuclei, e+ A = e + V+ A (V=J/Y,¢,...), to measure nuclear gluon GPDs and
study the impact parameter dependence of shadowing.

Questions: (a) Simulations of coherent nuclear scattering with EIC forward de-
tectors and quantitative requirements (forward detector resolution, ion beam mo-
mentum spread)? (b) Theoretical calculations of nuclear GPDs using light-front
nuclear structure methods32:33.
from color transparency) in coherent meson production on nuclei.

(c) Hadronic final-state interactions (deviations

2.7. Twist-3 GPDs and quark-gluon correlations

Concepts: The study of many-body systems (nuclear, atomic) usually proceeds from
single-particle densities to multi-particle correlations (or from 1-body to 2-body op-
erators). Correlations are of special significance because they provide insight into
the microscopic interactions in the system. In QCD the single-particle densities
are the twist-2 PDFs/GPDs, while particle correlations are encoded in matrix el-
ements of higher-twist operators. Of particular interest are the twist-3 operators,
because (a) their renormalization properties are well understood; (b) their matrix
elements can be connected with color forces®* and the QCD vacuum structure (e.g.
instantons)?3; (¢) LQCD calculations of twist-3 matrix elements is possible with
non-perturbative operator renormalization. The extraction of twist-3 matrix ele-
ments from hard processes is challenging because their contributions to observables
are usually power-suppressed, and/or because they can only be isolated after sub-
tracting kinematic twist-2 contributions (Wandzura-Wilezek approximation). Ex-
perimental twist-3 studies so far have focused on the spin structure function gs.36-37
Recently the properties of twist-3 GPDs have come into focus, raising the prospect
of experimental studies of quark-gluon correlations through exclusive processes.
Measurements and questions: The EIC would greatly expand the possibilities
for experimental studies of twist-3 quark-gluon correlations. One approach would
use inclusive spin structure measurements and focus on (a) improving the accuracy
of the extraction of the twist-3 spin structure function g, — gi¥'**"2; in particular, en-
abling theoretical analysis of the full z-dependence rather than just the moment ds;
(b) a combined analysis of g; data (including power corrections) and go data. An-
other approach could focus on studying twist-3 quark-gluon correlations through
hard exclusive processes such as DVCS. The sensitivity of DVCS observables to
twist-3 GPDs and the practical possibility of their extraction need to be investi-
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gated.3® Also, the interpretation of twist-3 GPDs needs to be developed (zero-mode
contributions in light-front correlations, spatial distributions).

2.8. Wigner functions in QCD

Concepts: Partonic Wigner functions unify the concepts of TMDs and GPDs and en-
code the most general description of the one-body quark/gluon structure of hadrons
in QCD.3%*3 They may allow for 5D imaging of hadrons, have a direct (and intu-

40,4445 “and provide

itive) connection with quark/gluon orbital angular momentum
access to spin-orbit correlations that are similar to the ones in atomic systems like
the hydrogen atom. The Fourier transforms of Wigner functions, typically called
generalized TMDs*6, appear in the QCD description of certain observables. Gen-
erally, the field of partonic Wigner functions and GTMDs, in which a number of
interesting developments have happened over the past few years, may play an im-
portant role in the EIC physics program.

Measurements: At EIC, Wigner functions could in principle be addressed via
diffractive exclusive dijet production in both ep and eA scattering.*”*® While this
process gives access to Wigner functions for gluons, the only presently known ob-
servable for quark Wigner functions requires hadronic collisions. 4

Questions: (a) Can one establish a QCD factorization theorem for exclusive
processes that are sensitive to transverse parton momenta? Adressing this question
requires, in particular, a careful analysis of soft gluon radiation. (b) Can dijet
production be measured at EIC with sufficient accuracy? (c) Can one identify other
processes in ep/eA through which Wigner functions could be studied? Of special
interest in this context are observables that are sensitive to the quark sector.

3. Theoretical developments for GPD program at EIC

Several developments in the theory and simulation tools for hard exclusive processes
are needed in order to support the planned experimental program at EIC. Here we
merely list some of them:

(a) Develop a DVCS code for amplitudes and cross sections at NLO accuracy, pub-
licly available, with GPD input in the x-representation, e.g. within the PARTONS
framework ®°.

(b) Perform a quantitative assessment of twist-3 effects in DVCS observables, includ-
ing kinematic and dynamical twist-3 operators (Wandzura-Wilczek, quark-gluon
correlations), and the possible sensitivity to quark-gluon correlations.

(c) Develop a realistic description of light vector meson production in collinear fac-
torization at NLO accuracy, including consistent scale setting and possibly log(1/z)
resummation. Develop a method for including finite-size /higher-twist corrections in
meson production, and establish correspondence with LO formulations that include
finite-size effects in coordinate representation®! (finite dipole size) or momentum
representation®? (Sudakov form factor).
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(d) Explore the applicability of NRQCD methods to exclusive heavy quarkonium
photo/electroproduction at EIC.%' Possible points of interest are tests of the uni-
versality of the NRQCD matrix elements, and better insight into the bound-state
structure and production mechanism through the Q?-dependence.

4. Connections with other areas

The study of GPDs and related concepts at EIC has many connections with other
fields of nuclear physics, which could be strengthened and exploited for intellectual
gain or practical uses:

Lattice QCD: (a) the EMT form factors (second moments of GPDs) are acces-
sible as nucleon matrix elements of local operators using standard LQCD meth-
ods. (b) Exploratory calculations of z-dependent quasi/pseudo-GPDs are being
performed. 3% (c) Precise LQCD calculations of the pion distribution amplitude
are available. (d) Chiral-odd PDFs/GPDs and the tensor charge are comparatively
easily calculated in LQCD (non-singlets, no mixing with gluons).%*6 (e) Twist-3
quark-gluon correlations are computable with non-perturbative renormalization.

Nonrelativistic QCD (NRQCD): NRQCD matrix elements used in inclusive
heavy quarkonium production in pp/pA may be used/tested/measured in exclu-
sive production in ep/yp%!

Multiparton interactions in pp collisions (MPI): (a) The transverse geometry of
pp collisions (impact parameter representation, nucleon GPDs) plays an essential
role in the calculation of MPI rates and the identification of MPI events®2 64, (b)
Two-body parton correlations are a natural extension of the concept of GPDs,
opening the prospect of joint modeling. %°

Ultraperipheral pAJ/AA collisions (UPCs): UPCs enable measurements of high-
energy yp/vA scattering using the Weizsécker-Williams photons created by the field
of a heavy nucleus, with active experimental programs at LHC and RHIC. Hard
processes can be studied through final states with a large mass scale (dijets, heavy
quarkonia, etc). UPCs deliver the highest available energies for electromagnetic
processes, W2(UPC at LHC) ~ (10 — 30)W?(HERA) and complement and precede
the EIC program. Particular UPC measurements of interest for EIC are: (a) Mea-
surements of nucleon GPDs with heavy quarkonium photoproduction, including the
search for non-linear effects at 2 < 1075; (b) Coherent nuclear processes as a way
to study nuclear shadowing.
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On large mass v — v and v — meson photoproduction
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Enlarging the set of hard exclusive reactions to be studied in the framework of QCD
collinear factorization opens new possibilities to access generalized parton distributions
(GPDs). We studied the photoproduction of a large invariant mass photon-photon or
photon-meson pair in the generalized Bjorken regime which may be accessible both at
JLab and at the EIC.

Keywords: GPD, transversity, EIC

1. Introduction

Deeply virtual Compton scattering (DVCS) has proven to be a promising tool to
study the three dimensional arrangement of quarks and gluons in the nucleon'. The
crossed reaction, the photoproduction of a timelike highly virtual photon which ma-
terializes in a large invariant mass lepton pair (dubbed TCS for timelike Compton
scattering) is under study at JLab. Its amplitude shares many features with the
DVCS amplitude? but with significant and interesting differences®® due to the
analytic behavior in the large scale @Q? measuring the virtuality of the incoming
(¢> = —Q?) or outgoing (¢*> = +Q?) photon. In order to enlarge the set of ex-
perimental data allowing the extraction of GPDs, we studied the generalization
of TCS to the case of the photoproduction of large invariant mass photon-photon
and photon-meson pairs. Although factorization of GPDs from a perturbatively
calculable coefficient function has not yet been proven for these processes, they
are a natural extension of the current picture in the framework of collinear QCD
factorization.

2. YN — ~yN’

The photoproduction of a photon pair® shares with DVCS and TCS the nice feature
to be a purely electromagnetic amplitude at the Born level. Charge parity however
selects a complementary set of GPDs, namely the charge parity - odd GPDs related
to the valence part of quark PDFs, with no contribution from the gluon GPDs. The
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Fig. 1. Diagrams contributing to the coefficient function for v+ production at the Born level.

analytic form of the Born amplitude calculated from the graphs shown on Fig. 1 is
very peculiar since the coefficient function turns out to be proportional to d(z + &)
leading through the usual momentum fraction integration to a scattering amplitude
proportional to the GPDs taken at the border values x = +£. For illustration,
Fig. 2 displays the diphoton invariant squared mass dependence of the unpolarized
differential cross section on a proton at t = t,, and syn = 20 (resp. 100, 106)
GeV? (full, resp. dashed, dash-dotted multiplied by 10°).

[pb GeV]

do
arame,

Fig. 2. M,% dependence of the unpolarized differential cross-section for the photoproduction of
a diphoton on a proton (left panel) or neutron (right panel) at ¢t = ¢, and syn = 20 (resp.
100, 10%) GeV?2 (full, resp. dashed, dash-dotted multiplied by 10°).

3. YN — ypN’ : the quest for transversity GPDs

The photoproduction of a «yp pair” has the rare feature of being sensitive to chiral-
odd transversity quark GPDs at the leading twist level, because of the leading twist
chiral-odd distribution amplitude of the transversely polarized vector meson. In-
deed, except for higher twist amplitudes which suffer from end-point divergences
and heavy meson neutrino production amplitudes®? which may be difficult to mea-
sure, one needs exclusive processes with more particules in the final state to access
transversity GPDs 1013,

We show on Fig. 3 the cross section for the production of a transversely polarized

p in conjunction with a photon, on a proton or a neutron target. The curves show the
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sensitivity to the transversity GPD parametrization. Cross sections are sufficiently
high for the process to be measurable at JLab”.

Toaa (Pb) Todd (PD)
0.6 e v,‘/—,,\‘\ T 0.4 g \\
S —
0.5
/ 0.3 S

04 i/ / o T
0.3 7 0.2 /[ 7

,/,
0.2 i /

/ 0.1 /-
0.1 / ya

5 10 15 20 5 10 15 20
Syn (GeV?) Syn (GeV?)
proton neutron

Fig. 3. Energy dependence of the integrated cross section for a photon and a transversely polarized
p meson production, on a proton (left panel) or neutron (right panel) target. The vp pair is
required to have an invariant mass squared larger than 2 GeV2. The solid red and dashed blue
curves correspond to different parametrization of the transversity GPDs.

4. YN — vn N’

Ao -

dM?__d(—u')d(—t)

Ao+
dM? . d(—u)d(—t)

20+

(pb - GeV~%)

(pb - GeV ™)

5
—u' (GeV?) —u' (GeV?)

Fig. 4. Left panel : the differential cross section for yot production on a proton target at
syN =20 GeV2, t = tmin, and Mgﬂ = 3 (resp.4,5,6) GeV? for the black (resp. red, blue, green)
curves. The solid and dashed curves correspond to two different parametrization of the axial
GPDs. Right panel : the same curves for 77~ production on a neutron target.

Since deep electroproduction of a 7 meson has been shown to resist at moderate
Q? to leading twist dominance in the factorization framework, it has been tempting
to put the blame on the peculiar chiral behavior of the higher twist (chiral-odd)
pion DA as compared with the leading twist (chiral even) pion DA. However, the
dominance of higher twist contributions may not be a common feature of all exclu-
sive amplitudes involving the pion DA. To check this idea, we propose'? to study
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the related process YN — 7N’ where the same pion DAs appear. It turns out
that the axial nature of the pion leading twist DA infers a high sensitivity of the
amplitudes to the axial GPDs f{(m, &,t) as shown on Fig. 4 where the cross sections
for the reaction vp — yn™n and yn — y7~p are displayed for two different sets of
axial GPDs. The rates are of the same order as for the yp case and we thus expect

these reactions to be measurable at JLab.

5. Conclusions

The processes discussed here, because of the absence of gluon and sea quark contri-
butions are not enhanced at high photon energy (or small skewness &) and they are
thus more accessible at JLab than at EIC. However, since a high energy electron
beam is also an intense source of medium energy quasi real photons (¢? ~ 0), with
fractions of energy y = £ = 0(1073), (k and p being the initial electron and nucleon
momenta), one may expect the vy and ypy, channels to be accessible at moderate
values of s, . Prospects at higher values of s, (and smaller values of the skewness
€) are brighter for the y7° channel which benefits from the contributions of small &
sea-quark and gluon GPDs.
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Baryon-to-meson Transition Distribution Amplitudes extend both the concepts of gener-
alized parton distributions and baryon distribution amplitudes encoding valuable com-
plementary information on the 3-dimensional hadronic structure. The recent analysis
of backward meson electroproduction at JLab supports the hope to perform femto-
photography of hadrons from a brand new perspective and in particular opens a new
domain for EIC experiments.
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1. Introduction

Baryon-to-meson Transition Distribution Amplitudes! (TDAs) are matrix elements
of a three quark operator between a baryon and a meson states. Since the cor-
responding operator carries the quantum numbers of a baryon, baryon-to-meson
TDAs allow the exploration of the baryonic content of a nucleon. This is comple-
mentary to the information one can obtain from generalized parton distributions
(GPDs), with the operator carrying the quantum numbers of mesons. Similarly
to the case of GPDs, by Fourier transforming baryon-to-meson TDAs to the im-
pact parameter space, one obtains additional insight on the baryon structure in the
transverse plane.

The nonlocal three quark (antiquark) operator on the light cone (n? = 0) oc-
curring in the definition of baryon-to-meson TDAs reads (gauge links are omitted):

025 (Ain, Aam, A3n) = €cycae, U (A1n) U2 (Aan) U7 (A3n), (1)

where «, 3, v stand for the quark (antiquark) flavor indices, p, 7, x denote the
Dirac spinor indices and ¢; stand for the color indices. Baryon-to-meson TDAs 23,
share common features both with baryon distribution amplitudes (DAs), introduced
as baryon-to-vacuum matrix elements of the same operators, and with generalized
parton distributions (GPDs), since the matrix element in question depends on the
longitudinal momentum transfer AT = (paq — p1) - n between a baryon N(p;) and

a meson M (ppq) characterized by the skewness variable £ = —% and by
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the transverse momentum transfer &T. The collinear QCD factorization property,

Fig. 1. At large Q% = —¢? for the near-backward angles (i.e. for small —u = —(p1 — px)?), the
v*(q)N(p1) — 7(pr)N’'(p2) amplitude factorizes into a convolution of a coefficient function (CF)
with a baryon DA and a baryon-to-meson TDA.

which ensures the validity of the GPD-based description of hard exclusive near-
forward meson electroproduction reactions, may be extended to the complementary
near-backward kinematical regime provided that the WW operator is replaced by
ngg()\ln, Aam, Azn). This results in the reaction mechanism sketched in Fig. 1
with a GPD replaced by baryon-to-meson TDA and baryon DA replacing meson
DA.

2. The physical picture

The physical picture encoded in baryon-to-meson TDAs is conceptually close to that
contained in baryon GPDs and baryon DAs. Baryon-to-meson TDAs characterize
partonic correlations inside a baryon and give access to the momentum distribution
of the baryonic number inside a baryon. The same operator also defines the nucleon
DA, which can be seen as a limiting case of baryon-to-meson TDAs with the meson
state replaced by the vacuum. In the language of the Fock state decomposition, the
leading twist baryon-to-meson TDAs are not restricted to the lowest Fock state as
the leading twist DAs. They rather probe the non-minimal Fock components with
an additional quark-antiquark pair:

INucleon) = [PUT) + [GOT; G) +....;  [M) = [TT) + |[FT; TT) + ... (2)

depending on the particular support region in question (see Fig. 2).

3. JLab lessons

The first experimental indications of the validity of the TDA concept have been re-
cently presented®S. The left panel of Fig. 3 shows the results of the Q2-dependence
of o + € o, (e is the virtual photon linear polarization parameter) obtained by
the CLAS collaboration at JLab for the ep — e/nmt reaction in relatively large Q2
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Fig. 2. Interpretation of baryon-to-meson TDAs at low normalization scale. Small vertical arrows
show the flow of the momentum. (a): Contribution in the ERBL region (all z; are positive); (b):
Contribution in the DGLAP I region (one of z; is negative). (c¢): Contribution in the DGLAP II
region (two x; are negative).

(> 1.7 GeV?) and small-|u| domain ({(—u) = 0.5 GeV?) above the resonance region
(W? = (¢ +p1)? > 4GeV?), i.e. close to the “near backward” kinematical regime
in which the TDA formalism is potentially applicable. As anticipated, the cross
sections has a strong Q%-dependence. The data are compared to the theoretical
predictions of o from the cross channel nucleon pole exchange 7N TDA model
suggested in Ref.”. The curves show the results of three theoretical calculations
using different input phenomenological solutions for nucleon DAs with their uncer-
tainties represented by the bands. The crucial point is that the TDA formalism
involves a dominance of the transverse amplitude. Therefore, in order to be able
to claim the validity of the TDA approach it is necessary to separate or from oy,
and check that o7 > op. This goal has been fulfilled by the Hall C experiment® at
JLab, which measured the reaction ep — €¢’p’w in a similar kinematic range. The
data shown on the right panel of Fig. 3 show indeed that o dominates over o,
for sufficiently large values of 2, as anticipated by the collinear QCD factorization
approach8.

Gy (nblsr)

00 IWbIGoV)

4 E
QGev) D A S
Fig. 3. Left panel: The Q? dependence of the (y*p — mn) backward cross section oy = or+eop,
measured by CLAS?7 (circles) compared to the QCD prediction (colored bands) with three models
of TDAs. Right panel: The Q2 dependence of the longitudinal (squares) and transverse (circles)
cross sections oz, 7(v*p — wp) (in ub GeV~2) as measured at Hall C in JLab®.
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4. Perspectives for EIC

TDAs are opening a new window on the study of the 3-dimensional structure of
nucleons and recent experimental analysis of backward meson electroproduction
hints that this concept may be applicable at moderate values of Q2. Clearly a more
detailed experimental analysis is required for the confirmation of relevance of TDAs
concept for analysis of hard processes. Testing the validity of the collinear factorized
description of hard backward meson electroproduction reactions at the energies of
Jlab@12 GeV will help to elaborate a unified and consistent approach for hard
exclusive reactions. Moreover, backward DVCS is also a very interesting channel to
be explored; it is a source of new information on the D-term form factor analytically
continued to large —t. Let us stress also that TDAs are natural concepts to be used
for the description of nuclear break-up reaction - such as deuteron electrodissociation
- which may be interesting to visualize the partonic content of light nuclei. Let us
also note that the PANDA experiment at GSI-FAIR? will provide opportunities to
access the cross conjugated counterparts of the reaction depicted on Fig. 1 and test
the universality of baryon-to-meson TDAs %!,

Although detailed predictions have not yet been worked out for higher energies,
one can anticipate that studies at the electron-ion collider (EIC) will allow this
new domain physics to be further explored. Higher Q? should be accessible in a
domain of moderate v*N energies, i.e. rather small values of the usual y variable
and not too small values of £&. The peculiar EIC kinematics, as compared to fixed
target experiments, allows in principle a thorough analysis of the backward region
pertinent to TDA studies. More phenomenological prospective studies are clearly
needed.
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The status of realistic calculations of nuclear generalized parton distributions, entering
the theoretical description of coherent deeply virtual Compton scattering off nuclei, is
reviewed for trinucleons and for 4He, also in view of forthcoming measurements at the
Jefferson Laboratory and at the future Electron Ion Collider.
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1. Introduction

Nuclear modifications of the nucleon parton structures, discovered by the European
Muon Collaboration! several decades ago, cannot be explained by means of inclu-
sive measurements only. One of the possible ways out is to perform nuclear imaging,
now possible for the first time through deeply virtual Compton scattering (DVCS)
and deeply-virtual meson production, using the tool of generalized parton distri-
butions (GPDs) (see Refs?3 for recent reports). The comparison of the transverse
spatial quark and gluon distributions in nuclei or bound nucleons (to be obtained
in coherent or incoherent DVCS, respectively) to the corresponding quantities in
free nucleons, will allow ultimately a pictorial representation of the EMC effect.
The relevance of non-nucleonic degrees of freedom, as addressed in Ref.4, or the
change of size for bound nucleons, will be observed. The most discussed sector of
the EMC effect is the valence region at intermediate @2, which will be investigated
by Jefferson Lab (JLab) at 12 GeV. For the lightest nuclei, 2H, *He, “He, sophisti-
cated calculations of conventional effects, although challenging, are possible. This
would allow one to distinguish them from exotic ones, likely responsible for the
observed EMC behavior. Without realistic benchmark calculations, making use of
wave functions obtained as exact solution of the Schrodinger equation using real-
istic nucleon nucleon potentials and three-body forces whenever appropriate, the
interpretation of experimental data is difficult. Among few-body nuclei, in this talk
we will concentrate in three- and four-body systems.

2. Coherent DVCS off 3He

For the coherent channel of DVCS, the one where the nucleus does not break up
(see Fig. 1 for a representation of the process with a generic A nucleus, in the
handbag approximation, i.e., with the interaction occurring on a leading quark),
due to very small cross sections, the measurements addressed in the Introduction
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Fig. 1. Coherent DVCS process off a nucleus A in the handbag approximation.

[N}
RRRRAIARNRARRRRRAR

I Y ‘ T O ‘ T I ‘ T I
0.8
X3

e
o
S RRRARRRREE AR RRR L

Fig. 2. Estimate of nuclear effects on 3He GPD for the d(u) flavor, full (dashed) line. The effect
is given by the difference of the curves with respect to one.

are very difficult. In between the 2H nucleus, very interesting for its rich spin
structure and for the the possible extraction of neutron information, and *He, ideal
to study nuclear effects, being deeply-bound, scalar and isoscalar, with a simple
description of its spin and flavor structure, 3He provides an opportunity to study the
A dependence of nuclear effects, and it could give easy access to neutron polarization
properties, due to its specific spin structure. In addition, being isospin-1/2, it
guarantees that flavor dependence of nuclear effects can be studied, in particular
if parallel measurements on *H targets, likely possible at the Electron Ion Collider
(EIC), were performed®. A complete realistic study of leading twist DVCS requires
the evaluation of nuclear GPDs. From the theoretical point of view, conventional
effects for nuclear systems are seen in a plane wave impulse approximation (IA)
analysis, i.e., with the struck quark belonging to one nucleon in the target, and
disregarding possible final state interaction effects between this nucleon and the
remnants. This requires the evaluation of realistic non-diagonal spectral functions®.
For 3He, a complete analysis using the Av18 nucleon-nucleon (NN) potential is
available®®. Nuclear GPDs are found to be sensitive to details of the used NN
interaction. In particular, nuclear effects are found to grow with the momentum
transfer to the target, A%, and with the longitudinal momentum asymmetry of
the process (parametrized by the so-called skewness variable, £). In 3He, nuclear
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Fig. 3. *He azimuthal (with respect to the angle ¢ between lepton and nuclear planes) beam-spin
asymmetry Ay (¢): results of Ref.1® (red stars) compared with data (black squares)14.

effects are found to be bigger for the d flavor than for the w one (see Fig. 2), a
prediction of a realistic impulse approximation (IA), where also violations of nuclear
charge symmetry are considered in the AV18 NN interaction, which could be tested
experimentally. Besides, the dependence on the excitation energy of the nuclear
recoiling system in the IA description, parametrized by the so-called removal energy,
is found to be bigger in nuclear GPDs than in inclusive observables. Anyway, it is
also found that close to the forward limit the information on neutron polarization
can be safely extracted from *He data and workable extraction formulae have been
proposed in this sense” ¥. Measurements for 3He and 3H are not planned, but could
be considered as extensions of the impressive ALERT detector project at JLab
121011 " at least in the unpolarized sector. Polarized measurements, which could
access neutron angular momentum information”?, seem very unlikely at JLab, due
to the difficulty of arranging a polarized target and a recoil detector in the same
experimental setup, but are in principle accessible at the EIC, where the extension

to lower x regions will be also possible 2.

3. Coherent DVCS off 4He

Despite the difficulty of measuring coherent DVCS off nuclei, due to small cross-
sections, the first data for coherent DVCS off “He collected at JLab in the 6 GeV
setup have been published '*. A new impressive program is on the way at JLab, car-
ried on by the CLAS collaboration with the ALERT detector project %!, A study
for DVCS off “He with nuclear ingredients of the same quality of those summarized
above for 3He is still missing and should be done, to update existing calculations,
performed long time ago %16, The evaluation of a realistic spectral functions of “He,
using state-of-the-art NN potentials, will require in particular the wave function of
a nuclear three-body scattering state, which is a really challenging few-body prob-
lem. An encouraging calculation has been recently performed for coherent DVCS
off *He'3, with the aim to describe the CLAS data'4, as a relevant intermediate
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step towards a rigorous realistic evaluation. A model of the nuclear non-diagonal
spectral function, based on the momentum distribution corresponding to the Av18
NN interaction'”, has been used in the actual IA calculation. In particular the
spectral function is exact in its ground state part (when the remnant is a bound
three-body system) and modelled in the complicated excited sector. As a test of
the procedure, typical results are found for the nuclear form factor and for nuclear
parton distributions, in proper limits. Nuclear GPD and the actual observable,
the so-called, Compton form factor (CFF) are evaluated using a well known GPD
model to take into account the nucleonic information'®. As can be seen in Fig. 2, a
very good agreement is found with the data, for the so-called beam-spin asymmetry,
theoretically obtained in terms of the CFF, in turn evaluated from the GPD. One
can conclude that a careful analysis of the reaction mechanism in terms of basic
conventional ingredients is successful and that the present experimental accuracy
does not require the use of exotic arguments, such as dynamical off-shellness. More
refined nuclear calculations will be certainly necessary for the expected improved
accuracy of the next generation of experiments at JLab, with the 12 GeV electron
beam and high luminosity, and, above all, at the EIC. Very recent results for the
incoherent channel are reported in'?, where an encouraging comparison with data
from JLab?? is presented.
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‘We discuss recent attempts to extract deeply virtual Compton scattering form factors
with emphasis on their uncertainties, which turn out to be most reliably provided by
method of neural networks.
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1. Introduction

Partonic structure of the nucleon, as encoded by generalized parton distributions
(GPDs), is essentially non-perturbative. As such, main avenue to its determina-
tion is extraction from experimental data, mostly from measurements of deeply
virtual Compton scattering (DVCS), which is a subprocess of electroproduction
of real photon off nucleon. Still, more than a decade after the first such fitting
attempts!, we have only partial phenomenological knowledge of GPDs. (Recent
review is available in Ref. 2.) Furthermore, although assessment of uncertainties is
indispensable part of any quantitative scientific result, authors of global GPD fits
usually hesitated to discuss error bands of extracted functions. It was understood
that standard simple propagation of experimental uncertainties is not enough. GPD
functions depend in a rather unknown manner on three kinematic variables (aver-
age and transferred parton longitudinal momentum fractions, « and ¢, and nucleon
momentum transfer squared t¢), which makes the problem very complex from the
data-analysis standpoint, and the very choice of fitting parametrization introduces
unknown and possibly dominant uncertainty.

2. DVCS subtraction constant

Important role of the choice of the parametrization may be illustrated by recent
attempts to determine the subtraction constant A(t) of DVCS dispersion relation,

1 ! 1 1\ .
ReH(E,t) = A(t) + ;P.V. ; dz <§ i x) JmH(x,t), (1)
that is of great phenomenological interest since it is closely related to the pressure
in the nucleon®*. Compton form factor (CFF) H(&,t) in Eq. (1) is a convolution of
GPD H(xz,&,t) with the known hard scattering amplitude and is, being dependent
on two variables only, more easy extraction target. Still, A(t) resulting from fits to
CLAS DVCS data®, came out with very different uncertainty estimation, depending
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on whether relatively rigid ansatz® for H was used” or it was parametrized by
completely flexible neural networks®, see Fig. 1.

10 0-
91 e
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24 _g] NNet #, €, #, &
1] t = —0.20GeV? g X3 Burkert et al.
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g ¢

Fig. 1. Imaginary and real part of CFF H resulting from fitting different parametrizations to the
essentially the same data.

3. Neural network fits

In the lack of general procedure for assessment of systematic uncertainties coming
from the choice of fitting ansatz, one convenient approach is using the parametriza-
tion by neural networks, which is known not to introduce any such systematic error.
After the early proof of concept?, first global neural network determination of CFFs
was reported in Ref. 10, demonstrating the power of this approach.

Similarly, in the framework of neural net approach, we attempted to address the
question of which of the four leading order CFFs, H, &, H, and € (or, more accu-
rately, eight sub-CFF's which are the real and imaginary parts of these four), can be
reliably extracted from the given data. To this end, we used the stepwise regression
method proposed in Ref. 11, where the number of sub-CFFs is gradually increased
and all combinations are tried, until there is no statistically significant improvement
in the description of the data. Representative subset of global DVCS data was used,
with various beam and target, spin and charge asymmetries measured by HER-
MES 2 and helicity independent and dependent cross-sections measured by Hall
A and CLAS JLab collaborations®1®, where JLab data was Fourier-transformed,
so that we fitted to the total of 128 harmonics.

Results, displayed on Figs. 2 and 3, show that from the present data only Jm H,
JmH, and Re & can be reliably extracted, with maybe some ambiguous hints of
ReH or IJmE. This is similar to the conclusions of Ref. 11, which used method of
local fits (which is also resistant to the problem of choice of the ansatz function).
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Fig. 2. Neural network extraction of dominant CFFs from DVCS data. Results for various sets
of CFFs are consistent in the data region (left) and also when extrapolated outside of the data
region (right). Dispersion relation constraints were not used.

4. Conclusion

How to reliably determine uncertainties of GPD or CFF functions extracted by
fitting of ansatz function is an important open question for this area of research.
At the moment, the best confidence is provided by the method of neural networks.
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Matrix elements of the energy momentum tensor (EMT) bear fundamental information
like mass, spin and D-term of a particle which is the “last unknown global property.”
Recent progress on EMT form factors of hadrons, their interpretations and applications
as well as the experimental status is given.
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1. Introduction

Matrix elements of the EMT! yield fundamental particle properties like mass and
spin as well as the D-term? which is related to the stress-tensor components of the
EMT and gives access to mechanical properties of the system?*. EMT form factors
can be accessed through studies of generalized parton distributions (GPDs) in hard
exclusive reactions®%. While a model-independent extraction of GPDs is a chal-
lenging long-term task, accessing information on the D-term may be possible sooner
thanks to its relation to the subtraction constant in fixed-t¢ dispersion relations in
deeply virtual Compton scattering (DVCS)*7. The physics of EMT form factors
has important applications. The purpose of this article is to provide an overview of
the latest developments and experimental status.

2. EMT form factors of hadrons
The nucleon form factors of the symmetric EMT T;w = Tﬁ/ + Tg/ are defined as

iP{MO'V}pAp 4 D(t) A#Ay — gw,Az
4m

)

’A = 7{MPV}
. T O)lp,s) = 7| A() 221 B () p

(1)

with P = %(p’ +p), A =p —p t =A% agubyy = aub, + a,b, and a covariant
normalization of the states is used with the nucleon spinors @(p, s) u(p,s) = 2m.
Spin-0 hadrons like the pion have only the 2 total EMT form factors A(t) and D().
Hadrons with spin J > 1 have more form factors®?.

The quark and gluon QCD operators Zf’,‘j,, (a = @, G) are each gauge invariant.
Their form factors A*(¢, u), etc depend on renormalization scale p and additional

form factors appear, e.g. as the structure m é*(t, jt) g, in (1), with > ¢®(t, u) = 0.
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3. Relation to GPDs and 2D interpretation

GPDs provide a practical way to access EMT form factors through the DVCS
process eN — e'N’~ or hard exclusive meson production. For the nucleon the
second Mellin moments of unpolarized GPDs yield

/da: v H(z,&,t) = A%(t) + €2 D*(t /dx x E%(z,&,t) = B(t) — €2D(t). (2)

The Fourier transform H*(z,b,) = [d?A, /(27)? e~ Jo(p ¢ —A2)|e—p is
the probability to find a parton carrying the momentum fraction x and located at
the distance b, from the hadron’s (transverse) center-of-mass on the lightcone!?.
The 2D interpretation of EMT form factors was also discussed!!.

4. The static EMT and 3D interpretation
In the Breit frame characterized by P = (E,0,0,0) and A = (0, A) with t = —A2

and E = \/m? 4+ A2 /4 one can define the static EMT3

3
89 = [ e AL Ol Q

where §'is the polarization vector of the states |p), |[p’) in the respective rest frames.
The 00-component of (3) is the energy density which only can be defined for the
total system, and yields [ d®r Tpo(r) = m. Decomposition of the nucleon mass in
terms of quark and gluon contributions was discussed in'2. The Ok-components
yield the spatial distribution of the nucleon spin density J¢(7,5) = kI T (7, 5).
This 3D density has a monopole term?, and a quadrupole term '3 which are related
14 The ij-components of (3) define the stress tensor which can be
decomposed in contributions from shear forces s(r) and pressure p(r) as follows?

to each other

rtrd

T = (5

- ;5”) s(r) + 69 p(r). (4)
For the nucleon the 3D interpretation is subject to small relativistic corrections®®
and becomes exact in the large- N, limit. The shear forces can be defined separately
for quarks and gluons in terms of D@ (t). For the “partial” pressures from quarks
and gluons one also needs ¢?% (¢, ).

EMT conservation relates s(r) and p(r) as 2 s'(r) + 2 s(r) + p/(r) = 0. Notice
that s(r) = 0 would imply p(r) = constant and isotropic matter, cf. (4). Thus,
the shear forces are responsible for structure formation!'!. Another consequence of

EMT conservation is the von Laue cond1t1on17

/00 drr?p(r) =0, (5)
0

implying that p(r) must have at least one node. In all model studies so far p(r)
was found positive in the inner region (repulsion towards outside) and negative in
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the outer region (attraction towards inside). The D-term can be expressed in two

equivalent ways as D = — st m [ d® r? s(r) = m [ d®r % p(r). The stress tensor in
(4) has two eigenvalues related to normal (dF).) and tangential (dFy, dFy) forces
dF, 2 dF, dF, 1

—58(r) +p(r) (6)

53(7“)-5-2?(7“), S, —ds, 3

s, —

with eigenvectors €, and €y 4. The degeneracy is lifted for spin J > 1. In a stable
system the normal force dF,/dS, = 2s(r) + p(r) > 0. Otherwise the system would
collapse. This mechanical stability requirement can be written as fOR drr?p(r) >0
(for any R), thus complementing the von Laue condition (5). It also determines the
D-term of a stable system to be negative'®, D < 0. The positivity of 25(r) + p(r)
allows us to define the mechanical radius!?

Jd3rr? [2s(r) + p(r)] _ 6D
T@r Bot) +p00] Pt D)

Interestingly the mechanical radius is given by an “anti-derivative” of D(t) at t =0
unlike e.g. the proton mean charge square radius (r?)charge = 6G’3(0)/GE(0) given
in terms of the electric form factor Gg(t).

One can also consider forces in lower-dimensional subsystems?®. The 2D pressure
pPP(r) = —1s(r) + p(r) satisfies [;° drrp®P)(r) = 0 and corresponds to the
tangential forces in (6). Similarly the 1D pressure p(!?)(r) = —2s(r) +p(r) satisfies
fooo dr pUP)(r) = 0. Generically, for a spherically symmetric mechanical system in

(7)

<r2>mech =

nD one can express its pressure and shear forces in terms of pressure in kD spherical
subsystem as follows:

k kin—k) 1 [" _
PP (py = F kD) () ( ) 7/ dr’ v k= 1p(kD) (11 (8)
n n ™ Jo
(nD) kb k1T ko1 (kD)
s (T)Z—in_lp (7")+n_17k OdTT p (). 9)

Such relations can be useful, e.g. in holographic approaches to QCD. The concepts

can be generalized to higher spins®. The energy density and pressure in the center
of a hadron are given by*

0 " 1 0

dt v—t |A(t)——=D(t 0)=—F+— dt v/—t tD(t).

v A= 500] w0 = st [ av= o

(10)

m
472 J_

Too (0)

5. The D-term in theory and experiment

In contrast to the constraints A(0) = 1 and B(0) = 0 resulting from properties of
the states under Lorentz transformations??, the form factor D(t) is not constrained
(not even at ¢ = 0) by general principles. It is not related to external properties
like Lorentz transformations but reflects internal dynamics inside the hadron. The
value D = D(0) is therefore not known for (nearly) any particle.
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Fig. 1. Pressure in chiral quark soliton (xQSM)?26 and realization of the von Laue condition (5).

In free field theories one finds D = —1 for free Klein Gordon fields™15, and
D = 0 for free Dirac fields?!. For Goldstone bosons of spontaneous chiral symmetry
breaking it is predicted in the chiral limit that Dgelgstone = —1 from soft pion
theorems for EMT form factors?? or pion GPDs?. Corrections due to finite masses
are expected to be small for pions and larger for kaons and 7?23,

For large nuclei in the liquid drop model® p(r) = pof(r — R) — %5(1" - R)
and s(r) = v6(r — R) with nucleus radius R = RyA'/? and surface tension v
related by the Kelvin relation py = 2vy/R?*. It is predicted (r?)yeen = %R2 and
D= f% m-y %’r R* o A"/ which is supported in Walecka model?®.

The D-term of the nucleon was studied in the chiral quark soliton model?®
which predicts D ~ —3.5 and (r?)meen & 0.75 (1) charge. Studies were also reported
in Skyrme models including nuclear medium corrections??, bag model 28, a Nambu-
Jona-Lasinio diquark approach??, using dispersion relations3°, chiral perturbation
theory3!, lattice QCD32, and QCD lightcone sum rules®?. D-terms of mesons>*,
Q-balls?, photons>® and A-resonance'® were also studied.

A first extraction of the quark contribution to the pion D-term from the BELLE
data®” on y*y — 270 gave3® D?(0) ~ —0.75 with unestimated uncertainties.
For the D-term of the nucleon phenomenological fits indicate that D? < 0 with
large uncertainties3®. The D-term can be accessed in DVCS with help of fixed-
t dispersion relations®7 which relate the real and imaginary parts of the com-
plex DVCS Compton form factors with a subtraction constant A(¢, ) related to
DO(t,p) = 2 A(t,p)/(e2 + €2) = 32 A(t, 1) under certain assumptions (large-N,
limit, g — o00). An analysis of the JLab data?’ performed under such assump-
tions and additional constraints gave a first insight on A(t, ) of the nucleon*!.
Relaxing these assumptions and constraints at the current stage yields much larger
uncertainties*? though the method in principle works.

6. Applications and Conclusions

The EMT form factors have important applications including hard exclusive reac-
tions, the description of hadrons in strong gravitational fields, hadronic decays of
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heavy quarkonia??, and the description of exotic hadrons with hidden charm as

hadroquarkonia 843,

Unlike the EMT form factors A(t) and B(t) related to the generators of the
Poincaré group and ultimately to the mass and spin of a particle, the form factor
D(t) is related to the internal forces and opens a new window for studies of the
hadron structure and visualization of internal hadronic forces.
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This article briefly reviews an attempt to extract the generalized parton distributions
(GPDs) from meson electroproduction data and discusses their applications such as their
use in calculations of other hard exclusive processes, their behavior in the transverse
position space or the evaluation of the parton angular momenta.
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The GPDs which encode the soft physics, are not calculable from first principles
as yet with the exception of some of their lowest moments evaluated from lattice
QCD. Thus, the GPDs have to be modeled or parametrized in order to fit experi-
mental data on meson-electroproduction data. Very profitable is the extraction of
the GPDs from experiment in analogy to the determination of the familiar parton
densities (PDFs). In a series of papers!® we have attempted such a GPD analysis
using meson electroproduction data (p°, ¢, 70 and n). The GPDs are constructed
from the double distribution representation® where the double distribution is as-
sumed to be a product of a zero-skewness GPD and a weight function that generates
the skewness (£) dependence. The zero-skewness GPDs are parametrized as

Ki(2,§ = 0,1) = ki(x) exp [tfi(x)] (1)

where the ¢ = t = 0 limit, k;(x), is a PDF in some cases (for the GPDs H, H, Hr)
or parametrized like the PDFs. For small —t it suffices to employ a simple profile
function that bears similarity to the ¢-dependence of a Regge-pole contribution

fri(z) = ajInz + B; (2)

where o and B; are parameters. For large —¢ (larger than about 1 GeV2) a more
complicate profile function is required, e.g.”® (similar profiles are proposed in?1?)

foxi(z) = (dilnz + By)(1 —2)® + Ajz(1 — z)?. (3)

The GPDs are to be convoluted with suitable subprocess amplitudes which in
principle can be computed perturbatively. It turns out however that the leading-

t1112 we learned that there are

twist amplitudes do not suffer. From experimen
strong contributions from transversely polarized virtual photons. Moreover, also
a leading-twist calculation of the longitudinal amplitude fails except at very large
values of Q% ( larger than about 50 GeV?). In fact, the transverse size of the
meson cannot be ignored as has been pointed out in'? long time ago. We have

have modeled its effect by quark transverse momenta in the subprocess whereas
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the emission and reabsorption of partons by the proton is treated collinearly to
the proton momenta. Sudakov suppressions are also taken into account. Since
the Sudakov factor, S, involves a resummation of all orders of perturbation theory
in next-to-leading-log approximation'# which can only effectively be performed in
the impact parameter (b)) space, canonically conjugated to the quark transverse
momentum space, we are forced to work in a b-space

HO)\,O)\ = /deQbL\i’(Tv bi)]}OA,OA (.I‘, 57 T, Q27 bL)O{S(,LLR) exp [_S(T7 bL7 Q2)] (4)

where F and ¥ denote the Fourier transforms of the hard scattering kernel and the
meson’s light-cone wave function, respectively. For the latter one a Gaussian in b is
used with a parameter that desribes the transverse size of the meson. This approach
also allows to calculate the amplitudes for transitions from a transverse photon, 77,
to a likewise polarized vector meson, Vr, as well as those for v — Vi (P) transitions.
In the latter case a twist-3 meson wave function is required.

The current state of the GPD extraction is the following:

The GPDs H and F for valence quarks are determined in an analysis of the nuclear
form factors”® and are subsequently used in the analyses of the electroproduction
data. From the longitudinal cross section data on p° and ¢ production for Q2 >
3 GeV? and W >4 GeV (£<0.1, =t <0.5 GeV?) H for gluons and sea quarks is
fixed?. The contribution from F is negligible in the longitudinal cross section at
small —¢, the other GPDs do not contribute. The transverse size parameter, ay , in
the meson wave function are adjusted to the data. With E for valence quarks and
H for quarks and gluons at disposal also the transverse cross sections for p° and ¢
production as well as many spin density matrix elements can be computed?.

From the analysis of cross section and polarization data on 7 and 1 produc-
tion 1516 we learned about the GPDs H, Hy and Er for valence quarks®5. There
is no clear signal in the data for contributions from E. For 7% production there is
also an important contribution from the pion pole which is treated as a one-pion
exchange contribution. The available data on meson elecroproduction do not pro-
vide information on the GPDs E ,E,Hr and Ey for gluons and sea quarks; Fr and
Ep are yet completely unknown.

The Fourier transform (FT) of the zero-skewness GPD (1) reads (t = —A?%)

2

Blab) = [ e ™2 Ko 6 =0.0) = 1 S e [#/(R)]. (9
It has been shown 78 that these FTs, or better combinations of these FTs, have a
density interpretation. For instance, ¢®(z,b), the FT of H%(x,& = 0,t), describes
the density of unpolarized quarks of flavor @ in an unpolarized proton while ¢ =
1/2[¢*(z, b)+Aq*(x, b)] is the density of flavor a quarks with helicity (anti-) parallel
to the proton helicity (Aq is the FT of H). It can readily been shown®9 that the
small —t electroproduction data (—t <1 GeV?) are only sensitive to the GPDs in
the small z-region (r <0.1). For their large z-behavior information from sources
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other than electroproduction is required. As an example the ratio of the FTs, ¢%, of
H* obtained with either the profile function (2) or (3), is shown in Fig. 1. Both the
versions of H" describe equally well the electroproduction data but they drastically
differ at large x and large —t. Ounly with the profile function (3) is H* well in
agreement with the large —t proton form factor data. In Fig. 1 the functions g4
for valence quarks are displayed at © = 0.6. In the case at hand the required large
—t information comes from the nucleon’s axial form factor and from the helicity
correlation K in wide-angle Compton scattering*®.

05f F af(z,b)
apx(x.b)

06 08 10 0 01 02 03 04 05

0 02 04
b [fm] b [fm]

Fig. 1. Left: The ratio of q%(x,b?) for the Regge-like profile function (2) and for (3) at = =
0.05(0.2, 0.6) solid (dashed, dotted) line. The scale is 2 GeV.

Fig. 2. Right: The impact parameter distributions for valence quarks with definite helicities at
x = 0.6 (in fm~2). g4 (z,b?) is evaluated from the profile function (3). The scale is 2 GeV.

The universality property of the GPDs, i.e. their process independence, now
allows to calculate several other hard exclusive processes. Among them are lepton-
pair production in exclusive processes (time-like DVCS?°, 7=p — [t~ n?!) and
neutrino meson production???3 for which no data are available so far. Also w and
kaon production have been predicted?4?®> and reasonable agreement with the avail-
able data has been found. An example is shown in Fig. 3. Another process which
can now be calculated free of parameters, is DVCS. A leading-twist calculation 26
leads to very good agreement with the DVCS cross section and polarization data
except for Jlab kinematics. In this region higher-twist corrections, at least those
of kinematical origin are required?”. Interestingly, some modulations of the DVCS
asymmetry measured with a transversely polarized target provide some, admittedly
rough, information on the GPD FE for sea quarks (assuming a flavor symmetric sea).
This information in combination with positivity bounds and the sum rule for the
second moments, e$,, of ' allows for an evaluation of the parton angular momenta

7= ldateh], 0= Slot ). (©
The results for J in dependence on the scale are displayed in Fig. 4.

Summary: 1 briefly reported on the present status of the extraction of the GPDs

from meson electroproduction data. Needless to say that this first attempt requires
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Fig. 3. Left: The forward longitudinal (circles) and transverse (triangles) cross section for yv*p —
KA. Full (open) symbols represent the data (predictions). References to data can be found in2°.

Fig. 4. Right: The evolution of the parton angular momenta. The second moments of H (g5,
g20) are evaluated from the ABM11 (NLO) PDFs.

improvements. More and more accurate data which will come from Jlab12 and
perhaps from the EIC, will help. With the GPDs at disposal one can predict other
hard space- and time-like exclusive processes and study many propertie of the GPDs.
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The generalized parton distributions (GPDs) can be calculated from the corresponding
quasi-GPDs through the large-momentum effective theory approach. Using operator
product expansion, we strictly derive the factorization formula which matches the quasi-
GPDs to GPDs. We also calculate the one-loop matching coefficients for the quasi-GPDs
in the MS and a regularization-independent momentum subtraction scheme. These re-
sults will lay the foundation for a systematic extraction of GPDs from lattice QCD.

Keywords: Quasi GPD; LaMET; Nonperturbative renormalization; Matching.

1. Introduction

Over the past few years, lattice QCD has made remarkable progress towards the
calculation of the z-dependence of parton distribution functions (PDFs). Among
them, the large-momentum effective theory (LaMET) 2 has gained the most inter-
est and been implemented in the lattice calculation of isovector PDFs of different
spin structures (for reviews see Refs. 3-5). The factorization formula for the PDF
has been proven®2, and the perturbative matching coefficients in the factorization
formulas have been derived for quasi-PDFs®°. A nonperturbative renormaliza-
tion of the quasi-PDF in the regularization-independent momentum subtraction
(RI/MOM) scheme has been performed on the lattice 11, and their matching to
the MS PDF has been well understood at one-loop order 12714,

As for the GPDs, the factorizaiton of quasi-GPDs into GPDs have been studied

15,16’ and

at one-loop order for the isovector quark case with different spin structures
the one-loop matching coefficients were obtained in a transverse momentum cutoff
scheme. Due to the linear power divergence in the quasi-GPDs, this scheme is not
suitable in the lattice implementation. Therefore, the renormalization and matching
of the nonsinglet quark quasi-GPDs are re-examined in the RI/MOM scheme!7,
with the matching coefficient calculated at one-loop order. In this writing, we

present the derivation and results in Ref. 17.
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2. Definitions and conventions

The parent function for the nonsinglet quark GPDs, which we call parent-GPD for
simplicity, is defined from the Fourier transform of the off-forward matrix element
of a light-cone correlator,
- AC™ iac o gy = 0 mvaryr (& Sy O
F(T typ)=[ ——e = PP S" i) () TA W, (A, —) 0 (=) | P'S'), (1
(Coa 6= [ G PP DDA (= (- IP'S) (1)
where x € [~1, 1], the light-cone coordinates ¢* = (¢ + ¢*)/+/2, and the hadron
state |P'S’) (|P"”S")) is denoted by its momentum and spin. The parent-GPD
is defined in the MS scheme and s is the renormalization scale. The kinematic
variables are defined as
pt—pt AT
_ pl / _ 2 — _
A=P _P’t:A,é-:_P/H'—FPH'__QPJ'_’ (2)
where without loss of generality we choose a particular Lorentz frame so that the
average momentum P* = (P"F + P'")/2 = (P',0,0,P?), and only consider the

case with 0 < € < 1. T' = 4+, yt5, and ict+ = y1~T correspond to the un-
polarized, helicity, and transversity parent-GPDs, respectively. A is a Gell-Mann

matrix in flavor space, e.g., A3 corresponds to flavor isovector (u — d) distribution.
W+(%,f%) is a lightlike Wilson line connecting —¢~ /2 to ¢~ /2.

The GPDs are defined as form factors of the parent-GPD, which we do not
specify here. As we shall see, the matching coefficient is universal for all the GPDs
defined from the same bilinear operator.

To calculate the quark GPDs within LaMET, we consider a quark quasi-parent-

GPD defined from an equal-time correlator:
~ =~ o~ 2P (dz ,..p- 2\ \a z oz z
F(0,2,6,t,P* i) =" [ e P (P”S”|w(§)1“)\ WZ(§7—§)¢(—§)|P’S’>, (3)

where [z is the renormalization scale in a particular scheme, and N is a normalization

factor that depends on the choice of I'. In order to minimize operator mixing on

12,18,19 " we choose I' = 4*, ¥*s5, and i0** for the unpolarized, helicity, and

lattice
transversity quasi-GPDs, which all correspond to the same normalization factor
N = 2P W,(29,21) is a spacelike Wilson line that connects z; to 2.

The kinematic variables are similar to those in Eq. (2) except that the “quasi”

skewness parameter

- Pz _ plz A? M2
EZ—P//Z+P/Z:_2PZ:§+O(P2) ’ (4)

which is equal to & up to power corrections. From now on we will replace E with &

by assuming that the power corrections are small.

3. Operator product expansion and the factorization formula

In this section, we derive the explicit form of the factorigation formula for the
quasi-GPDs using the OPE of the nonlocal quark bilinear O(T', z) = ¢ T'W.4. The
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same method has been used for the “lattice cross section” 7 and quasi-PDF®, which
are both forward matrix elements of a nonlocal gauge-invariant operator. In the
off-forward case, the matrix element of O(T, z) at leading twist approximation is

(P'|O(+*, z, )| P) 2PzZC —2P?) Z Brm (1

M2 ¢

Yy
X[l dyC?n/2(E)F(7+vya€7ta /u‘) +O(P7Z2a PZ27 2AQCD) (5)

where F,, (—zP#) are partial wave polynomials whose explicit forms are known in the
conformal OPE20, and O3/ 2(37) are Gegenbauer polynomials. B, (1) diagonalize
the renormalization group equations for the conformal operators?':22. The higher-
twist terms contribute to O(2*Agcp). Then we can Fourier transform Eq. 5 from
z to ©P? to obtain the quasi-GPD and its factorization formula,

1

_ du -

F(”z’x’g’t’PZ’”):/_m?ylc (ch ? gzli) (V56,8 1) + O(1/P2),
_[tdy,, € o + >
—[1 mc’yz(gygvypz)F(’y 7ya§7thu)+o(1/Pz)a (6)

where the defintions of the two matching coefficients C' and C' are given in Ref.
17. The second form in Eq. 6 was postulated in Refs. 15,16. Based on Eq. 6, we
can infer that the matching coefficients for all the quasi-GPDs must be the same.
Similar formulas can also be derived for the helicity and transversity cases.

The factorization formulas in Eq. 6 are similar to the evolution equations for
the GPDs23:24. Notably, at zero skewness ¢ = 0, we have

ﬁ(vz,x,O,t,PZ,u)=/ izC (x

where the matching kernel C,-(z/y,0, 11/(yP?)) is exactly the same matching co-
efficient for the MS quasi-PDF®, even when t # 0. Moreover, in the forward limit
€ — 0andt— 0, Eq. 7 is exactly the factorization formula for the MS quasi-PDF 8.

On the other hand, in the limit £ — 1 and ¢t — 0, we obtain the factorization
formula for the quasi distribution amplitude (DA),

L) Pt 0P, (0

1
F(fyzaxalat:()aPZ?M) :/ dy C’yz (LE,y,%)F(’)ﬂr,y,l,t: 07u)+0(1/P22)3 (8)
-1

whose explicit form has been postulated in Refs. 25-27.

4. Renormalization and matching in the RI/MOM scheme

Since the UV divergence of the quasi-GPD only depends on the operator 6(F, z),
not on the external states, we can choose the same renormalization factors as those
for the quasi-PDF to renormalize the quasi-GPDs. These renormalization factors
have been nonperturbatively calculated on the lattice !:!!, and their contributions
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to the matching as counter-terms have also been calculated at one-loop order in

continumm perturbation theory 14,

When the hadron momentum P? is much greater than M and Aqcp, the
RI/MOM quasi-GPD can be matched onto the MS GPD through the factoriza-

tion formula®13

1
~ d T P* yP? _
F(F7x7§7taPZ7pR>:/ 7yCF(77§aT7LayZ )F(F7y7£at7/1/) +O(1/Pz:2)7 (9)
S I VA A A 7
where r = (pR)z/(pﬁ)z, and
p® p* 1) P 1) p° PR
Cr(z,§r,—,—&)=0(1-x2)+Cg’(I',2,§,—,~) = Corp (L2, —,—7), (10
F( 1 pR) ( ) B( 1 M') CT( % ,) (10)

with

z z 2
c(r,a,¢, i,//j,):fl(l",m,f,i)++5p7wz¢5(1—x)az7c;F{ §+1n (;‘2)] , (11)
where the subscript B denotes “bare” for the quasi-GPD, and ¢ regulates the ultra-
violet (UV) divergence. The results for f; can be found in Ref. 17. The matching
coefficients reduce to those for the quasi-PDFs®2® when & = 0 even if t # 0, as
well as those for the DAs?” by the replacement &€ — 1/(2y — 1), /¢ — 2z — 1, and
pz — pz/2 15.

As we argued in Sec. 4, we can use the renormalization factor for the quasi-
PDF to renormalize the quasi-GPD, which leads to the same one-loop RI/MOM
counterterm >4, Finally, with the replacements 2 — z/y, £ — £/y, and p* —
yP*®13 we obtain the RI/MOM matching coefficient,

x P* yP* T P* P* P* x
Clgl)(77§7r7y ayz )_[fl(raagay )_‘yz fQ(F,LZ (—1)+1,T'):|
Yy n DR vy u Pr Pr Y +
z\ a,Cp 2 9
- 1—— In{ =% 12
Fons(1-5) 2 m () voed. a2

where fo(I', x,r) for different spin structures can be found in Refs. 14,28.

5. Conclusion

Within the framework of LaMET, we have derived the one-loop matching coeffi-
cients that match the isovector quark quasi-GPDs in the RI/MOM scheme to GPDs
in the MS scheme for different spin structures. We also presented a rigorous deriva-
tion of the factorization formula for isovector quark quasi-GPDs based on OPE. As
a result, for quasi-GPDs with zero skewness the matching coefficient is the same
as that for the quasi-PDF. Our results will be used to extract the isovector quark
GPDs from lattice calculations of the corresponding quasi-GPDs.
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We show that exclusive photoproduction of J/% in ultraperipheral collisions of heavy
ions at the LHC constrains the nuclear gluon density at small x and gives evidence of
large nuclear gluon shadowing.
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collisions, exclusive J/1 photoproduction.

1. Introduction

Nuclear parton distribution functions (nPDFs) are fundamental quantities of QCD,
which describe quark and gluon distributions in nuclei as a function of the light-cone
momentum fraction x at a resolution scale p. These distributions quantify so-called
cold nuclear matter effects (deviations of nPDFs from the sum of free proton and
neutron PDFs) and are also needed for quantitative estimates of the onset of the
gluon saturation, which are essential for phenomenology of hard processes with
nuclei at the Relativistic Heavy Ion Collider (RHIC), the Large Hadron Collider
(LHC), and the future Electron-Ton Collider (EIC), the Future Circular Collider
(FCC), and the Large Hadron-Electron Collider (LHeC).

Within the framework of the QCD collinear factorization, nPDFs are determined
using available data on lepton deep inelastic scattering (DIS) on fixed nuclear tar-
gets and selected hard processes in deuteron-nucleus scattering at RHIC (inclusive
pion production) and proton-nucleus scattering at the LHC (gauge boson and dijet
production). Unfortunately, it does not constrain well nPDFs, which as a result
are known with large uncertainties.' 7 This is especially acute for small =, where
nPDFs are expected to be suppressed due to nuclear shadowing. The improvement
in the determination of nPDFs using the LHC Run 2 data is rather modest.®? In
the future, nPDF's — especially the poorly known gluon density — will be constrained
very well at an EIC taking advantage of its wide kinematic coverage and measure-
ments of the longitudinal F7(z,Q?) and the charm F$(z,Q?) nuclear structure
functions. '°
Another possibility to constrain nPDF's at small x is provided by ultraperipheral
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collisions (UPCs) of heavy ions at the LHC, which give an opportunity to study

1 In particular,

real photon-nucleus scattering at unprecedentedly high energies.
coherent photoproduction of J/t¢ on nuclei directly probes the nuclear gluon den-
sity. 1214 In the remainder of this contribution, we explain how this process can be

used to obtain new constraints on the nuclear gluon density at small x.

2. Gluon nuclear shadowing from coherent J/v¢ photoproduction
on nuclei

In UPCs heavy ions interact at large impact parameters b > 2R 4 (R 4 is the effective
radius of colliding nuclei) so that the strong interaction is suppressed and the in-
teraction proceeds via the exchange of quasi-real photons (the Weizsicker-Williams
method of equivalent photons). The cross section of coherent J/v photoproduction
in UPCs of ions A reads

doaasangy(y)

iy = NyaW)oya—i/pay) + Nyja(=y)oyasipal=y), (1)

where N, 4(y) is the photon flux known from QED; 04—, /44 is the photopro-
duction cross section; y = In[W2,/(2ypmyM;,y)] is the J/¢ rapidity; W, is the
invariant photon-nucleon energy. Since each ion can serve as a source of photons
and as a target, there are two terms in Eq. (1) corresponding to contributions of
high-energy and low-energy photons, respectively.

In the leading logarithmic approximation (LLA) of perturbative QCD and the
non-relativistic (static) approximation for the charmonium wave function, the cross
section of exclusive J/¢ photoproduction is proportional to the gluon density

squared.'? Applying this to the nuclear target, one obtains 34

oy s/ Wop t =0) [ ga(e,p2) 1°
UwAﬁJ/wA(va):”i/N = /wpdt = [Ag]\f(:c ,ug) ®alt), ()

where ga(z, u?) and gn(x, u?) are the nucleus and nucleon gluon densities, respec-
tively; z = Mg/w/Wfp; dop—s j/4p/dt is the cross section on the proton, which has
been measured in the relevant kinematics at HERA and by the LHCDb collabora-
tion; ®4(t) = [dt|Fa(t)|? is calculated using the nuclear form factor Fa(t); the
parameter x4,y = 0.9 — 0.95 corrects for the effect of skewness, see the discussion

in Sec. 3. It is useful to define the nuclear suppression factor of Spy,

0y asg/pa(Wap) 2 ga(z, p?)

Sreli) [JiiﬁJ/wA(Ww)] AN Agn (e, p?)” ¥
where ‘75}4 /A is the cross section calculated in the impulse approximation,
which implies no nuclear modifications of nPDFs. The left-hand side of Eq. (3)
can be evaluated model-independently using the LHC UPC data and parametriza-
tions of do.,—1/ypp(W,p,t = 0)/dt and Fa(t); the gluon shadowing ratio R, =
ga(z, 1?)/[Agn (z, u?)] in the right-hand side of Eq. (3) is predicted by global QCD
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Fig. 1. The nuclear suppression factor of Spy, for coherent J/1 photoproduction in Pb-Pb UPCs
at 2.76 TeV: the values extracted from the ALICE and CMS data vs. predictions of global QCD
fits of nPDFs and the leading twist nuclear shadowing model, see Ref. 14 for details.

fits of nPDFs and the leading twist model of nuclear shadowing'®. Figure 1 shows
the comparison of values of Sp, extracted from the ALICE and CMS data with the
theoretical predictions, see Ref. 14 for details. As one can see from the figure, the
good agreement with ALICE and CMS data on coherent J/v¢ photoproduction in
Pb-Pb UPCs at 2.76 TeV gives direct evidence of large gluon nuclear shadowing,
Ry(z = 0.001, 4? = 3 GeV?) =~ 0.6.

3. Discussion and conclusions

There has been a wealth of theoretical investigations of exclusive J/¢ photoproduc-
tion in pQCD with the aim to go beyond the LLA used in Ref. 12. To stay within the
collinear factorization framework, we note the recent next-to-leading order (NLO)
calculation in the framework of generalized parton distributions (GPDs).!617 Not
only NLO corrections were found to be very large at small x, but also GPDs in
general differ from PDFs. Hence, it remains a challenge to rigorously employ the
UPC data on exclusive J/1 photoproduction on nuclei in global fits on nPDFs. In
our analysis, we used a model-dependent connection between the gluon GPD and
the usual gluon density, which resulted in the factor of £ 4,y in Egs. (2) and (3).
At the same time, photoproduction of dijets in UPCs probes nPDF's directly, but at
significantly higher values of the resolution scale, where nuclear modifications are
smaller. 1819

In conclusion, exclusive photoproduction of charmonia and inclusive photopro-
duction of dijets in heavy-ion UPCs give an excellent opportunity to constrain
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nPDFs at small = in the nuclear shadowing region.
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A general QCD light front formalism to compute many-body color charge correlation
functions due to quarks in the proton was constructed!. These enable new studies
of color charge distributions in the nucleon. The analogies between such correlation
functions to electric and magnetization charge densities in the proton and also to nucleon-
nucleon correlations in the nucleus are discussed. Including the color charge correlations
leads naturally to the removal of infrared divergences that occurs in two- and three-gluon
exchange interactions in gg-proton scattering. Extensions to include gluonic color charge
correlations are discussed.

Keywords: Electric charge density, magnetization density, color charge density

1. Introduction

This talk is concerned with a basic question: Where is the color charge located in
a nucleon, or in a nucleus? A related question: Is the color charge distribution the
same as the charge distribution? We know that this cannot be the case because the
integral of the color charge density must vanish because of color neutrality. Instead
one must be concerned with matrix elements of powers of the color charge density
operators such as p? and p®. Thus moments must be constructed and understood.
This talk is a new way of looking at nucleon and nuclear structure. The formalism
can be thought of as an extension of the Mclerran-Venugopalan (MV) model for
relativistic heavy ion physics? ™ to nucleon structure.

2. Electromagnetic Charge Densities and Correlations

I set the stage by discussing electromagnetic charge densities within the light-front
formalism® 8. The electromagnetic current density is given by J* = Zq eqqv"q
where ¢ represents the quark flavor. One forms the current density from the J+
operator acting in an eigenstate of transverse position R:

poo(@™,b) = (p", R, A D eqql (27, b)gy (27, b)p", R, N), (1)

q

where the longitudinal (transverse) spatial coordinates are 2~ « (¢ — z) (b), and
q; < v%y*q is the independent quark-field operator. The value of p* must be very
large because of the inherent sum over all of the proton’s transverse momenta. The
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transverse density can then be constructed from the Dirac form factor Fj as:

~ [ pnte 1) = [ SER@ D@0 @

Results are shown in the cited references and in the talk posted on the INT website
http://www.int.washington.edu/talks/WorkShops/int _18_3.

Another question can be asked: given a u-quark at a position (x~,b), what is
the probability P(Az~, Ab) that a d-quark is a distance (Axz~, Ab) away? This
given by

P(Az~,Ab) = (pTR, )| /dx_dszu(x_,b)pd(x_ + Az~, b+ Ab)[pTRA) (3)

where p,(z7,b) = eqqi(:v’,b)qu(x’,m_). This represents a correlation function,
the matrix-element of a two-quark operator that enters in the evaluation of the
two-photon-exchange matrix element. The matrix element of Eq.(3) is analogous
to the short-ranged nucleon-nucleon correlations that are now under investigation.
See e.g.%10, Interactions between high energy particles and the proton are governed
by two-gluon exchanges, so that probing quark-quark correlations might be easier
than with two-photon exchanges.

3. Color Charge Density Operator

The color charge density operator is given by

pt(x) = z/;zf(x) ~t ;. #(x)(t*)i; + gluon terms, (4)

where a is the color index and t*, a = 1 — 8 are the generators of the fundamental
representation of color-SU(3) normalized as trtt® = §%°/2. The interesting matrix
elements in the proton are { |p(x)]), (|p(x)p" ()1}, (|p*(x)p"(y)p°(y)I). The use of
moments of the color charge density originated in the MV model, which shows how
observables may be computed in terms of moments of p®.

A few details are presented. When using light-front dynamics, quark-fields at
T = 0 are expanded in terms of creation and destruction operators. The present
evaluation ignores the presence of anti-quarks in the proton. Then using r = (z~, b)

dx,d?q ior [ dzpd®p —ipr (4
—2P+Z/167rgf bhre™ /lﬁﬂgf N € T ()i 0an. (5)
AN

It is interesting to evaluate this operator in the infinite momentum frame (IMF),
P* — co. Then, the expression limp_,o Pte!@a==»)P 7" appears. Taking the
limit carefully®, we found that p® contains a factor 2w (x, — z,)d(r~). Thus in the
IMF the color-charge-density operator takes on the characteristics of a very thin
disk. In particular, the color charge per unit area is given by matrix elements of

a/, .— — d k el a
(e b) = 3(a) o [T ST beaan (0:6)

zq,q—k,z,k
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The two-dimensional Fourier transform p®(x~, k 1) is used also. The notation

<P+,I_{'L’O‘P+,]3L :0>
0. = o ™

is used in the following.

4. Color Charge Correlations

Evaluations were made using light front wave functions for a 3-quark Fock state?.
The first result is that (p®(z~,b))x, = 0 as expected for a color singlet. But the
obvious result raises a question. Consider the matrix element of p® for a Fock space
component of proton: |3¢q, G). Would the matrix element still vanish? The sum of
quark and gluon densities must vanish, so any non-zero contribution to the color
charge density from the quarks would be cancelled by the contribution from the
gluons. That it is highly likely that (3¢, G|p®(z~, b)|3¢, G) would not vanish can be
seen immediately by considering color SU(2). In this case, the situation is analogous
to that of the nucleon’s pion cloud, which gives the neutron a non-vanishing charge
density even though the total charge is zero'®.

The next step was to evaluate the two-quark color charge density: ( ﬁ“(ff 1 -
k)b (k) )k, = 20%(GI(KL) — Ga(k, K1) = 16%°G(k.,K,). The first term
occurs when both density operators act on the same quark, and the second occurs
when the action is on two different quarks. The limit of forward scattering is
K, = 0and then G(k,0) = 1—Gy (K, 0). Note that taking k; = 0 yields G(0,0) = 0,
a consequence of color neutrality, necessary to suppress infrared divergences that
would come from gluon propagators.

A simple three-quark wave function!? was used to evaluate G (E, 0). The result

is shown in Fig. 1.

1.0f
g(k, 0) 0.8}
0.6}
0.4}
0.2f

i 2 3 4 5
k(GeV)

Fig. 1. Q(E, 0). Cancellation at k = 0 is needed to prevent infrared divergences from appearing.

Space limitations prevent me from saying much more, but it’s all included in®.
See also'® for an interesting application of the formalism.
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5. Summary

Ref.! provides a new way of looking at proton structure that involves using mo-
ments of the color charge density operator. Quadratic and cubic correlation func-
tions in the proton have been constructed for 3-quark light-front wave functions.
The formalism is general so that evaluations can be made for more complicated
wave functions. The quadratic correlator (p®p?) corresponds to Pomeron exchange,
and the cubic correlator (p?p®p¢) corresponds to Odderon exchange. The present
formalism complements the standard GPD formalism.
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Studying light-cone parton distribution functions (PDFs) through Euclidean correlators
in lattice QCD is currently a very active field of research. In particular, the parton
quasi-distributions (quasi-PDFs) have attracted a lot of attention. Quasi-PDFs converge
to their respective standard distributions in the limit of infinite hadron momentum.
We explore the quasi-distribution approach for twist-2 generalized parton distributions
(GPDs) in a frequently used diquark spectator model. Our main focus is to test how
well the quasi-distributions agree with their light-cone counterparts for finite hadron
momenta. We also discuss model-independent results for moments of quasi-distributions.

Keywords: Euclidean parton correlators; quasi-PDFs; quasi-GPDs; spectator models

1. Introduction

Quasi-PDFs put forward by Ji! are at the forefront of numerical calculations of the
partonic structure of strongly interacting systems. They are defined through spatial
(Euclidean) correlation functions and thus are directly calculable in lattice QCD. We
have investigated this new approach by calculating (eight) twist-2 GPDs in a scalar
diquark model (SDM)?:3. In this short write-up of the talk, we mainly concentrate
on the unpolarized quasi-GPD Hg which corresponds to the standard GPD H.
All the numerical features discussed subsequently are robust and not specific to
this distribution function. Related model calculations of Euclidean correlators are
available as well* 10,

2. Quasi-GPDs: Definition and Analytical Results

Quasi-GPDs are defined through an equal-time spatial correlation function!-2,

T O LY 4 1 R [

20=0,7, =0,
where Wq denotes a Wilson line. The unpolarized quasi-GPDs Hqo/3) and Eqo/3)
are defined through the choice I' = 4%/3. More details on the definition of quasi-
GPDs can be found elsewhere?3. Quasi-GPDs are functions of four kinematical
variables: the average parton momentum fraction = 1’2—1, the (standard) skewness

&t = (p—p)? (or the transverse momentum transfer |A| |), and the average z-
component of the hadron momentum P3. Note that z differs from Ikpj that appears
for light-cone GPDs. The support for the quasi-GPDs is given by —oo < z < oo.

We also use the quantity § = /1 + % (with M denoting the hadron mass),

which shows up in the relation P° = § P3.
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Fig. 1. Left panel: Quasi-PDF f; q(0) as a function of z for different values of P3. The black
curve represents the light-cone PDF fi. Right panel: Relative difference between f1 q(o) and fi
as a function of z for different values of P3.

We now consider quasi-GPDs in the scalar diquark model (SDM), whose main
parameters are the nucleon-quark-diquark coupling g, the quark mass m,, and the
diquark mass ms. Here we quote the analytical result for the quasi-GPD Hgq 23,

. 23
1g°P - Npg
Hqo)(z, &t P) = W/dko a?F, 1O (2)

where the numerator reads

2 t 1.k -A
Ny = 0(k°)? — 53 {ar(PS)2 —mgM —x 175 5t %] k°
1
- t ki -A
+5{x2(P3)2+ki+m3+(1—2x)——5515—{ l] (3)
4 Ai

When performing [ dk® via contour integration, one can verify that the position of
the k%-poles never switch half planes. This implies that the quasi-GPDs are contin-
uous functions of x, which differs from light-cone GPDs which can be discontinuous
at the cross-over points z = +&'. Also, we have verified the consistency check
that all quasi-GPDs reduce to the corresponding light-cone GPDs for P? — oc.

3. Numerical Results in Scalar Diquark Model

Our numerical results are largely insensitive to variations of the model parame-
ters23. We first discuss the unpolarized quasi-PDF f1,Q(0), which is the forward
limit of Hg) — see Fig. 1. For larger values of P3, there is a good agreement
between quasi and light-cone PDF over a wide range of x. However, considerable
discrepancies appear as © — 0 and z — 1. The discrepancies around z = 0 can
be expected?. The relative difference Rfl(o)(x;P3) = %W in Fig. 1
better illustrates, in particular, the discrepancies at large =, which are partly due to
the mismatch between the parton momentum fractions appearing in the light-cone
PDFs and the quasi-PDFs?3.
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Fig. 2. Left panel: Quasi-GPD Hq(q) as a function of z for £ = 0.1 and different values of P3.
The limits of the ERBL region are indicated by vertical dashed lines. Right panel: Hgq(g) as
a function of = in the ERBL region for different values of P3 and for ¢ = 0.01. Black curves
represents the light-cone GPD H.
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Fig. 3. Left panel: Comparison of the skewness variables ¢ , £3 and & for P3 = 2GeV and
|A | =0GeV. Right panel: Relative difference between Hq gy and H for three different definitions
of the skewness variable.

The quasi-GPD Hgq) for § = 0.1 is shown in Fig. 2. Generally, we have explored
the range 0.01 < £ < 0.4. The convergence problem at large z persists for all the
quasi-GPDs. There is a tendency of the discrepancies at large x to increase when
& gets larger, where the significance of this feature depends on the GPD under
consideration??3. In Fig.2 we also show Hgo) for just the ERBL region for £ = 0.4.
For large £, we observe a good agreement between quasi-GPDs and the light-cone
GPDs for a large fraction of the ERBL region. This outcome suggests that lattice
calculations could provide very valuable information in the ERBL region. On the
other hand, for small ¢ one finds significant deviations between the quasi-GPDs and
the light-cone GPDs in the ERBL region??2. So far we have used the same skewness
variable £ for the light-cone GPDs and the quasi-GPDs. But for the quasi-GPDs
one could also consider the “quasi-skewness” variables &3 = —% and & = —%.
Though they differ from £ by a higher-twist effect, the numerical difference can be
large as shown in Fig.3. As also shown in Fig. 3, ignoring the higher-twist effect
and using §~3 leads to a better convergence of Hq gy for most of the DGLAP region.
The same holds for most (spin-dependent) quasi-GPDs though not all?:3.
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4. Moments of Quasi-Distributions

It is instructive to consider Mellin moments of quasi-GPDs. Including a flavor index
‘¢’ one finds the model-independent relation?

1 o] 0
1
/dxHq(x,§,t):/dxgng(o)(x,ﬁ,t;Pg):/da:Hé(B)(x,ﬁ,t;P:S):Ff(t), (4)
—1 —o00 —o0

where Fy is the Dirac form factor. It is remarkable that the P3-dependence of
Hgq drops out in the lowest moment. However, one must divide Hq ) by the fac-
tor 0 in order to arrive at this result. Similar considerations apply for the other
quasi-GPDs, where the need of properly including the factor § has been over-
looked in most of the previous papers on quasi-distributions®. For the second

moment of the quasi-GPDs we find, in close analogy to the celebrated expression
1

[ dox (HY(z, & t) + E9(x, &, ) = AY(t) + Bi(t) where A7(0) + B(0) = J? is the

21

total angular momentum for the quark flavor ‘¢’,

oo

/ drx (Hq (2,6, P?) + E{ oy (2, &1, P*)) = A%(t) + BI(1) . (5)

The second moment of Hq3) + Eq(3) is therefore directly related to the angular

momentum of quarks, while the corresponding relation for Hg) + Eq) contains

in addition a higher-twist contributions3. Generally, the model-independent ex-

pressions for the moments of the quasi-distributions may be useful for studying the
systematic uncertainties of results from lattice QCD), especially due to the fact that
the P3-dependence of the moments is either computable or nonexistent.
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Pions and kaons occupy a special role in nature and thus have a central role in our
current description of nucleon and nuclear structure. The pion is the lightest quark
system, with a single valence quark and a single valence antiquark. It is also the particle
responsible for the long range character of the strong interaction that binds the atomic
nucleus together. A general belief is that the rules governing the strong interaction are
left-right, i.e. chirally, symmetric. If this were true, the pion would have no mass. The
chiral symmetry of massless Quantum Chromodynamics (QCD) is broken dynamically
by quark-gluon interactions and explicitly by inclusion of light quark masses, giving
the pion and kaon mass. The pion and kaon are thus seen as the key to confirm the
mechanism that dynamically generates nearly all of the mass of hadrons and central to
the effort to understand hadron structure.

1. Introduction

This talk is based on References'? and focused on measurements using the Sullivan
process and includes the current status, upcoming measurements at the 12 GeV
Jefferson Lab, and future prospects at the Electron-Ton Collider. Specific measure-
ments discussed are those of the pion and kaon form factors, as well as pion and
kaon parton distribution functions and pion generalized distribution functions.

2. Role of the proton’s pion cloud

The electron deep-inelastic-scattering off the meson cloud of a nucleon target is
called the Sullivan process. The Sullivan process can provide reliable access to a
meson target as t becomes space-like if the pole associated with the ground-state
meson (t-pole) remains the dominant feature of the process and the structure of the
related correlation evolves slowly and smoothly with virtuality. The experiments
will provide data covering a range in —t, particularly low —t¢, to check if these condi-
tions are satisfied empirically, and compare with phenomenological and theoretical
expectations. Theoretically, a recent calculation® explored the circumstances under
which these conditions should be satisfied and found to —t=0.6 GeV2,all changes in
pion structure are modest so that a well-constrained experimental analysis should be
reliable. Similar analyses for the kaon indicate that Sullivan processes can provide
a valid kaon target for —t < 0.9 GeV?2.
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3. Pion and Kaon Form Factors

The elastic electromagnetic form factors of the charged pion and kaon, F,(Q?) and
Fr(Q?), are a rich source of insights into basic features of hadron structure, such as
the roles played by confinement and DCSB in fixing the hadron’s size, determining
its mass, and defining the transition from the strong- to perturbative-QCD domains.

Studies during the last decade, based on JLab 6-GeV measurements, have gen-
erated confidence in the reliability of pion electroproduction as a tool for pion form
factor extractions. Measurements in Hall C* confirmed that with a photon virtual-
ity of 2.45 GeV?, one is still far from the resolution region where the pion behaves
like a simple quark/anti-quark pair, i.e. far from the asymptotic limit. However,
this perception is based on the assumption that the asymptotic form of the pi-
ons valence quark parton distribution amplitude (PDA) is valid at Q?=2.45 GeV?2.
Modern calculations show that this discrepancy could be explained by using a pion
valence quark PDA evaluated at a scale appropriate to the experiment. Confirming
these calculations empirically would be a great step towards our understanding of
QCD.

Forthcoming measurements at the 12-GeV JLab?® taking advantage of the new
SHMS system and particle identification detectors® will deliver pion form factor
data to Q?=6.0 GeV? with high precision, and to 8.5 GeV? with somewhat larger
experimental and theoretical uncertainties. Extractions of the kaon form factor may
be possible up to @?=5.5 GeV? from completed 12-GeV experiment E12-09-0117.
The Electron-Ton Collider provides the facilities to extend measurements of the
pion form factor even further probing deep into the region where F,(Q?) exhibits
strong sensitivity to both emergent mass generation via DCSB and the evolution
of this effect with scale. Shown in Fig. 1 projected EIC pion form factor data as
extracted from a combination of electron-proton and electron-deuteron scattering,
each with an integrated luminosity of 20fb~' — black stars with error bars. Also
shown are projected JLab 12-GeV data from a Rosenbluth-separation technique —
orange diamonds and green triangle. The long-dashed green curve is a monopole
form factor whose scale is determined by the pion radius.

4. Validation of the exclusive reaction mechanism

To validate the meson factorisation theorems and potentially extract flavour sepa-
rated GPDs from experiment, one has measure the separated longitudinal (L) and
transverse (T) cross sections and their ¢ and Q? dependencies. Only L/T separated
cross sections can unambigously show the dominance of longitudinal or transverse
photons and allow one to determine possible correlations in ¢t and Q2. The onset of
factorisation for light mesons may be expected earlier than for heavier ones. Recent
calculations predict the onset for pions and kaons in the 5-10 GeV? regime, a region
accessible with 12 GeV JLab experiments®”. Experiment E12-19-006° will provide
essential constraints on Generalized Parton Distributions (GPDs) central to the 12
GeV program. If op is confirmed to be large, it could subsequently allow for a
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detailed investigation of transversity GPDs. If, on the other hand, o, is measured
to be larger than expected, this would allow for probing the usual GPDs. Fur-
thermore, the Neutral Particle Spectrometer® will allow for precision (coincidence)

cross section measurements of neutral particles (y and 7%)1°.

5. Pion and Kaon PDFs

The mass of the pion is roughly 140 MeV, of the kaon 493 MeV, and of the proton
939 MeV. In the chiral limit, the mass of the proton is entirely given by the trace
anomaly in QCD. The mass of the pion has, in this same limit, either no contribution
at all from the trace anomaly or, more likely, a cancellation of terms occurs in order
to ensure the pion is massless. Beyond the chiral limit, a decomposition of the proton
mass budget has been suggested, expressing contributions from quark and gluon
energy and quark masses. With the various quark (flavor) and gluon distributions
in the proton reasonably well known, the largest uncertainty here lies with the
trace anomaly contribution. For the pion, further guidance on the magnitude of
quark and gluon energy can, as for the proton, be determined from measurements
of the pion and kaon structure functions, with resulting constraints on quark and
gluon PDF's, over a large range of =, and momentum-transfer squared, Q2. This is
accessible for the EIC, roughly covering down to 2, = 1073 at Q% = 1GeV? and
up to z, = 1 at Q% = 1000 GeV?2.

The projected brightness for a high-luminosity EIC is mnearly three
orders-of-magnitude above that of HERA, 1034 e-nucleons/cm?/s versus 103! e-
nucleons/cm? /s, with an acceptance essentially covering the full forward region.
With a suitable detector configuration, access to high z, (— 1) will be possi-
ble, allowing overlap with fixed-target experiments!!™13. Overlap with Drell-Yan
measurements such as those proposed for the CERN M2 beam line by the COM-
PASS++/AMBER collaboration will settle the unknown pion flux factor associated
with the Sullivan process measurements. A sample EIC extraction of valence quark,
sea quark and gluon PDFs in the pion, at a scale Q% = 10 GeV? is shown in Fig. 1.
The extraction is done with the following assumptions on PDFs: the v PDF equals
the d PDF in the pion and the @ PDF is the same as the other sea quark PDFs
(d, s and 3). The extraction at x, < 1072, at this Q2 scale, is constrained by the
existing HERA data.

Kaon structure was not studied at HERA; but the ratio of kaon structure func-
tion (under the condition of a A detection) to the proton structure function at small
—t is similar to that for the pion Sullivan process (~ 10~3). Hence, one would antic-
ipate both pion and kaon structure function measurements as functions of (¢, x, Q?)
at a high-luminosity (103* or more) EIC to be of similar statistical precision as
the well-known, textbook HERA proton F5 structure function measurements. One
should therefore be able to constrain the gluon distributions in the pion and kaon.
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QPF,(Q) (GeV?)

Fig. 1. Projections for pion form factor (left) and structure function (right) measurements at
JLab and EIC.

6. Summary

A striking feature of the strong interaction is its emergent 1-GeV mass-scale, as ex-
hibited in the masses of protons, neutrons and numerous other everyday hadronic
bound states. In sharp contrast, the energy associated with the gluons and quarks
confined inside the strong interaction’s Nambu-Goldstone bosons, such as the pion
and kaon, is not so readily apparent. Pion and kaon structure can be measured
at JLab 12 GeV and EIC through the Sullivan process, which necessarily means
mesons are accessed off-shell. Nevertheless, recent experimental and phenomeno-
logical work strongly indicates that, under certain achievable kinematic conditions,
the Sullivan process provides reliable access to a true meson target. JLab 12 GeV
will dramatically improve the pion and kaon electroproduction data set making pos-
sible the extraction of meson form factors and the interpretation of 12 GeV JLab
GPD data. The planned Electron-Ion Collider provides unique opportunities to
map pion and kaon structure over a wide kinematic range. Measurement of pion
and kaon structure functions and their generalized parton distributions will render
insights into quark and gluon energy contributions to hadron masses. Measurement
of the charged-pion form factor up to Q% ~ 35GeV?, which can be quantitatively
related to emergent-mass acquisition from dynamical chiral symmetry breaking.
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We discuss the leading-twist quark Wigner distributions in the nucleon, both in the
T-even and T-odd sectors, considering all the possible configurations of the quark and
nucleon polarizations. We identify the basic multipole structures associated with each
distribution in the transverse phase space, providing a transparent interpretation of the
spin-spin and spin-orbit correlations of quarks and nucleons encoded in these functions.

Keywords: Wigner distributions; Orbital angular momentum

1. Wigner functions: definition and properties

The concept of Wigner distributions has been borrowed from quantum mechan-
ics to study the partonic structure of the nucleon in the phase-space. The six
dimensional version of these phase-space distributions has been discussed for the
first time in Refs.!2, using a definition in the Breit frame whose physical inter-
pretation is plagued by relativistic corrections. To avoid this problem, one can
use the light-front formalism by integrating over the longitudinal spatial dimension
and then introduce five-dimensional phase-space distributions?, which depend on
two position and three momentum coordinates. In this case the Wigner distribu-
tions appear as the two-dimensional Fourier transforms of generalized transverse
momentum dependent parton distributions (GTMDs)*©
alized parton distributions (GPDs) and transverse momentum dependent parton
distributions (TMDs) in particular limits. However, the GTMDs contain richer
physics than TMDs and GPDs combined, as they carry information about the cor-
relations between the quark momentum (z, kr) and transverse space position br,
which cannot be accessed by separately studying TMDs or GPDs. Currently, the
best hope to access the GTMDs is for the gluon contribution in the low-z 711
intermediate-z 2 regimes, while a single process has been identified sofar for the

, which reduce to gener-

and

quark sector 3.
The quark GTMD correlator is defined as*®

a — d4Z ik-z " z z
Wit = [a [ G5 e (P § NGB WGP = § A (1)

where W is an appropriate Wilson line ensuring color gauge invariance, k is the
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quark average four-momentum conjugate to the quark field separation z, and |p, A)
is the spin-1/2 target state with four-momentum p and light-front helicity A. A
proper definition of the GTMDs should include also a soft-factor contribution 4.
However, it is not relevant for the following multipole analysis.

We choose to work in the symmetric frame defined by P*
[PT,P~,07]. At leading twist and for a spin 1/2 target, one can interpret

Wsga = % Z(]l + S - 0)an Te[WaaT gd], (2)
AA

p'H4pt
2

with Tge = 4+ + ST yTy5 + S:qu iagffyg,, as the GTMD correlator describing the
distribution of quarks with polarization S? inside a target with polarization S.
The corresponding phase-space distribution is obtained by Fourier transform?

d?Ar
(2m)?
and can be interpreted as giving the quasi-probability of finding a quark with po-
larization SY, transverse position by and light-front momentum (zP¥, k7) inside a
spin-1/2 target with polarization S3. The parameter n indicates whether W goes
to +00~ or —oo~. Because of the hermiticity property of the GTMD correlator (1),
these phase-space distributions are always real-valued, consistently with their quasi-

pSSq(xakTvbT;Pv 77) = / e_iAT.bT WSS‘](kavA)|A+:07 (3)

probabilistic interpretation. There are 16 independent polarization configura-

36 corresponding to 16 independent linear combinations of GTMDs*%. By

tions
construction, the real and imaginary parts of these GTMDs have opposite behavior
under naive time-reversal (T) transformation. Similarly, each Wigner distribution
can be separated into naive T-even and T-odd contributions, psss = pGge + P gas
with pGga (2, kr, br; P,n) = +p5% (x, k7, br; P, —n) = +p5%. (x, k71, br; —P, 7).
We can interpret the T-even contributions as describing the intrinsic distribution
of quarks inside the target, whereas the naive T-odd contributions describe how
initial- and final-state interactions modify these distributions.

The relativistic phase-space distribution is linear in S and S?
psse = puu + St pru + St pur + SLSY pre
+S7 (priv + ST pric) + ST (puri + St prri) + ST SE privs,  (4)
and can further be decomposed into two-dimensional multipoles in both k1 and by
spaces®. While there is no limit in the multipole order, parity and time-reversal

give constraints on the allowed multipoles. It is therefore more appropriate to
decompose the Wigner distributions px as follows

pX(xakTvbT;P7’r]) = Z pg;r'nkﬂnb)(kaTabT;Pa 77)7 (X = UU7LU7) ’

mp, Mp

pg;nk’mb)(xa kT? bTa p? 77) = BA(ka’mb)(I%T7 ZA)Ta p? 77) C;(mkymb)[x7 k’%U (kT . bT)27 b%]»

where Bgcm’“’mb) are the basic (or simplest) multipoles allowed by parity (P) and
time-reversal symmetries, multiplied by the coefficient functions C’g(m’“mb), which
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Table 1. Correlations between target polarization (Sr,, St),
quark polarization (S7,S%) and quark OAM (¢%,e1)
encoded in the various phase-space distributions px.

px U L T, T,
U (1) (Spe1) (Sats) (sge5)
L (Spel)  (SpSi)  (Sp€]sSiti) (SpeisSyey)
T | (Sel8) (SHl8S00%) (5,89 (Spe45%ed)
Ty (Syly) (SylySiLl) (SylySits) (SySy)

depend on P- and T-invariant variables only. The couple of integers (mg, my) gives
the basic multipole order in both k7 and by spaces. All the contributions px can
be understood as encoding all the possible correlations between target and quark
angular momenta, see Table 1.

2. Results and relation to the orbital angular momentum

In order to obtain a two-dimensional representation of the Wigner functions, we
integrate these phase-space distributions over z and discretize the polar coordinates
of by. We also set 7 = +1 and choose P = P/|P| = e, = (0,0,1) so that
by = (cos ¢, sin ¢, 0) and kr = (cos ¢, sin @i, 0). The resulting transverse phase-
space distributions are then represented as sets of distributions in kp-space

px(ir|br) = [depx(e kb P = ecn= 1)y g (5)

with the origin of axes lying on circles of radius |br| at polar angle ¢, in impact-
parameter space. This representation of transverse phase space has the advantage
of making the multipole structure in both kp and by spaces particularly clear in a
model independent way. For example, the basic multipole Bg(mk’m”) will be repre-
sented by a mg-pole in transverse-momentum space at any transverse position br,
with the orientation determined by m; and ¢, = arg br. The nucleon structure
information from various model calculations is encoded in the weight of the coeffi-
cient functions C&mk’m"). In the following, we will show results from the light-front
constituent quark model'® only for a couple of multipole structures only. The com-
plete discussion can be found in Ref.!®. In particular, we choose to represent only
eight points in impact-parameter space lying on a circle with radius |by| = 0.4 fm
and ¢, = km/4 with k € Z. Furthermore, the kp-distributions are normalized to
the absolute maximal value over the whole circle in impact-parameter space.

The simplest multipole is with m;, = my = 0. It appears in p% with X =
UU,LL,TT associated to the respective spin structures 1, SpS7 and (St - S%).
These spin-spin correlations survive integration over kp and br; they are respec-
tively related to (H, H, Hr) in the GPD sector and to (f1, g1, k1) in the TMD sector.
Contrary to these GPDs and TMDs, p% is not circularly symmetric, see Fig. 1. The
reason is that p% also contains information about the correlation between ks and
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Fig. 1. The (0,0) (left) and (1,1) (right) multipoles appearing in p¢,;; and p§ ;;, respectively. See
text for more details.

br (encoded in the coefficient functions C% through the (br - k7)? dependence)
which is lost under integration over kg or by 3.

The next multipoles we discuss here are the ones with my = m; = 1. Since
myg = myp, these multipoles are invariant under rotation about the longitudinal
direction. They appear in pS with X = UL, LU and p% with X = UU, LL, TT,TT".
In p& and pv, the kp-dipole is oriented along the polar direction S7 (ET X I%T) L,
Sp(by x kr)r and (St x SL)p(by x kr)r. In p% with X = UU,LL,TT, the
kr-dipole is oriented along the radial direction (I;T . l%T), SLS%(?)T . lAsT) and (St -
S%)(ZA)T . l%T) None of these structures survive integration over kr or by, and
therefore represent completely new information which is not accessible via GPDs
or TMDs at leading twist. Clearly, p% is related to the orbital motion of quarks
correlated with the longitudinal polarization®1720, In particular, the kp-dipole in
p(LlUl ) signals the presence of a net longitudinal component of quark orbital angular
momentum (OAM) correlated with the target longitudinal polarization Sz (see
Fig. 1). By reversing the target longitudinal polarization S7,, one reverses also the
orbital flow. The coefficient function C(Ll,’Jl) then gives the amount of longitudinal
quark OAM in a longitudinally polarized target (Sr¢%)3. As a matter of fact, the
quark/gluon OAM can be obtained from the pry distribution as38:19

L19 = /dﬂﬂkoT d?br (br x k1), pru(z, kr,br; P =e.,n). (6)

This relation coincides with treating the Wigner functions as if they were classical
distributions, with the quark/gluon OAM calculated from the integral over phase
space of the quark/gluon distribution in a longitudinally polarized nucleon multi-
plied by the naive OAM operator (br x kr).. Depending on the shape of the Wilson
line, one obtains different definitions for the OAM in Eq. (6)222. The gauge-
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invariant canonical OAM is obtained from Egs. (1)-(3) using a staple-like gauge
link connecting the points —z/2 and +2z/2 via the intermediary points —z/2 +noo™
and z/2 + noo™ by straight lines. In the light-front gauge AT = 0, this definition
reduces to the Jaffe-Manohar OAM?3, irrespective of whether the staple is future
or past-pointing. If we connect the points —z/2 and +2z/2 by a direct straight
Wilson line, we obtain the kinetic OAM associated with the OAM operator corre-
sponding to the Ji decomposition?* and to the Ji-Xiong-Yuan?* definition of the
gauge-invariant gluon OAM. The x-dependent integrand in Eq. (6) can also be
interpreted as density of total longitudinal OAM 318,

In terms of GTMDs, Eq. (6) can also be written as (using the notation of Ref.?)

k2
L. = —/da: Pk ﬁi’;Fl,4(x,0,k§70,0). (7)

This relation has been exploited to provide the first results in lattice QCD for the
canonical OAM in comparison with the kinetic OAM?25.
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Lorentz invariance relations for twist-3 quark distributions
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We calculate twist-3 parton ditribution functions (PDFs) using cut and uncut diagrams.
Uncut diagrams lead to a Dirac delta function term. No such term appears when cut
diagrams are used. We show that a d(x) is necessary to satisfy the Lorentz invariance
relations of twist-3 PDFs, except for the Burkhardt-Cottingham sum rule in QCD.

Keywords: GPDs, twist 3
1. Introduction

In the scalar diquark model (SDM) and quark target model (QTM), twist-3 gener-
alized parton distributions (GPDs) exhibit discontinuities at the points where the
DGLAP and ERBL regions meet (z = ££)!. In the forward limit, these discon-
tinuities can grow into Dirac delta functions (6(z))!?. While none of the twist-2
PDFs exhibit these types of singularities in both models, all twist-3 PDFs, with
the exception of go(z) in the QTM, contain such singularities. As we will show in
section 3, this 0(x) is necessary to satisfy the Lorentz invariance relations and the
sum rules for twist-3 PDFs, except the Burkhardt-Cottingham sum rule in QCDS.
This paper is organized as follows; in section 2, we investigate the two methods
to calculate the PDFs, ’cut’ and 'uncut’ diagrams, and show that there is difference
between the two approaches and one violates Lorentz invariance relations (LIR).
Violations of sum rules involving higher twist PDF's is investigated in section 3.

2. Lorentz invarince relations
kH
———[(P — k)2 - \?
(kg _ m2)2 [( ) ]
implies I* o« P* as P* is the only 4-vector in this problem. Thus for I* the
appropriate Lorentz invariance relation (LIR) reads,
I~ I
I — ) 1
prP+ P 0 (1)
In the following, we will analyze this LIR in the SDM (in which the three valence
quarks of the nucleon are considered to be in a bound state of a single quark and

Lorentz invariance, applied to the integral I* = f d*k

a scalar diquark) using bothcut diagrams and using uncut diagrams. We pretend
that we are analysing a PDF where the factor k* arises from the Dirac numerators.

In the forward limit, the model can be represented using a cut diagram as in
FIG.1 or an uncut diagram as in FIG. 2. Using cut diagrams, the spectator propa-
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e
F P -k

Fig. 1. Cut diagram Fig. 2. Uncut diagram

gator is replaced by 0 ((p — k)% — )\2) thus enforcing the mass-shell condition. Using
uncut diagrams for the spectator line, the usual Feynman propagator is used and
the energy integrals are performed using complex contour integration - picking up
the pole of the spectator propagator. Naively, the two methods should thus yield
the same results. However, a subtle difference may arise at x = 0 corresponding to
infinite light-cone energy for the active quark. In the literature, PDFs are calcu-
lated using either diagram. As we will show that, even though, both methods are
equivalent and yield identical PDF's for nonzero z, a difference manifests itself at
higher orders. This difference originates from the §(x) term which is present only in
the higher order PDFs and revealed when an uncut diagram is used. Such a term is
not present in the calculations made by using cut diagrams! As we shall show, the
d(z) term is essential to satisfy the LIR involving twist-3 distributions and therefore
the right approach is to calculate higher order PDFs is to use uncut diagrams.

2.1. Cut Diagrams

is obtained as,

Cut*P*/ dx /d4k 5(k fxp+)(k2 M 2 SO[(P — k)% = N7 (2)

Here P is the nucleon, k is the quark momentum, M, m, A are the nucleon, quark
and scalar diquark mass respectively. The k™ integral in Eq. (2) is evaluated using
5(kT — xP*), while the k™ intergral is evaluated by using the identity

) 1 _ M2 k? + )2
S[(P—EK)? =\ = 2P+(1—x)5(k —2P++2Pj(1_m)). (3)

Consequently, one finds for ¢ = + and p = — respectively,

cut: /d2 / 1_95 2 (4)

M21— 2 2
CUtzi/ko'L/d 33 k A , (5)

When cut diagrams are used, I* = I% ,

r 4P+ (k% 4+ w)?
where, w = —z(1 —2)M? + (1 — x)m + 22, Hence, the LIR(1) is violated
Iy I x)2M? 4+ k3 + A2 1 1
cut cut _ /d2kj_/ 5 + + = /dsz_ 5 o (6)
Pt - 2M2 (k7 +w)? T 202 k3 4+ m?
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2.2. Uncut Diagrams

However when uncut diagrams are used, where I* = I

wncut 1S defined as,

kH 1
— pt+ 4 +
M ..=P / dx/dké —zP )(k:Q—mz—i—ie)? (PR N tid (7)

The k™ integral in (7) is again taken using §(k™ — zP*). However, in this case,

the £~ integral is taken using residue method. For p = +, we obtain,

1_
M_W/dﬁu/d GEDE 2) : (8)

For y = —, before taking the k™ integral, we use the algebraic identity to rewrite
the term in the numerator,
M? (k% +)\?) [(P—k)? = \?]

M =9pT Tapr(ioa) 2P (—a) ©)

The last term in Eq.(9) cancels the spectator propagator in the denominator leading
to two different types of £k~ integrals in the expression for I

_ 7
Iuncut 2P+/

uncut7

2 _ M?(1 —z) — k2 — )2
/d /dk k2 —m?2 + ie)2 [(P—Ii_)2—)\2+ie]

- [

The k£~ integral in Eq.(10), leads to a delta function?,

/(k27dk_ L (11)

m?2 + ie)? ki 4+ m?2

Using this result, and taking the k£~ integrals in Eq.(10) we obtain,

It ) M2(1— ) — k2 — \2 1
UNCU J— 12
P+ 2P+2 /d kL / du (k2 +w)? + k2 +m2)’ (12)

which equals Eq. (8), i.e. the LIR (1) is satisfied when uncut diagrams are used.
The reason one method results in a violation of the LIR while other does not is

the appearance of §(z) term which is revealed only when an uncut diagram is used.

Cut diagrams do not include the point = 0, and miss the d(x) term at this point.

3. Violation Of Sum Rules

The point x = 0 is not experimentally accessible in DIS since it corresponds to
P -q — oo and thus §(x) cannot be seen. Any relation involving a twist 3 PDF
containing a d(x) would appear to be violated. Nevertheless, there is no doubt
in the validity of these sum rules because they are direct consequences of Lorentz
invariance. Therefore, the violation of the sum rules from the experimental data
would provide an indirect evidence on the existence of the Dirac delta functions.
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The most famous Lorentz invariance relation between a twist 2 PDF (g1 (z)) and
a twist 3 PDF (gr(z)) is the Burkhardt-Cottingham sum rule®,

b/d dxgl<x>t/dldng<x>. (13)

1 _
A similar relation is the h-sum rule, where the L.h.s. is equal to the tensor charge

/1 dxhy(z) = /1 dxhy(z). (14)

-1 -1
Another sum rule including a twist-3 PDF is the o-term sum rule, which provides
a relation between quark mass m and nucleon mass M,

LMMFﬁﬁWWW®=iM (15)

dm

If any of the twist 3 PDFs above contain a §(z) term, experimental measurements
would not be able to confirm the sum rule in ) and claim their violation.

4. Summary and Discussion

Twist-3 PDFs contain a §(z) in both QTM and SDM only with the exception of
g2(x) in the QTM. These §(x) terms are not related to the twist-2 (WW) parts of
the twist-3 PDFs but contributes both the qgq correlation and mass terms. Since
x = 0 is not experimentally accesible, violations of the sum rules containing twist-3
PDFs and GPDs from the experimental data would provide an indirect evidence on
the existence of these §(z) contributions.

Using cut or uncut diagrams to calculate PDF's from models leads to the same
result for x # 0. However, there is a difference between the two approaches for
higher orders. Cut diagrams exclude 2z = 0 point and hence miss the §(z) terms.
Therefore higher twist distributions calculated with cut digrams do not satisfy LIR.
In order to restore it, one needs to include x = 0 point by using an uncut diagram.
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Deeply Virtual Compton Scattering (DVCS) is considered as the “golden channel” for
accessing Generalised Parton Distributions, which contain information on the 3D imag-
ing of the nucleon, the composition of its spin and pressure distributions within it. We
present a summary of the recent, ongoing and future DVCS measurements in the va-
lence quark region accessible at Jefferson Lab and in the sea-quark region reached by
COMPASS, and their implication for the study of nucleon structure.
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1. Deeply Virtual Compton Scattering

DVCS is a process in which a lepton scatters from a quark within a nucleon, mini-
mally perturbing it, and a high energy photon is produced as a result. At leading-
order and leading-twist (twist-2, where twist is given by powers of /Q~2 in the
scattering amplitude), DVCS provides access to four chiral-even GPDs, each a func-
tion of Q2, = (the nucleon’s longitudinal momentum fraction carried by the struck
quark), & (half the change in x as a result of the scattering) and ¢ (squared four-
momentum change of the nucleon): FE?, Fa, H? and H9. These are accessible
indirectly through the complex Compton Form Factors (CFFs), the real parts of
which are given by an integral of the corresponding GPD across x and parametrise
the DVCS cross-section, beam-charge and double-spin asymmetries, while the imag-
inary parts are the values of the GPD at the points where x = ¢ and parametrise
single-spin asymmetries!. Different CFFs dominate different observables — a wide
range of measurements across a large kinematic range is therefore required to fully
constrain GPDs.

The eN — ¢’ N'v interaction, however well reconstructed, necessarily includes
the Bethe-Heitler (BH) process, where the photon is radiated by the incoming or
scattered electron. BH interferes with DVCS at the amplitude level but its con-
tribution can be calculated from the well-known Form Factors and QED. Since
BH usually dominates over that of DVCS, the BH-DVCS interference term in the
cross-section is often used to extract the DVCS amplitude.

2. Experimental facilities: Jefferson Lab and COMPASS

Jefferson Lab (JLab) in Virginia, USA, has recently upgraded its electron beam
accelerator from 6 GeV to 12 GeV maximum energy, with 11 GeV deliverable to
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the three experimental halls focussed on the study of nucleon structure: A, B and
C. The detectors in the three halls enable complementary measurements of elec-
tron scattering to be performed. Hall B housed CLAS (CEBAF Large Acceptance
Spectrometer) and now houses the upgraded CLAS12, which provides almost full
angular coverage and detection of charged and neutral particles at luminosities of
1035 ecm™2s71 (a factor of 10 higher than CLAS). DVCS measurements from Hall
B include cross-sections and asymmetries across a very wide range of phase space.
Halls A and C, in contrast, contain movable high-resolution spectrometer arms,
which are combined with calorimeter arrays for the detection of photos in DVCS.
The recoiling nucleon is usually reconstructed through missing mass. As such, the
phase space covered is limited, however the instrumentation can accept 10% higher
currents than hall B, resulting in high-precision measurements of cross-sections at
well-defined kinematic points.

While JLab provides access to the valence region, the COMPASS (Compact
Muon and Proton Apparatus for Structure and Spectroscopy) experiment, which
uses a tertiary 160 GeV polarised p/~ beam from the SPS beamline at Cern, en-
ables measurement in the sea-quark region. The DVCS programme at COMPASS-
II, which is in operation since 2012, uses an unpolarised liquid Hs target and in-
cludes one month of data-taking in 2012 and six months in 2016-17. Spectrometers,
time-of-flight detectors and calorimeters allow a fully exclusive reconstruction of the
DVCS process.

3. JLab in 6 GeV era

The first high-precision DVCS cross-sections on the proton, which are dominated by
the real part of the H CFF, were measured in Hall A at fixed Bjorken-x, xp = 0.36,
and three Q2 points (1.5, 1.9 and 2.3 GeV?). The observed rough scaling of the CFFs
across the limited range of Q2 supported the assumption that factorisation holds at
this moderate Q2. The strong deviation of the unpolarised BH-DVCS cross-section
from BH calculation indicated that the pure DVCS term in the cross-section could
be separable from the interference term. This was enabled in a dedicated experiment
with beam energies F. = 4.5 and 5.6 GeV using a generalised Rosenbluth technique
which made use of the fact that the pure DVCS term in the cross-section scales
as E2, while the BH-DVCS interference term scales as E2. The simultaneous fit
could be significantly improved by the inclusion of either higher-order or higher-
twist effects. While the sensitivity of the data was insufficient to resolve between
these two scenarios, it suggested that we may be seeing effects of gluon vertices in
the interaction 2.

While flavour separation of GPDs may be achieved through related processes
such as hard-exclusive meson production, in DVCS it is only possible via measure-
ments on both proton and neutron targets. Rosenbluth separation of cross-section
terms for DVCS on the neutron (using a liquid D target) is currently underway in
Hall A. It follows a first measurement of beam-spin asymmetry in neutron-DVCS?3,
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which is dominated by the GPD E, the least known and least constrained of the
CFFs, but which presents particular interest in the study of the spin composition
of the nucleon. The total angular momentum, J,, for each quark-flavour can be
expressed in terms of integrals over GPDs H and E via Ji’s relation!. In combi-
nation with the known contribution of intrinsic quark spin to that of the nucleon,
a determination of J, would reveal the completely unknown contribution of quark
orbital angular momentum.

An extensive experimental programme using CLAS and both unpolarised liquid
Hy* and longitudinally polarised N Hs targets® yielded cross-sections, beam-spin
(dominated by the imaginary part of H), target-spin and double-spin asymmetries
(both dominated by Jm(H) and Jm(H)), binned finely across a wide range of =
(0.1-0.5), Q? (1-4 GeV?) and t (0.1-0.5 GeV?). The polarised target experiment in
particular enabled a simultaneous fit to all three asymmetries, at the same kine-
matic points. Since the imaginary part of a CFF gives the GPD at a particular
value of z, it provides the most direct access to tomographic information on the
nucleon: a steep slope in its exponential dependence on ¢ indicates a smaller range
in transverse spatial distribution. Extraction of CFFs was carried out both in local
and global fits. One of the main local fits applied to the observables minimised
model-dependence by setting CFF's as free parameters with ranges within +5 times
the VGG model predictions for them®. Global fits used models constrained by
other measurements to simultaneously fit the entire available world data-set, for ex-
ample using the PARTONS framework”. While a mapping of spatial distributions
vs momentum fraction x is still heavily model-dependent, there is an indication
that valence quarks are more centered in the nucleon, while sea quarks are spread
across a wider transverse area®. Constraints from the measurements at JLab at 11
GeV and in the quark-gluon sea region using the EIC are crucial to complete 3D
tomographic imaging of the nucleon.

A relation of GPD H to mechanical properties of the nucleon, encoded in the
Gravitational Form Factors of its energy-momentum tensor, provides access to pre-
viously completely unprobed aspects of nucleon structure, such as pressure and
shear forces®. While the constraints of current data are insufficient for a model-
independent extraction of pressure distributions!?, the additional measurements
from JLab at 11 GeV and EIC will enable this radically novel perspective on nu-
cleon structure.

4. JLab in 11 GeV era

The programme for halls A and C in the new, extended regions of phase space made
accessible by the JLab energy increase makes use of the upgraded spectrometer arms
for the detection of scattered electrons and includes experiments with an unpolarised
liquid Ho target. With measurements at E, of 6.6, 8.8 and 11 GeV, scans in Q? (~
2—10) and zp (~ 0.2—0.6), the aim is to separate the azimuthal, energy and helicity
dependencies of the pure DVCS and BH-DVCS interference terms across a wide
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kinematic range'!. The precision of the data will greatly constrain the extraction of
CFFs and shed light on possible higher-twist or higher-order effects. Hall A started
taking data in spring 2017. The first CLAS12 experiment ran in 2018 with an
unpolarised LH> target. DVCS asymmetries and cross-sections are currently under
analysis. The programme likewise includes measurements at 6.6 and 8.8 GeV, at 11
GeV on an unpolarised LDs target to allow access to neutron-DVCS (the beam-spin
asymmetry in which is particularly sensitive to different contributions of J, in this
kinematic regime) and at 11 GeV on longitudinally polarised N Hs and N Ds targets,
for access to target-spin and double-spin asymmetries in proton- and neutron-DVCS.
A transversely polarised HD target is under development, which will give access to
E on the proton — crucial to enable flavour-separation in combination with beam-
asymmetry measurements in neutron-DVCS. The partonic structure of nuclei will
be studied in coherent DVCS on * He and d using a recoil detector ALERT currently
under construction, which will be integrated with CLAS12'2.

5. COMPASS

The DVCS programme at COMPASS has been focussed on extraction of cross-
sections in the sea-quark regime. While BH provides almost all the signal at very
low g (< 0.01), DVCS begins to dominate at zp > 0.03. 2012 data was used to
extract a slope parameter for the exponential dependence of the DVCS cross-section
on t, which, within the framework of the model, can be converted into a transverse
extension of the partons!3. Analysis of the 2016-17 data, which will increase the
statistics by a factor of 10, is underway. COMPASS-II will come to an end in
2021 and proposals are under development for measurements with a transversely-
polarised target in the future COMPASS-III/AMBER programme. The study of
the deep quark-gluon sea awaits the construction of the Electron-Ion Collider, which
will provide invaluable constraints on quark and gluon GPDs in the low-z region.
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Heavy Quarkonium Production at the EIC Energies

Jian-Wei Qiu*
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Heavy quarkonium production offers not only unique perspectives into the formation of
QCD bound states, but also an excellent probe sensitive to both the short-distance as well
as long-distance dynamics of QCD, due to its multiple and well-separated momentum
scales. In this talk, I discuss how the production of heavy quarkonia could fulfill this
dual role at the proposed Electron-Ion Collider.

Keywords: Heavy quarkonium; Factorization; Gluon GPDs

1. Introduction

The production of heavy quarkonia is still one of the most fascinating subjects in
strong interaction physics after the discovery of J/i over 45-year ago!. With the
heavy quark mass mqg > Aqcp, the inclusive production of a pair of heavy quarks is
an essentially perturbatively calculable process, which provides a controllable short-
distance probe, while the subsequent evolution of the pair into a quarkonium is
nonperturbative. Different treatments of the nonperturbative transformation from
a heavy quark pair to a bound quarkonium have led to various theoretical mod-
els for quarkonium production, most notably, the non-relativistic QCD (NRQCD)
model 2. Although the NRQCD treatment of heavy quarkonium production? is by
far the most theoretically sound and phenomenologically successful 146, there have
been notable surprises and anomalies in describing new data”.

With its high luminosity, polarized lepton and hadron beams, as well as beams
of heavy ions, the proposed Electron-Ion Collider (EIC) could be a new and ideal
facility to produce and study heavy quarkonia. By varying the momentum of a pro-
duced heavy quarkonium, due to the time dilation, we could control the formation
time of this heavy quarkonium from a pair of produced heavy quarks, allowing us
to study how this pair to interact with the medium around it during its formation
process. With the perturbative nature of producing the heavy quark pairs, momen-
tum dependence of heavy quarkonium production in lepton-nuclei collisions at the
EIC energies could offer a controllable observable to use nuclei as the femtometer
sized detectors to probe the underline mechanism of color neutralization and for-
mation of QCD bound states. With the dominance of gluon initiated subprocesses,
exclusive production of heavy quarkonia in the lepton-hadron diffractive scatter-
ing at the EIC energies, both near and away from the threshold of producing the
quarkonia, could provide a unique way to explore the hadron’s gluonic structure.
With the ability to control the hard scale in lepton-hadron scattering, relative to
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the heavy quark mass, heavy quarkonium production at the EIC energies could
provide wealthy opportunities to study QCD and strong interaction dynamics.

2. Inclusive production and factorization

In order to produce a heavy quarkonium, the energy exchange in the collisions has
to be larger than the invariant mass of the produced quark pair (> 2mg), and
therefore, the pairs are effectively produced at a distance scale Ar < 1/2mg <
0.1 fm for charmonia or 0.025 fm for bottomonia. Since the binding energy of a
heavy quarkonium of mass M ~ 2mg is much less than heavy quark mass, (M? —
4mé) / 4mg2 < 1, the transition from the pair to a meson is sensitive to soft physics.
The quantum interference between the production of the heavy quark pairs and
the transition process is powerly suppressed by the heavy quark mass, and the
production rate for a heavy quarkonium state, H, up to corrections in powers of
1/mgq, could be factorized as,

TA+BoH+X N Z/dFQQ 0 4+8-00m+x LgamqQ) Foom—uToa) (1)

with a sum over possible QQ[n] states and an integration over available Q@ phase
space dI'gq for producing a bound quarkonium. In Eq. (1), O A4+B—QQ[n]+X Tep-
resents the production of a pair of on-shell heavy quarks and should be calculable
in perturbative QCD?®; and the FoGm)—m represent a set of nonperturbative tran-
sition probabilities for the pair of heavy quark (¢)) and antiquark (x) in the state
QQIn] to transform into a quarkonium state H, and are proportional to the Fourier
transform of following non-local matrix elements

D O (y1) K wh(yo) |H + N)(H + N9 (=) K7, x(51)10), (2)
N

where y;(7;), ¢ = 1,2 are coordinates, and KC,, and K/, are local combinations of color
and spin matrices for the QQ state [n]. A proper insertion of Wilson lines to make
the operators in Eq. (2) gauge invariant is implicit®. The debate on the production
mechanism has been effectively focusing on what is the best “approximation” for the
Foon)—p to represent the transition from the pair to the meson. Predictive power
of the factorization in Eq. (1) relies on the universality or process independence of
the non-local function, Fgp, - u(Lggq) or its various approximations.

The factorization formula in Eq. (2) is an approximation and can be violated by
any leading power soft gluon interactions or color exchange between the Figp,— a
and initial-state hadron A (and/or B) or any measured final-state hadron(s). Such
factorization breaking interaction are suppressed if the “invariant mass” of the two-
body system made of the observed heavy quarkonium and any identified hadron(s) is
so much larger than the mass of heavy quarkonium. In the lepton-hadron scattering
at the EIC energies, this necessary condition effectively limits to the events in which
the quarkonium has a large relative transverse momentum away from the beam
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hadron, or it has a large rapidity and/or transverse momentum difference from any
observed final-state hadron.

3. Transverse momentum dependence of quarkonium production

Transverse momentum distribution of heavy quarkonium produced in a lepton-
hadron collisions depends on the choice of frame. In the lepton-hadron head-on
frame, if the quarkonium transverse momentum pr > mg, the produced heavy
quarkonium should be sufficiently far away from the beam jet and the factorization
in Eq. (1) should be valid 1

doPecD

deé
I+h—H(p)+X I+h D+ X
TSN 5 PUIAt0X (i)
p 7 Pe
d011 1 [QG ()] () + X
+ Z E. —>[d3p( ) ® ID[QQ(;»;)]—>H(Za U, v; mQ) ) (3)
[QQ(x)) ‘

where the 15* term on the right-hand side is the leading power in 1/pr and the

274 gives the dominant contribution at the 1st sub-leading power, and p. = p/z

in the 15, p. = pg + pg in the ond and pg = up/z and pgz = (1 —u)p/z for QQ
in the amplitude and v — v for the Q@ in the complex conjugate amplitude. In
Eq. (3), the universal fragmentation functions Dy, i and Digg(.)—pg resum the
large logarithmic contributions in powers of In(p7./mg) by solving the evolution
10 and their input distributions at the scale ~ mg could be factorized
into the universal non-perturbative Fog,)—, i as in Eq. (1) or its approximated sum
of long-distance local matrix elements (LDMEs) in NRQCD L.

When p2 — mé > A2QCD, the factorization formalism in Eq. (1) might still be
true, and we introduce the following matching formalism'2,

equations

EtkﬂmaH@HX;EE‘wﬂﬁgﬂmﬁx_ﬁj¢iﬁgzéa$ +E‘wﬁ%§am+x
P d3p P d3p P d3p P d3p
(4)
where doPQEP—AYM ig oiven by doPCP in Eq. (3) with the fragmentation func-

tions evaluated in NRQCD factorization at the fixed order. When pr > mg, the
none-logarithmic mass dependent terms in doNRFQCP vanish, and Ao hHp)+x —

doPRCP gince dgPREP—Asym cancels doNRQCP | On the other hand, when pr — me,
PQCD ;g
NRQCD

the high power resummed In(p3./ mé)—type logarithmic contribution in do

PQCD—Asym PQCD

less important and do cancels do and doyyp s m(p)+x — do

4. Exclusive production of heavy quarkonia

As emphasized in the EIC White Paper!?, the exclusive production of J/v suf-
ficiently away from the threshold in I +h — I’ + J/¢b + &' is an excellent probe
of gluon generalized parton distributions (GPDs), from which we could derive the
spatial density distribution of gluons inside a bound hadron. Although we do not
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expect the same factorization to work near the threshold, we find that the exclusive
T production in [+h — '+ 7T +h’ could have a new type of factorization even at the
threshold to isolate valuable information sensitive to the QCD trace anomaly that is
very important for us to understand the origin of hadron mass. With the scattered
lepton I’ measured, we can uniquely fix the kinematic for v*(¢q) + h(p) — T+ h(p’),
from which we found that [t/s| o< my,/my < 1, where t = (p—p')? and s = (p+q)?,
the strong ordering of scales necessary for the factorization of (p|F?|p’) from the
hard part to produce the Y. More detailed study is underway.

5. Summary

The validity of factorization requires the hard scale to be much larger than the
typical hadronic scale ~ 1/fm, and consequently, single scale hard probes are not
very sensitive to the rich physics at the hadronic scale. With its well-separated
multiple momentum scales, production of heavy quarkonia could offer excellent
opportunities for studying hadron structure and QCD dynamics at the proposed
Electron-ITon Collider.

Acknowledgments: This work is supported by Jefferson Science Associates, LLC
under U.S. DOE Contract number: DE-AC05-060R23177.

References

1. N. Brambilla, S. Eidelman, B. Heltsley, R. Vogt, G. Bodwin et al., Heavy quarkonium:
progress, puzzles, and opportunities, Eur.Phys.J. C71, p. 1534 (2011).

2. N. Brambilla et al., Heavy quarkonium physics, arXiv:hep-ph/0412158 (2004).

3. G. T. Bodwin, E. Braaten and G. P. Lepage, Rigorous QCD analysis of inclusive
annihilation and production of heavy quarkonium, Phys. Rev. D51, 1125 (1995),
[Erratum: Phys. Rev.D55,5853(1997)].

4. E. Braaten, S. Fleming and T. C. Yuan, Production of heavy quarkonium in high-
energy colliders, Ann. Rev. Nucl. Part. Sci. 46, 197 (1996).

5. A. Petrelli, M. Cacciari, M. Greco, F. Maltoni and M. L. Mangano, NLO production
and decay of quarkonium, Nucl. Phys. B514, 245 (1998).

6. M. Kramer, Quarkonium production at high-energy colliders, Prog. Part. Nucl. Phys.
47, p. 141 (2001).

7. J.-P. Lansberg, New Observables in Inclusive Production of Quarkonia (2019).

8. J. C. Collins, D. E. Soper and G. F. Sterman, Heavy Particle Production in High-
Energy Hadron Collisions, Nucl. Phys. B263, p. 37 (1986).

9. G. C. Nayak, J.-W. Qiu and G. F. Sterman, Fragmentation, NRQCD and NNLO
factorization analysis in heavy quarkonium production, Phys. Rev. D72, p. 114012
(2005).

10. Z.-B. Kang, Y.-Q. Ma, J.-W. Qiu and G. Sterman, Heavy Quarkonium Production at
Collider Energies: Factorization and Evolution, Phys. Rev. D90, p. 034006 (2014).

11. Y.-Q. Ma, J.-W. Qiu and H. Zhang, Heavy quarkonium fragmentation functions from
a heavy quark pair. I. .S wave, Phys. Rev. D89, p. 094029 (2014).

12. K. Lee, J.-W. Qiu, G. Sterman and K. Watanabe, Heavy quarkonium production at
a moderate transverse momentum, in preparation .

13. A. Accardi et al., Electron Ion Collider: The Next QCD Frontier, Eur. Phys. J. A52,
p. 268 (2016).




February 28, 2020 1:30

ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book

80

o,
ons 200 Nudlej
57 3

e
Ny

M-Jv
“AN2008_F

2

o>
suono>"

Week 11

S

Week 2: Transverse momentum and transverse spin
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The study of transverse momentum dependent parton distributions (TMDs) features
prominently among the goals of the EIC program. During Week 2, several topics related
to TMDs have been discussed, offering complementary information with respect to the
original EIC white paper. In this introduction to Week 2, we mention the main ideas
and include some developments that occurred even after the conclusion of the program.

Keywords: QCD, parton structure of the nucleon, spin

1. Introduction

Since the writing of the 2011 INT Report and the EIC White Paper in 2012, an
impressive amount of results has been obtained in the experimental, theoretical,
and phenomenological study of TMDs.

Experimental results have been collected in SIDIS by the HERMES and COM-
PASS Collaborations and by experiments at Jefferson Lab, in eTe™ by BaBar,
BELLE and BESIII, and in proton-proton collisions by RHIC experiments. New po-
larized Drell-Yan (DY) measurements have taken place at COMPASS! and RHIC?,
while the E1039/SpinQuest collaboration at Fermilab will soon start the data tak-
ing3. Jefferson Lab has just started the data-taking phase after the 12 GeV up-
grade?. The Large Hadron Collider has become an important source of information
on TMDs via Drell-Yan, Z, W=+ production data, as well as via measurements of
jets and their substructure.

In parallel, theoretical studies on TMDs have also seen remarkable progress in

page 80
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the past few years. First of all, in the study of the quark TMDs, which can be probed
through the traditional standard processes (SIDIS, Drell-Yan and ete™), pertur-
bative precision has been improved enormously, from the usual next-to-leading or-
der (NLO) to next-to-next-to-leading (NNLO) since 2016, up to next-to-next-
to-next-to-leading (NNNLO) order in 20197. Second of all, gluon TMDs have now
also been studied extensively® 0. For example, unpolarized gluion TMDs and gluon
Sivers functions have been studied through the heavy quark pair production at the
EIC!'L12) Thirdly, new opportunities to probe TMDs beyond those standard pro-
cesses have been proposed, which typically involve jets. For example, One of the
main directions is to use internal structure of jets, such as transverse momentum
distribution of hadrons inside a fully reconstructed jet to extract TMD fragmen-
tation functions. Lastly, processes that could lead to potential TMD factorization
breaking have been studied recently in the community, both in theory'3 and in
experiment M.

Concurrently, as we will review in details below, the phenomenological study of
TMDs have gain even more active developments, due to the community’s collective
efforts. Besides several leading groups are making outstanding progress worldwide,
US Department of Energy (DOE) has funded a topical group — “Topical Collab-
oration for the Coordinated Theoretical Approach to Transverse Momentum De-
pendent Hadron Structure in QCD”, in short TMD collaboration, which organizes
efforts in the community to make coherent progress in the study of TMDs.

2. Unpolarized TMDs

In 2017, data from SIDIS and Drell-Yan processes were combined for the first time
to extract TMDs at next-to-leading logarithmic (NLL) accuracy. '® Ref.16 took into
consideration only Drell-Yan data, reaching NNLL accuracy. An extraction of pion
TMDs has been attempted for the first time!7. Very recently, an extraction based on
SIDIS and Drell-Yan data at NNLL 8 and an extraction based on Drell-Yan data at
N3LL were presented'”. These results were unthinkable only a few years ago. The
increase in perturbative accuracy will be extremely useful to make predictions for
the EIC. Vice versa, precise measurements at the EIC will provide useful information
also for high-precision analyses at hadron colliders. Apart from the differences, all
analyses seem to agree in stating that unpolarized TMDs cannot be parametrized
by simple functional forms (i.e., simple Gaussians, without 2 dependence).

In spite of these successes, some problems have been identified. For instance,
calculations of SIDIS and Drell-Yan at high transverse momentum, gy ~ @, where
the collinear QCD approach should be applicable, drastically underestimate the
available data2%2!. Another problem is that SIDIS multiplicities at low transverse
momentum seem to be significantly underestimated by the TMD description when
going at higher perturbative accuracy??. However, this is in contradiction with the
results of Ref. 8. In general, it is necessary to better clarify the regions of applicabil-
ity of the TMD factorization formalism, as discussed, e.g., in Ref.?2. The situation
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at the EIC should be much more favorable than in fixed-target experiments, as the
hard scale @ at the EIC would be large enough to be well in the perturbative region.

Another open question is the dependence of unpolarized TMDs on partonic
flavor. In Ref.23 it was shown that there is room for a significant flavor dependence,
i.e., different flavors may have different distributions in transverse momentum space.
Since then, however, all analyses assumed no flavor dependence. This question is
relevant not only for a better understanding of nonperturbative QCD effects, but
also because it may have an impact on the determination of the W boson mass?%.
In order to address this question, it will be important to collect data from different

beams at the EIC.

3. Sivers function and polarized TMDs

The Sivers function was identified as one of the “golden measurements” of the EIC.
It requires nonzero partonic orbital angular momentum and it is predicted to change
sign in Drell-Yan compared to SIDIS, due to the different effect of the initial-state
interactions compared to the final-state ones?®. It has been extracted from SIDIS
data by several groups, with consistent results?%3°. Only one analysis has taken
into account the role of TMD evolution?’, also because the available data are only
from fixed-target SIDIS measurements!3!" 33, The EIC will change the situation
entirely and will make it necessary to apply the complete TMD formalism at the
highest possible level of accuracy.

First measurements of the Sivers effect in Drell-Yan processes have been re-
ported by the STAR?? and COMPASS! experiments. They are compatible with
the predicted sign change, but within large uncertainties3*. Surprisingly, however,
they seem to be in better agreement with predictions that do not take into account
TMD evolution. This is an open issue that will be clarified with EIC measure-
ments, where a large lever arm in @ would allow a detailed test/constraint of TMD
evolution.

Apart from the Sivers function, there are other six polarized TMDs and all of
them can be studied at EIC. The more information we can gather about partonic
densities, the better we can check QCD predictions and constrain models. Together
with other observables such as GPDs, a comprehensive study of TMDs will eventu-
ally lead to a much deeper understanding of the nucleon and of QCD. Among the
functions that may become particularly relevant, we mention the so called Boer-
Mulders function, hi-, which is involved in unpolarized scattering processes, and the
helicity TMD, which generalizes the standard helicity collinear PDF and represents
the best way to test the TMD formalism with spin.

4. Transversity

Transversity was identified as a “silver measurement” of the EIC. So far, transversity
has been extracted using data from single-hadron-inclusive DIS and two-hadron-
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inclusive DIS. In the first case, the TMD formalism has been used, where transver-
sity is combined with the so-called Collins fragmentation function®*37. In the
second case, the collinear formalism has been used, and transversity is combined
with a dihadron fragmentation function?®.

The integral of transversity over the light-cone momentum fraction x is related
to the tensor charge of the nucleon. This quantity is of particular relevance for a
couple of reasons. First of all, it can be computed by lattice QCD in a reliable
way, offering the chance to test lattice results (see3? for the most recent determina-
tion). Secondly, the knowledge of the tensor charge is useful to search for physics
beyond the Standard Model“°. Phenomenological extractions of the tensor charge
are currently affected by large error bars*'. However, at present the up and down
contributions are not in good agreement with lattice predictions*!. A description
of the data can be achieved®” with a value of the isovector combination u — d com-
patible with lattice computations, but without reproducing the individual values of
u and d. Recent studies extend the uncertainties on the tensor charge extraction by
including the possibility of violating the Soffer positivity bound on transversity 4243,
but discrepancies with lattice still persist.

The EIC will be crucial to extend the measurements of transversity to the low-z
region and thus decrease extrapolation errors in the determination of the tensor
charge.

5. TMD fragmentation functions

The knowledge of TMD fragmentation functions is essential for TMD studies at
the EIC, since they appear inside convolutions in any semi-inclusive observable.
They offer the unique opportunity to understand spin and TMD dynamics in the
hadronization process, which could be different from those in TMD parton distri-
bution functions. For example, while Sivers function changes sign from SIDIS to
DY process, the Collins fragmentation function is expected to be universal in SIDIS
and eTe™ process. In addition, TMD fragmentation functions could provide novel
insights into the hadronization of colored quarks and gluons.

In order to have an independent determination of TMD fragmentation func-
tions, data from ete™ colliders are necessary, with a level of precision similar to
the EIC. A pioneering measurement has been presented in Ref.**, where the trans-
verse momentum of a final-state hadron is measured with respect to the thrust
axis. These data have been used for a parton-model based extraction of TMD frag-

45 similar to an earlier work“S. To further understand such

mentation functions
data, one might consider a factorization formalism*?, which is also differential in
the thrust variable. Another interesting observation of this measurement is that the
Gaussian widths for the hadron transverse momentum distributions are increasing
with the light-cone momentum fraction z until around 0.6 before decreasing at even
higher z, suggesting once again that TMDs cannot be parametrized by naive sim-

ple Gaussians. The decreasing in large-z region is quite interesting, pointing into
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the requirement of additional dynamical effect, one of which could be threshold
resummation in z.

6. Higher-twist functions

TMD factorization formalism applies in the kinematic region when ¢ < @, while
collinear factorization is valid in the region when ¢ ~ @. These two frameworks
are closely connected, and same is true for the TMDs and the associated collinear
multi-parton correlation functions. The well-known example is the relation be-
tween the quark Sivers function and the so-called Qiu-Sterman function, which is
a higher-twist (twist-3) quark-gluon-quark correlation functions. Through an Op-
erator Product Expansion (OPE), the quark Sivers function can be written as a
convolution of a coefficient function and the Qiu-Sterman function. Such type of
relations apply in general to all the spin-dependent TMDs.

Because of the close connection, one can in principle perform global analysis of
the spin asymmetry data, to extract the TMDs and the associated collinear higher-
twist functions simultaneously. Earlier attempts along this direction have been
performed in Refs.*84% based on TMD parton distribution functions, as well as in
Refs. %051 which explore the role of TMD fragmentation functions. A work®? was
discussed and presented in this week, where a global fit of the Sivers effect in SIDIS,
Collins effect in SIDIS, Collins effect in eTe™, and Ay in proton-proton collisions,
was performed, and thus the corresponding TMD parton distribution functions,
TMD fragmentation functions, and the collinear higher-twist quark-gluon-quark
correlations are extracted. This is a remarkable progress, showing that an ultimate
understanding of all spin asymmetries within a unified framework is possible.

Apart from collinear higher-twist functions, also higher-twist TMDs can be in-
troduced. TMD factorization up to subleading twist has not been proven, but a
formula has been conjectured to generalize parton-model results®®, suggesting a
possible path toward a full factorization proof.

7. TMDs and jets

In high energy collisions, quarks and gluons lead to the formation of highly energetic
collimated sprays of hadrons observed in the detectors which are known as jets®*.
This is particularly true at the highest energy collider — the LHC, which produces
a lot of jets for us to study. With the advances in experimental techniques, and
corresponding advances in theoretical understanding over time, jets have become
precision tools for studying the parton structure of matter. Jets are guaranteed
to contribute at the EIC to a variety of key electron-proton and electron-nucleus
physics topics. There are outstanding progress in studying jets at the EIC, at LO%,
NLO®%, NNLO®7, and N3LO%8.

Jets are very useful tools for probing TMDs. Two ways of using jets have been
investigated in the community. In the first case, one studies the transverse momen-
tum imbalance between a particle and a jet in either proton-proton or lepton-proton
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collisions. For example, Ref.%? studies lepton-jet azimuthal angular correlation in
deep inelastic scattering as a unique tool for unpolarized quark TMD and the quark
Sivers function. Another study focuses on photon-jet imbalance in proton-proton

13 and provides opportunities to probe potential TMD factorization break-
60,61

collision
ing effects

In the second case, one relies on the internal structure of the jets, or called jet
substructure. Of particular interesting measurement is the so-called jet fragmenta-
tion function measurement, which has been studied at the LHC %265, For example,
one might study the transverse momentum distribution of hadrons with respect to
the jet axis inside a fully reconstructed jet. It has been shown®® that such distri-
bution can be related to TMD fragmentation functions, and thus serves as a novel
way of constraining TMD fragmentation functions, including the spin-dependent
ones such as Collins fragmentation functions®”. One might even apply modern jet
tools such as soft-drop grooming to constrain non-perturbative contribution in the

TMD fragmentation functions%®.

8. Gluon TMDs

As EIC is designed to probe the gluons, the study of gluon TMDs is an outstanding
topic and has seen tremendous progress. For example, heavy quark pair production
at the EIC has been proposed to explore unpolarized gluon TMDs and gluon Sivers
functions 1%, An experimental simulation at the EIC kinematics for such a process
has been carried out!?, in which other channels such as dijet production at the
EIC has also been studied. Other SIDIS processes that have been investigated
are J/W¥ production™ 72 and J/W¥+jet production™. From the experimental side,
COMPASS provided some interesting information on gluon Sivers function through
high-pr hadron pairs in SIDIS 7. The EIC will be crucial to eventually make precise
measurements on (un)polarized gluon TMDs.

It is worthwhile to mention that despite great progress, most studies on gluon
TMDs at EIC are parton-model based. In the future, an important direction would
be promote these studies with the full glory of QCD and TMD factorization frame-
work, with which one can then investigate in details the energy evolution and uni-
versality properties of gluon TMDs (see recent discussion of TMD factorization in
quarkonium production 7>76).
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We present a recent calculation of the single spin asymmetry in inclusive photoproducton
of J/1 at the future EIC, that can be used to probe the gluon Sivers function.

1. Introduction

J/¢ production in ep and pp collisions is known to be an effective tool to probe
the gluon TMDs, as the contribution comes at leading order (LO) through g and
gg initiated processes. One of the most interesting gluon TMDs is the gluon Sivers
function (GSF) which probes the coupling of the intrinsic transverse momenta of
the gluons with the transverse spin of the nucleon. The Sivers function®? is a
time reversal odd (T-odd) object and initial and final state interactions play an
important role in the Sivers asymmetry. The gluon Sivers function for any process
can be written as a linear combination of two gluon Sivers functions, one containing
a C-even operator (f-type) and the other C-odd (d-type)3. Compared to the quark
Sivers function, much less is known about the gluon Sivers function, apart from
a positivity bound?. In this talk, we present a recent calculation® of single spin
asymmetry in inelastic photoproduction of J/v¢ at the future EIC.

2. Calculation of the asymmetry

The process considered is
e(l) +p"(P) = J/p(Prn) + X (1)

where the quantities within brackets are the momenta. We use the kinematics
where the interaction takes place through the exchange of an (almost) real photon
v(q) + g(k) — J/¢¥(P) + g(pg). We consider only the direct photon contribution
and contribution from the resolved photon is eliminated by imposing a cut on the
variable z = PP'Z b which is the energy fraction transferred from the photon to
the J/v in the rest frame of the proton. The inelasticity variable z for inclusive

photoproduction can be measured in experiments by Jacquet-Blondel method. The
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leading order (LO) process v + g — J/1 contributes at z = 1 (see®) for the cal-
culation of Sivers asymmetry in electroproduction) and we use a cutoff z < 0.9
to remove this contribution. Also contribution to J/% production from gluon and
heavy quark fragmentation was removed by imposing a cut on Pr, which is the
transverse momentum of the J/¢. We assume TMD factorization for the process
considered and generalized parton model (GPM) with the inclusion of the intrinsic
transverse momenta. We use NRQCD7 to calculate the production of J/1. The
c¢ pair can be produced in color singlet (CS) or color octet (CO) state. In eP

collision, non-zero asymmetry can be observed only if the c¢ pair is produced in the
CO state®. The SSA is defined as

dot — dot

Ay = 20— do” 2
N dot £ dot’ (2)

where do' and dot are the differential cross-sections measured when one of the
particle is transversely polarized up (1) and down (), respectively, with respect to
the scattering plane.

We consider the inclusive process e(l) + p'(P) — J/¥(Py) + X. The virtual
photon radiated by the initial electron is almost real, ¢ = —Q? ~ 0. The numerator
and the denominator of the asymmetry are given by

doepT—>J/¢X daepiaJ/wX

dzd2Pr  dzd2Pr

1

- W/d%dmgdgk”*f'y/e(:E“Y)ANfg/pT(%7kLg) (3)

do’ — dot =

JP 1
X o8+t +1— M2)2*§|M'y+g—u/w+g|2»

and

daepT—u/wX . daepi—u/wx .y do
dzd? P dzd?Prp " dzd?2Prp

2
- m/dx’yd'rgd2kigf’7/e(x’)’)fg/p(mmkLg) (4)

dot + dot =

P 1
X6(8+t+1a— M2)%|M’Y+g~>.]/w+g‘2'

z, and z, are the light-cone momentum fractions of the photon and gluon
respectively. The Weizsiker-Williams distribution function, f./.(z,), describes the
density of photons inside the electron. The J/v production rate is calculated in
NRQCD based color octet model. We follow the approach given in? and the details
of the calculation can be found in®. Here, we report on some of our numerical

results in the kinematics of the future planned EIC.
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3. Results

For the numerical estimates of the SSA we assume Gaussian parametrization of un-
polarized TMDs and best fit parameters from '° for the gluon Sivers function. These
are denoted by SIDIS1 and SIDIS2, respectively. Also, following!! we parametrize
the GSF in terms of u and d quark Sivers functions'?. Two different choices in
this line are labeled as BV-a and BV-b. For the dominating channel of photon-
gluon fusion, contribution to the numerator of the SSA comes mainly from GSF.
As the heavy quark pair is produced unpolarized, there is no contribution from the
Collins function. Figs 1 and 2 show plots of the SSA for /s = 100 GeV and 45
GeV respectively which will be possible at the future EIC. The asymmetry depends
strongly on the parametrization for the GSF, it is positive for SIDIS1 and SIDIS2
and negative for BV-a and BV-b parametrizations. The magnitude of the asym-
metry is largest for BV-b. We have incorporated contributions from the 35 (®)
18,3 and 3P J(O’Lg)(s) in the asymmetry. Numerical estimates of the unpolarized
cross section shows that the data from HERA can be explained if both CS and CO
contributions are incorporated.
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Fig. 1. Single spin asymmetry in e + pT — J/4 + X process as function of (a) Pr (left panel)
and (b) z (right panel) at /s = 100 GeV (EIC)®. The integration ranges are 0 < Pr < 1 GeV
and 0.3 < z < 0.9. For convention of lines see the text.

4. Conclusion

We have presented a recent calculation of the SSA in inclusive photoproduction
of J/¢ production in the kinematics of the future EIC. A sizable asymmetry in
NRQCD based color octet model is reported, for the range 0 < Pr <1 GeV and
0.3 < z < 0.9. This asymmetry can give direct access to the GSF.
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Single spin asymmetry in e + pT — J/v + X process as function of (a) Pr (left panel)

and (b) z (right panel) at /s = 45 GeV (EIC). The integration ranges are 0 < Pr < 1 GeV and
0.3 < 2 < 0.95. For convention of lines see the text.
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We report preliminary results on a global fit of the Sivers effect in semi-inclusive deep-
inelastic scattering (SIDIS), Collins effect in SIDIS, Collins effect in semi-inclusive annihi-
lation (SIA), and Ay in proton-proton collisions. All of these transverse-spin observables
are driven by the same quark-gluon-quark correlations, which allows for such a global
analysis to be performed.

Keywords: Perturbative QCD; Transverse spin; Global fit.

1. Introduction

Transverse single-spin asymmetries (TSSAs) arise in reactions where a single hadron
carries a transverse polarization. Some of the most widely studied of these observ-
ables are the Sivers effect in semi-inclusive deep-inelastic scattering (SIDIS), Collins
effect in SIDIS, and Collins effect in semi-inclusive annihilation (SIA) — see Ref. 1
for a review. These processes are sensitive to transverse momentum-dependent
functions (TMDs) and offer insight into the 3-dimensional structure of hadrons.
Another TSSA that has been investigated for many years, commonly denoted as
Ay, is single-inclusive proton-proton collisions (e.g., p'p — h X) — see Ref. 2 for
a review. Unlike the Sivers and Collins effects, Ay is sensitive to collinear twist-3
non-perturbative functions that contain information about quark-gluon-quark cor-
relations in hadrons. As we will elaborate more on in Sec. 2, at large transverse
momentum, the Sivers and Collins TMDs can be written in terms of some of these
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quark-gluon-quark correlators. Moreover, because of this connection, one can in-
clude all TSSA data in a global fit, which we will discuss in Sec. 3. In Sec. 4 we
will summarize our work and comment on the future outlook for this research.

2. The Observables and Non-Perturbative Functions

The observable Ay in p'p — 7 X for many years was thought to be driven domi-
nantly by an initial-state effect given by the Qiu-Sterman (QS) function Fpr(z, ).
We now believe, due to our work in Refs. 3,4, that Ay in pTp — 7 X is actu-
ally dominated by two collinear fragmentation functions (FFs), H f ™ (z) and H(z),
coupled to the transversity function hi(z). The functions Hf(l)(z) and H(z) are
particular integrals over z; of a quark-gluon-quark FF, ﬁg“&(z,zl) The function
Hf(l)(z) is also the first moment of the Collins FF Hi-(z,p. ).

In the Collins-Soper-Sterman (CSS) formalism, as updated in Ref. 5, a generic
b-space TMD I:"(amb) is written in terms of a collinear function (calculated at
small-b through the operator product expansion (OPE)) and an exponential in-
volving the so-called perturbative (P) and non-perturbative (N P) Sudakov factors:
F(z,b;Q) ~ Fopr(x; my) exp[—Sp(b; up, Q) — Sk p(b, Q)], where iy, is a b-dependent
scale. For example, for the transversity TMD hq(z, kr), Fopr(z) at leading order
(LO) is the standard collinear transversity function hq(z). For the Sivers func-
tion, Fopr(z) at LO is the QS function Frr(x,z)%7, while for the Collins function
Fopr(z) = Hf'(l)(z)s. Note that hi(z), Fpr(z,z), and Hf'(l)(z) are the same
functions discussed above for Ax. That is, the Sivers effect in SIDIS, Collins effect
in SIDIS, and Collins effect in STA contain the same non-perturbative objects as
Ay in p'p — 7 X. Therefore, we can perform a global fit of all these observables
to extract information on quark-gluon correlations in hadrons.

3. Phenomenology

The global fit involves Sivers and Collins measurements from HERMES® and COM-
PASS 1911 Collins measurements from Belle'? and BaBar '3, and Ay measurements
from RHIC 418, We parameterize the TMDs generically using a Gaussian ansatz
for the transverse momentum dependence along with their respective connection to
a collinear function Fopg(z), i.e., F(z,kr) ~ Fopr(z) exp(—k%/(k%)). Again, the
functions Fopg(x) also show up in Ay. Our fit therefore allows us to simultane-
ously extract the functions Foppg(z) and the widths (k2). Some sample plots from
this preliminary fit are shown in Figs. 1,2. One sees that we are able to describe all
the transverse-spin data relatively well.

4. Conclusions

We have demonstrated that a simultaneous fit of all transverse-spin data (both TMD
and collinear) is possible. Future work will look to incorporate full CSS evolution for
the TMDs and the proper twist-3 evolution for the relevant collinear functions. This
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Fig. 1.

Fig. 2.

(right) measurements of Ax. The red is for 7, blue for 71, and green for 7.

N

ws-procs961x669

WSPC Proceedings - 9.61in x 6.69in

HERMES p. HERMES p HERMES p.
008
006
ol
3 2 2
1 1 0.04 1 0.04
£ oo s s
< < <
o -
002
o5 olo ol ok o3 T3 o4 o5 s 07 o3 o4 o5 os
Phr
HERMES p HERMES p HERMES p
06 002
oz } oos | oce
- - _ om
3 o 3 o 3
¥ on f x x
b3 e " b3
< z <
H w5 @
< oo < <
| |

005 010

015525020

015 o020 o035

020575030

03

T o5
Phr

030525040

os

A%
:;J/

040525050

03 o4

05 06
2

050525070

07

03 o4 o5 o6 07

2

070525090

02 03 oe

o5 o6 07 08

Z;

02 o3

os o5 os o7 o8

Z;

book page 96

Comparison of the theoretical curves from our global fit to HERMES measurements of
the Sivers effect (first panel) and Collins effect (second panel) in SIDIS. The red is for 7~ and the
blue is for 71. Also shown is the comparison to BaBar measurements of the Collins effect in SIA
(bottom two panels). The red is for Ay and the blue for Ay c.

BRAHMS §=2.3

BRAHMS §=4"

="
A T

i

024 025 026 027 038 029
XF

0.175 0.200 0.225 0.250 0.275
XF

05

03

02

0
AR

01

AT

STAR

05

06
XF

03

Comparison of the theoretical curves from our global fit to the BRAHMS (left) and STAR

0



February 28, 2020 1:30 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 97

97

study will better constrain the non-perturbative functions that underlie transverse-
spin observables, which is crucial when more precise data becomes available from
JLab-12 and a future Electron-Ion Collider (EIC). Since both these facilities involve
lepton-proton collisions, an updated analysis of Ay in £p’ — hX will also be
imperative and require the collinear twist-3 functions extracted in this work.
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During the INT-18-3 workshop, we presented an analysis of unpolarized Drell-Yan pair
production in pion-nucleus scattering with a particular focus into the pion Transverse
Momentum Distributions in view of the future Electron Ion Collider. The transverse
distributions of the pion calculated in a Nambu-Jona-Lasinio framework, with Pauli-
Villars regularization, were used. The pion Transverse Momentum Distributions evolved
up to next-to-leading logarithmic accuracy is then tested against the transverse momen-
tum spectrum of dilepton pairs up to a transverse momentum of 2 GeV. We found a
fair agreement with available pion-nucleus data. This contribution joins common efforts
from the TMD and the pion structure communities for the Electron Ion Collider.

Keywords: Pion, Structure, Drell-Yan

1. Introduction

The structure of the pion is intrisically related to the dynamics of QCD. Non-
perturbative approaches that incorporate chiral symmetry have been successfully
leading towards a more general understanding of the pion structure. While there
are less experiments involving pion observables than, e.g., proton’s, an Electron Ion
Collider (EIC) will be capable of providing more experimental insights, as described
in Ref.!. In these proceedings, we will focus on a calculation of the pion Transverse
Momentum Distributions (TMDs) in the Nambu-Jona-Lasinio (NJL) model, whose
results fully embody chiral symmetry.

The pion-induced Drell-Yan process has played a central role in the early deter-
mination of the pion distributions, especially through the data available in Ref.?2.
This process is described by hi(p1) ha(p2) = v*(¢) + X in which a virtual photon
is produced with large invariant mass-squared Q2 in the collisions of two hadrons
at a center-of-mass energy s = (p1 + p2)?, with p1 » the four momentum of hadrons
hi2, h1 being a pion and ho a proton. Beyond collinear approaches, the unin-
tegrated cross-sections characterize the spectrum of transverse momentum of the
virtual photon, ¢gr. In the kinematical regime in which ¢r is of order Aqcp, that is
small w.r.t. @, such an effect is accounted into transverse momentum of the partons
through TMDs. The departure from collinearity is here a highly non-perturbative
effect, originated in the internal dynamics of the parent hadron. While there exist
model predictions as well as phenomenological analyses, the implementation of the
transverse momentum factorization theorems has added in complexity in globally
fitting and phenomenologically determining TMDs.
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In Ref.2, we presented one of the first analyses of the 7/N DY process in terms
of the modern TMD formulation. Our method focuses on investigating the DY
cross section from the perspective of the dynamics of the pion as expressed in the
Nambu-Jona-Lasinio (NJL) model*.

2. Pion dynamics in Drell-Yan cross sections

When ¢% becomes small compared to Q?, large logarithmic corrections of the form
of alog™(Q?/q¢2%) with 0 < m < 2n — 1 appear in fixed order results, being n the
order of the perturbative calculation. These large logarithmic corrections can be
resummed to all orders by using the Collins-Soper-Sterman (CSS) formalism®. In
this limit, the cross-section, differential in qz, can be written as®

Ty = Son [ 030 $,Q0 Sl

2

bg b2 i
|:(.fa/7r ®an) <$17b2> (fb/p®ctjb) (1‘2)[)2> +q<—>Q:| P (1)

) is the leading-

where by = 2e7 7, the symbol ® stands for convolution and Uég
order total partonic cross section for producing a lepton pair. We use the nuclear
PDFs of Ref.® for the proton collinear PDFs. The cross section in Eq. (1) is also
differential in 7 = Q?/s and y, the rapidity of the DY pair. The large logarithmic
corrections are exponentiated in b-space in the Sudakov perturbative form factor,
S4(@,b). The non-perturbative factor, S}/5, contains all the information about the
non-perturbative kr behavior. Models for hadron’s structure might describe the
true theory but at one specific value of the RGE scale, y. In that sense, they
incorporate —here, in the chiral limit— a factorized k; and Bjorken x behavior in
a fashion that can be resumed as

FI (2, b Q) = q(wx; QF) SKp(0) = qwn; Q7)) exp{ln SFp(0)} 5 (2)
while the full TMD parton densities should involve a further Q? dependence, that
is also called non-perturbative evolution. Such an evolution has been parameterized
in the past, for the proton-proton DY, as

SRPL(b) = exp{—[a1 + az In(M/(3.2GeV)) + a3 In(100z122)]b*} , (3)

where a; plays an equivalent réle to In ST p(b) in Eq. (2) and the other parameters,
determined e.g. in Ref.”, reflect a Q2 evolution, i.e. through the invariant mass M
dependence, as well as an unfactorized (z,kr) term.

Our ansatz, incorporating the NJL results, is

Snp(b) = Sxp(0) 1/ SKp(b), (4)

where S7 5 (b) is given by the model and is non-gaussian, i.e.

STp(b) = = (m) S ciEo(mib), (5)

22\ fr
Ja i=0,2
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and the square root of SX5(b) is given in Eq. (3).

At very large values of b, the perturbative form factor needs to include a tam-
ing through the so-called b*-prescription. By splitting the perturbative form fac-
tor, we can use distinct byq, on the proton and pion side with b, (b, bmaes) =

2
b/\[1+ () and the respective Br,,, = 1.5GeV™! and b, = bo/Qo =

2.44GeV~!, with Qo —the hadronic scale of the model— evaluated at NLO through
a minimization procedure for the collinear PDF on the integrated DY cross-sections.
That hadronic scale so determined represents the only free parameter of our ap-

proach.
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Fig. 1. Our model results compared to cross sections in various invariant mass bins of the DY
lepton pair integrated in 0 < xp < 1. baz is given in unit GeV—1L.

The results for the lepton pair gr-spectra of Ref.2, measured in 7W collisions,
are shown in Fig. 1. The plots range up to ¢ ~ 2 GeV, range for which the chosen
proton description holds®. Both red, full and dashed, curves correspond to results
using Eq. (4) with, respectively, the proposed regulator value b7, = 2.44 GeV~!
and b7, = 1.5 GeV~! demonstrating the stability of our results at small values of
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gr. The short-dashed blue curve corresponds to a different ansatz: Eq. (3) is used
for both hadrons, still with different b, values. At low-gr, the difference between
the two ansétze is quantitatively small. There seems to be a reduced sensitivity of
the data to non-perturbative structure. However, this is a first analysis for which
no non-perturbative evolution of the type Eq. (3) has been included, since it is not
inherent to the NJL approach used here.

3. Conclusions

We have synthetized the analysis of the DY pair production in pion-nucleus scat-
tering3, in which we tested the outcome of a NJL approach for the pion TMD
plugged in the CSS framework at next-to-leading logarithmic accuracy against the
differential transverse momentum spectra of DY pairs produced in pA collisions.
Further analyses require an extension of the current approach to include a Q? de-
pendence. This will be particularly relevant for both the pion structure and the
TMD formalism that will be addressed at the EIC.
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I present an calculation of transverse momentum dependent real emission contributions
to splitting functions within kp-factorization—3, giving special attention to the gluon-
to-gluon splitting. The calculation is performed in a formalism that generalizes the
framework of %5,
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1. Introduction

Parton distributions functions (PDFs) are crucial elements of collider phenomenol-
ogy. In presence of a hard scale M with M > Aqcp, factorization theorems allow to
express cross-sections as convolutions of parton densities (PDFs) and hard matrix
elements, where the latter are calculated within perturbative QCDS. Here we are
focused on parton densities which depend on transversal momentum. Such PDFs
arise naturally in regions of phase space characterized by a hierarchy of scales. A
particularly interesting example is provided by the so called low = region, where z is
the ratio of the hard scale M? of the process and the center-of-mass energy squared
5. The low  region corresponds therefore to the hierarchy s > M? > A% cp. We
follow here a proposal initially outlined in®. There, the splitting functions which are
basic blocks allowing to construct PDFs have been constructed following the defini-
tion of DGLAP splittings by Curci-Furmanski-Petronzio (CFP)*. The authors of®
were able to generalize the CFP framework and define a Transversal Momentum

Dependent (TMD) gluon-to-quark splitting function P4, both exact in transverse

momentum and longitudinal momentum fraction.* Following observation of” in?

the ]-:’gq, and }ng and ]-:’qq were obtained. The computation of the gluon-to-gluon
splitting P4 required a further modification of the formalism used in 1.5 as has been
developed in?3. In this contribution I summarize the most relevant results obtained

in this work.

2. Calculation of gluon-to-gluon splitting

The calculation of the ng splitting function follows the methods used in 3. In

the high energy kinematics the momentum of the incoming parton is off-shell and

aHereafter, we will use the symbol P to indicate a transverse momentum dependent splitting
function.
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given by: k* = yp" + k', where p is a light-like momentum defining the direction
of a hadron beam and n defines the axial gauge with n? = p?> = 0 (that is nec-
essary when using CFP inspired formalism). Additionally, the outgoing momenta

is parametrized as: ¢" = xp” + ¢/ + '121;9: n# and we also use: q = q — zk with
z=ux/y.
The TMD splitting function, P4, is defined as

2 k? d*t*¢q 2 ~-(0) 2 2
Ky (27/1276> = Z/w/dq Py in ® Ky (4, k) @ Py, ous O(uF +¢7),

B9 (2.k,a,¢)

(1)

with P, being appropriate projection operators and K gg the matrix element con-
tributing to the kernel.

In order to calculate ng splitting one needs to extend formalism of1'® to the
gluon case. This was achieved in® by generalizing definition of projector operators
and defining appropriate generalized 3-gluon vertex that is gauge invariant in the
presence of the off-shell momentum k. Definition of the generalized vertex follows
from application of the spinor helicity methods to the high-energy factorization® 13
and can be obtained by summing the diagrams of Fig. 1, giving:

H1p2p3 ! Ak p AW /251 2 111 2 q2nu3 11 2 k2p“3
Lyenzy®(q,k,p') = Ve (—q, k, —p') d** \(q) d*? (k) + d" 72 (k) W_d (q) 'R
(2)

with VA3 (—q k, —p') being the ordinary 3-gluon QCD vertex, and d*1#2(q) =
_nguQ + qﬂlnﬁ"Q +q“‘2n#‘1
qn

gauge. More details on the exact procedure can be found in?.

is the numerator of the gluon propagator in the light-cone

qa qa qa qa qA
qa : \ ( \ (

. oo

3 + %» 3 + ﬁ 3

., R xR
B ., e N >

v ..{ \.. ..{ \..
qB 4B qB 4B qB

Fig. 1. Feynman diagrams contributing to the amplitude used to define the generalized 3-gluon
vertex.

The definition of the projectors is more involved. We need to ensure that in the
collinear limit the new projectors reduce to the ones introduced by the CFP4 and
that the appropriate high-energy limit for the gluon splitting is also obtained. A
natural approach is to modify only the incoming projector Py iy, as the kinematics of

VAR
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the incoming momentum is more general, and keep the collinear outgoing projector
Py, out unchanged (as the kinematics of the outgoing momentum is the same). This
514 and later by us' when defining the
projector for the calculation of the quark splitting functions. In that case we used
a transverse projector: k! k" /k3 which, however, can not be used anymore since it

is what was done by Catani and Hautmann

does not guarentee gauge invariance of the 3-gluon vertex I'f1!2/**. Instead we use,
longitudinal projector given by: P1" = y*p#p”/k7. However, in order to satisfy

the requirements of P; = Py i4,Py out being a projector operator (]P’f7 ®P; = IP’Z) we
also need to modify the outgoing projector. In the end we end up with the following
gluon projectors:

17
w2 D'D "

B kHnY + kVnt 9 MuNy
g,in — Y k2 g,out — -
1

k-n (k-n)?2’ 3)
One can check now that Py ® Py = Pg holds. Also the new outgoing projector
is consistent with the collinear case and one can show that in the collinear limit
the difference between y? p*p” /k% and K kY / k% vanishes when contracted into the
relevant vertices. More details are provided in3.

_gl“’ +

3. Results
Using the elements introduced in the previous section the transverse momentum
dependent gluon-to-gluon splitting function has been computed. The result is:
qt z n 1—2

@-(1-2k*@+z01-2kJl1-2 =2
-k k? 1+6)a%2(1—2)[2q-k+ (22 — 1)k?]?
S IS p G oL el ol R S AL N
q? q? 2k%[g* + 2(1 — 2)k?]?

=) = 1y
Pég)(zyq, k) =2Cx { +

O

+(3—-42)
(4)

Now we can explicitly check the corresponding kinematic limits. In the collinear
case this is straightforward, since the transverse integral in Eq. (1) is specially
adapted for this limit. In particular, one easily obtains the real part of the DGLAP
gluon-to-gluon splitting function:
2
. =(0) k*\ z —z
lelglopij (Z,q2>—QCA |:Z+Z+Z(1—Z) . (5)

In order to study the high-energy and soft limit it is convenient to change to the

following variables: p = 1{:2 =k— %, then in the high-energy limit (z — 0) we
obtain:

) R k2 asCa d2+2ef) ) o 1

lim Ky, <Z7 /4276’%) T w(eEp2)e / aire © (ki — (k= P)) p?

where the term under the integral is easily identified as the real part of the LO
BFKL kernel. Additionally, one can check that in the angular ordered region of
phase space, where p2 — 0, we reproduce the real/unresummed part of the CCFM

15-17. 1 1 B>
kernel : ;4—@—1—0(%).
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This article reviews the opportunities of applying jets in probing internal (un)-polarized
transverse structures of hadrons and nulcei/nucleons.
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1. Introduction

Jets and their substructures play important roles in modern collider physics. On
the experimental side, due to the large production rates, jets can probe physics
at scales crossing several orders of magnitude with well-controlled statistic errors,
for instance from O(10) GeV to O(1) TeV at the LHC. Advanced jet substructure
techniques further extend the region to sub-GeV regime, makes them ideal tools
for studying the internal hadron structures. Recently proposed jet substructure
operations, including jet grooming, trimming, substantially reduce the sensitivity
to the soft contamination from multiple-parton interactions. On the theory side,
thanks to the rapid developments in perturbation calculations, many collider jet
processes, such as single jet inclusive production at the EIC #, are now known to the
next-to-next-to-leading order accuracy in a; leading to a typical (sub)-percent level
theoretical uncertainty. All order resummation out of the first principle at next-to-
leading logarithmic accuracy (NLL) and beyond are also feasible for jet processes
involving large hierarchies. These developments for collider jet physics make us
confident in extracting interesting internal (un)-polarized transverse structures of
hadrons and nulcei/nucleons by using jets in hard probes, just like what we do with
the semi-inclusive DIS, Drell-Yan and ete™ annihilation processes. In the remaining
of this article, we will review the possible avenues toward the TMD physics using
jet or jet substructure observables.

2. Jet TMDs
2.1. inside-jet TMDs

As the first example, we consider the transverse momentum distribution of a hadron
h within fully reconstructed jets in pp collisions, pp — (jeth) X, where the transverse
momentum is determined with respect to the jet axis and the jets are constructed

2see this proceeding.
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using the anti-k7 algorithm with the radius parameter R. Typically R is chosen to
be 0.4 — 0.8. With the small R limit, the cross section for this process is found to
have the factorized form*

doPp—(eth) X . N

_— = T T HS (x5, z, z,zn,71), (1
Qe (%:cfa( a) ® folwe) @ Hoy(ziim, pr/z, 1) ® G (2,20, 51), (1)
where H the hard functions for producing an energetic parton ¢ in the hard-
scattering by the parton a and b. G is the semi-inclusive TMD fragmenting jet
functions which describes the formation of a jet out of the parton ¢ with the ob-
served hadron h inside . The jet function G encodes all the information on the
hadron transverse momentum j;. When j; < pr, the semi-inclusive jet function

can be further factorized
G = Heri(R) / 0k d2A 6@ (za) 1 + k1 — 1) Dujalon k1)SO0) . (2)

Here H is related to the out-of-jet radiations. The soft function S; describes the
soft radiations with momentum of order 5, and D;’s are the standard TMD frag-
mentation functions (TMDFFSs). Here we have suppressed all the scale dependence
including both the factorization scale u and the rapidity scale v. When j, > Aqcp,
the TMDFFs can be further matched onto the collinear PDFs. All components in
the factorization theorem including the TMD matching coefficients have been cal-
culated to NLO and thus the NLL resummation in both In R and In j, are realized.

V=TTV, [y <12, R=06 ATLAS —e— VE=TTeV, |n| <12, R=0.6 ATLAS +—e—
o5 401, (2 . atg —— ; 100 =001 o - atg
30 [ pr(25,40], (=) = 0.08 1 30 [ Pr[400,500], (z1) = 0.032 .

qa
g g

Fig. 1. Breakdown of the hadron j -distributions inside jets (blue) into quark initiated (red) and
gluon initiated (green) TMDFF channels for different jet pr ranges. The plots are taken from
Ref. 1.

In fig. 1, we show the breakdown of the hardron j, distribution into the quark
and the gluon TMDFF components. The breakdown is valid in the TMD Sudakov
regime. We see that for low jet transverse momentum, the gluon TMD dominates
over the quark contributions by a factor of O(10) in pp collisions. Therefore, the low
jet transverse momentum region will serve the golden channel to extract the gluon
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TMDFF. As a qualitative comparison, we also include the ATLAS data3. However
we note that the experimental data are presented for the z,-integrated hadron
distribution, i.e. with z; integrated from 0 to 1. We suggest a future measurement
of the hadron j, with binning z;, to allow for a direct comparison between the theory
and the experiments to benefit the extraction of the TMDFFs. We further notice
that inside-jet hadron distributions have been applied to a recent investigation of

the Collins azimuthal asymmetry in transversely polarized pp collisions?.

2.2. jet imbalance

Now we turn to the jet imbalance in pp* and ep(A) colllisions®.

2.2.1. probing the factorization breaking effects

For pp collision, we consider p(p1,s1) + p(p2) — jet + 7, where the transverse
momenta of the jet and the photon are given by py1 and p,., respectively. Here
the transverse momentum is measured with respect to the beam axis in the center-
of-mass frame of the colliding protons. We focus on the small imbalance case in
which |§| = Py + Py < [PyL],|Pr1]. The factorization theorem for this process
in the small ¢ region is known to break-down. However its size and thus its impact
on the phenomenological studies are un-known.

To probe the size of the factorization breaking effects, a novel framework without
the Glauber modes based on the generalized TMD factorization along with adding
additional soft contributions are derived for both un-polarized and polarized case.
For instance, for the polarized case, the proposed framework reads*

dAc SE- S
_af 21 5@ (7 )
7ps ¢ 51 > /d¢J/ Ill d°ki 67 (L g kil)

a,b,c 1

kﬁ
L SIS 0 ) )

X Spiin, (k31)8 (kai, RYHSYS™ (p1)J.(pLR), (3)

which is sensitive to the Silvers function. The process dependent color factors

Sivers - We note that the framework is self-

are included in the hard coefficient H
consistent and can systematically improve its predictive accuracy. Currently, the
resummation is achieved at the NLL accuracy level. By controlling the jet psi,
we change the sensitivity to the non-perturbative TMD effects. Therefore any
difference between the future data and the outcome of this framework will shed
light on the size of the factorization breaking. If the sizes were small, the process

can be excellent candidate for extracting the gluon TMDs.
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2.2.2. jet TMDs at the future EIC

Similar process can be investigated at the EIC, but now we study the imbalance
between the jet and the lepton (¢(k¢)) in the center of mass frame in ¢(k)+ A(P) —
0 (k) + Jet(Py) + X, where A can be (un)-polarized proton or nuclei/nucleon. One
can derive the all-order factorization theorem for this process for both polarized
and un-polarized cases. Also the Ppr-broadening generated by cold nuclear matter
effects can be incorporated systematically®.

An(D@) dN/dA¢
0.08f fazreey 10\ Lepton+Jet at EIC
------- kr=10GeV
8l Lepton Pr=10GeV 4L=0GeV?
0.06] —m == ky=15GeV
-------- gL=0.2GeV?
77T 6
0.04f I,' ______________________________ 4L=0.8GeV?
K 4L
/ e
002 /1 e o
II¢’ g
0opkE=— . . A 0 ‘ ‘ ‘ ‘ A
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.1 0.2 0.3 0.4 0.5

Fig. 2. Left panel: the single spin asymmetry in transversely polarized ep collision. Right panel:
Pr-broadening in eA collision. The plots are taken from Ref.5.

The left panel of fig. 2 shows the single spin asymmetry as a function of the
azimuthal angle A¢ distribution. By changing the lepton transverse momentum,
we probe different range in z of the Sivers function. For k,r = 15 GeV, we found
the single spin asymmetry can be as large as 5% which should be observable in the
future EIC which typically has sufficient statistics in the lepton-nucleon frame.

The right panel in fig. 2 represents the sensitivity of the azimuthal angular cor-
relation as a function of A¢ to different values of ¢L in the range of a theoretical
estimate for cold nuclear matter®. This correlation is expected to be able to inves-
tigate at the future EIC.

3. Conclusions

Several examples have been presented in this article to highlight the opportuni-
ties that the jet brings to the TMD physics for both un-polarized and polarized
cases. With increasing experimental accuracy and available high precision theoret-
ical tools, we believe jets will show their advantages in extracting non-perturbative
structures of the hadron or nucleon/nuclei by hard probes in the near future.
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In this talk, focusing on groomed jet and quarkonium production and decay processes, we
discuss the factorization and resummation of large logarithms at the level of cross section
involving TMDs. For groomed jets we analyze the measurement of hadronic transverse
momentum with respect to the groomed-jet-axis and show that this observable can be
used for probing the non-perturbative part of the TMD (rapidity) evolution kernel. For
the case of quarkonium we present a new framework for factorization of quarkonium
production and decay TMD related processes. In this new approach the factorization
theorems are written in terms of the new TMD quarkonium shape functions. We work
in the framework of effective field theories and particularly soft collinear effective theory
and non-relativistic quantum chromodynamics.
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1. Hadronization within groomed jets

In the recent years there were many studies ' proposing the use of in-jet hadroniza-
tion as a probe to TMD physics. Here we discuss the measurement of hadronic trans-
verse momentum inside a groomed jet, particularly the energy fraction, z;, = Ey/E;
and the transverse momentum w.r.t. the groomed-jet-axis, prp, of an identified
hadron h within a groomed jet. The jet is clustered using anti-kp algorithm and
then groomed using modified mass drop tagging (mMDT) algorithm*°. The mMDT
algorithm (or its generalization known as soft-drop) removes contaminating soft ra-
diation from the jet by constructing an angular ordered tree of the jet through the
Cambridge/Aachen (C/A) clustering algorithm, and removing the branches at the
widest angles which fail an energy requirement, E > ZcutFbranch- AS soon as a
branch is found that passes, this branch is declared the groomed jet, and all con-
stituents of the branch are the groomed constituents. What is remarkable about
the procedure, is that it gives a jet with essentially zero angular area, since at large
angles, all collinear energetic radiation is to be found at the center of the jet, and
no cone is actually imposed to enclose this core. One simply finds the branch whose
daughters are sufficiently energetic. Formally the daughters could have any opening
angle, though their most likely configuration is collinear.

We use soft-collinear effective theory (SCET) to factorize the relevant cross
section. The factorization for this observable® is given in terms of the quark/gluon
jet fraction, F;, which are specific to the experimental configuration, and the jet
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function, J;,
do

dﬁJTM = ZFi(C’plj,R7 Zcut)Ji(EJ7Ra ZcutzM) ) (1)

where C denotes collectively the experimental constraints and M the measure-
ments imposed on the grooomed constituents. For ete™ — di-jet processes the
quark/gluon fraction, F;, can be calculated perturbatively and for DIS can be writ-
ten in terms of a convolution of the partonic matching coefficient and the collinear
PDFs. For hadronic collisions a perturbative calculation of the fractions F; within
SCET suffers from factorization breaking effects, but since they are independent of
the measurement M they could be extracted from one process and used in an other
(in a similar manner to the PDFs).

For the case of an identified hadron in jet and for M = {qr, zr}, where the
small transverse momentum, q, = pyy,/zn, is defined w.r.t. the groomed jet axis,
then eq. (1) with R ~ 1 becomes:

do

4= 1 1. - Fz s 41, M» cu 4 E y “cut ) ’ 2
dﬁjquth Zl: (C R p.] Z, t)g /h( J s Zcut qT Zh) ( )

up to power-corrections where G; 5, is the groomed TMD fragmenting jet function
(¢gTMDFJF) which is further refactorized in the context of SCET into a collinear-
soft function, S;-, and the purely collinear term?, Dﬁh. The purely collinear term is
simply the so called “un-subtracted TMD fragmentation functions”. The factorized
expression can then be written conveniently in the impact parameter space,

gi/h(EJchutabv Zh) = SiJ_(Echutvb; V)DiJ?h(EJazhab; V) ) (3)

where we have explicitly included the rapidity scale, v, dependence which is intro-
duced by the necessary regulator for rapidity divergences. We use the formalism of
the rapidity renormalization group (RRG) to handle the rapidity scale dependence
and to resum rapidity logarithms. Identifying as Q) and Qz.,; as the collinear and
collinear-soft canonical rapidity scales we suggest the logarithmic derivative of the
cross-section (w.r.t. Inz.,;) as a probe to the rapidity anomalous dimension. We
demonstrate the sensitivity of this observable to the non-perturbative aspects of
the rapidity anomalous dimension using four different parameterizations (for the
details of the parameterizations see the original paper?). As an example we study
the process ete™ — (u — 7+) + X. The results are shown in figure 1.

From figure 1 we see that the logarithmic derivative of the groomed TMD dis-
tribution shows strong discrepancy between various modes at small values of the
transverse momentum. At moderate values, pr 2 5 > Aqcp, GeV the observable
becomes insensitive to the non-perturbative models, as expected since all models
should merge to the perturbative result in this range of the spectrum.

2In the language of SCET the term “collinear” corresponds to the contribution from modes that
satisfy collinear scaling. Not to be confused with the integrated distributions, usually present in
the collinear factorization
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Fig. 1. Figure caption.

2. A new EFT approach to quarkonium production at small pr

Among others, some of the processes proposed to study gluon TMDs in collider
experiments are inclusive, exclusive, and associated quarkonium production pro-
cesses. The goal of this talk is to emphasize many difficulties that arise when
studying observables sensitive to soft radiation through quarkonium production or
decay processes. In collider physics, quarkonia are studied within the framework
of NRQCD factorization”® where the cross section is written as a sum of products
of short distance matching coefficients and the corresponding long distance matrix
elements (LDMEs).

The NRQCD factorization approach was used extensively in quarkonium phe-
nomenology, but despite the many successes, NRQCD factorization is only effective
when the quarkonium is produced with relatively large transverse momenta. Intu-
itively, in this kinematic regime, emissions of soft and ultra-soft gluons from the
heavy quark pair cannot alter the large transverse momentum of the quarkonium
state. Ignoring these soft emissions, the quarkonium transverse momentum is then
determined from the hard process alone and the infrared (IR) divergences that are
present in perturbative calculations of the partonic hard process are absorbed into
the non-perturbative LDMEs and collinear matrix elements (PDF/FF). However,
when quarkonia are produced with small transverse momenta, this soft gluon factor-
ization assumption must be relaxed. The quarkonium photo/lepto-production was
studied® ! in this region sensitive to soft radiation where NRQCD factorization
break down and it was found that promoting the LDMEs into quarkonium shape
functions is necessary for correctly accounting the soft radiation from the heavy
quark pair.

Here we propose a new EFT in which the treatment of soft and collinear modes



February 28, 2020 1:30 Ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 114

114

is similar to SCET. We refer this new EFT as SCETg and within this effective
theory we demonstrate how we can obtain factorization theorems for quarkonium
production and decay.

A crucial role in our analysis plays the diagrammatical derivation of the relevant
partonic operators. For example in a generic hard process, the matching onto the
S-wave operators is given by

Or(S-wave) = T SITS, | (4)

where S, is a time-like (soft-gluon) Wilson line. This suggests the presence of
time-like Wilson line in the soft sector. We confirm that for color-octet quarkonia
this Wilson line is necessary for the IR-finiteness of the fixed order cross section.
We showed that such diagrammatical analysis strongly constrained the form of
operators that contribute to the hard sector of the SCETg Lagrangian. Also this
allowed us to relate the matching coefficients of specific operators, which naively
may seem unrelated, at all orders in perturbation theory. We further demonstrate
that the resulting operators are invariant under collinear, soft, and ultra-soft gauge
transformations.
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Establishing a precise multi-dimensional imaging of quarks and gluons inside nucleons is
one of the primary goals of the Electron Ion Collider project. I will present a personal
choice of recent developments in the phenomenological mapping of the momentum space
structure of the nucleon, through the studies of transverse momentum dependent parton
distributions, with special focus on the polarized cases, where correlations between spin
and partonic momenta are more relevant.

1. Introduction

In the last decades several experiments have been performed to unravel the 3D-
structure of nucleons in terms of their partonic degrees of freedom. Transverse
momentum dependent parton distributions (TMDs) allow us to build a map of the
hadron structure in momentum space, which will ultimately lead to a full knowledge
of its composition and internal dynamics in terms of elementary constituents.

TMDs encode the confined phase of hadrons. Consequently, they cannot be
computed in pQCD, but have to be modeled and extracted phenomenologically
from experimental data. However, when properly defined within the realm of TMD
factorization, TMDs are universal and, therefore, process independent.

TMDs can be studied in different hadronic processes, mainly in Drell-Yan scat-
tering, which allows TMD parton distribution functions (PDFs) to be extracted,
eTe™ annihilations, where the parton hadronization mechanism can be investigated
through TMD fragmentation functions (FFs), and finally in Semi-Inclusive Deep
Inelastic Scattering (SIDIS), where both TMD PDFs and FFs play a crucial role.
Recently a great experimental effort has been brought forward by the HERMES,
COMPASS and JLab Collaborations in collecting a large amount of unpolarized and
polarized SIDIS data, covering rather different kinematic regimes, and an equally
strong effort has been performed by several communities of theorists and phenome-
nologists, who have worked together in the pioneering work of extracting the TMDs.
However, the real break through in this field is expected to occur when a new,
purposely designed experimental facility will come to life: the Electron Ion Col-
lider }(EIC). Its experimental set up and kinematic coverage have been engineered
in such a way to complement and extend the Q? and x coverage, towards larger Q2
and smaller = values, allowing to reach an unprecedented precision in mapping the
3D hadron structure.

There are eight independent TMD PDFs?, among which the distribution of
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unpolarized partons in an unpolarized proton and the distribution of unpolarized
partons in a transversely polarized proton, the so-called Sivers function, and the
distribution of transversely polarized partons in a transversely polarized proton,
usually referred to as “transversity”. Although all eight functions play a fundamen-
tal role in the study of spin and transverse momentum correlations, I will focus only
on the TMDs mentioned above, which have recently been the object of extensive
phenomenological analyses, together with the Collins function, a TMD FF related
to the hadronization of transversely polarized partons into spinless final hadrons.

2. The Sivers function

Very recently, a novel extraction of the Sivers function from SIDIS asymmetry
measurements was presented®, where all available SIDIS data from HERMES?,
JLab®, COMPASS-deuteron® and COMPASS-proton experiment? were included.
The increased statistics and precision of these new sets of data, together with a
finer binning in Q? as well as in z, has allowed a critical re-analysis of the uncer-
tainties affecting the extraction procedure, and a thorough study of the subtle in-
terplay among experimental errors, theoretical uncertainties and model-dependent
constraints. Moreover, we have used a simpler and more transparent parametric
form of the Sivers function, in an attempt to extract the Sivers function on the
sole information provided by experimental data. We have also assessed the flavour
content of the Sivers function and its separation into valence and sea contributions.
We found that the existing data can only resolve unambiguously the total u-flavour
(valence + sea) contribution, while leaving all others largely undetermined. Any
attempt to separate valence from sea contributions, resulted in a decreased quality
of the fit, due to a lack of information in the experimental data presently available.

For this analysis we have performed two best fits: the first was a basic fit,
which we referred to as the “reference fit”, based on the most simple parametric
form which could reproduce the main features of the Sivers function; the second
fit included two extra free parameters, to make the parametrization more flexible
in the small-z region, in such a way that possible sea contributions to the u and d
flavours could be accounted for. Although we could not separate sea from valence
contributions within the Sivers first moments, this approach allowed us to obtain a
much more realistic estimate of the uncertainties affecting the extracted functions
at small values of z. Drawing well-founded conclusions on the low-z and large-x
kinematic regimes will only become possible when new experimental information
will become available from dedicated experiments like the EIC!, or JLab12®. Our
results are shown in Fig. 1.

Let us stress that also the unpolarized TMDs play a crucial role in the extraction
of the Sivers function, as they appear as denominators of the Sivers single spin
asymmetries used in the fit. In fact, different assumptions about these functions
can alter results significantly. Differently from previous analyses, here the & -widths
of the unpolarized functions were chosen to ensure the best possible description of
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Fig. 1. The extracted Sivers distributions for = u, + @ and d = d,, + d. Upper panels: the first
moments of the Sivers functionare shown versus . Middle panel: relative uncertainties, given by
the ratio between the upper/lower border of the uncertainty bands and the best-fit curve for the
reference fit. Lower panel: the Sivers functions is shown versus k, , at z = 0.1. Here we have
no Q2 dependence. The shaded bands correspond to our estimate of 26 C.L. In all panels, the
light blue bands correspond to the uncertainties of the reference fit, while the large gray bands
correspond to the uncertainties for the fit which includes also the oy, and oy parameters?.

the available unpolarized SIDIS data. This released the tension encountered when
trying to simultaneously fit COMPASS and HERMES data on the Sivers asymmetry
which could, for instance, lead to inadvertently over-fit the data by adding more
parameters in order to reduce an artificially large x2. This type of complications
make it evident how critical it is to obtain a better knowledge of the unpolarized
functions, not only for this but also for any other SIDIS asymmetries.

A considerable part of our work was devoted to the study of scale dependence ef-
fects. We considered three different scenarios: no-evolution, collinear twist-3 evolu-
tion and TMD-evolution. Collinear twist-3 evolution, which proceeds only through
x while not affecting the k, dependence of the Sivers function, was found to be
quite fast. In fact, when spanning the range of (Q?) values covered by the experi-
mental data, the extracted Sivers function shows variations that are larger than the
error band for the reference fit. Signals of TMD evolution, which instead affects
mostly the k; dependence of the Sivers function turned out to be more elusive.
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Our attempts to estimate them resulted in a rather poor determination of the g
parameter, which regulates the logarithmic variation of the k£, width with Q2. Our
best fit delivered a very small value of g9, with a large uncertainty. This does not
mean that TMD evolution is slow. In fact, within the large uncertainty bands cor-
responding to this extraction, there is room for quite a large variety of different Q2
behaviors. Unfortunately, the available experimental information is presently too
limited to determine g, with a satisfactory precision.

3. Transversity and the Collins function

Issues related to TMD evolution are also particularly relevant when dealing with
the phenomenological extraction of other TMDs, like transversity and the Collins
functions. As these two functions appear convoluted together in the SIDIS cross
sections, it is very difficult to extract them separately. In 2007 we first proposed the
first simultaneous extraction of transversity and the Collins function®, exploiting
both SIDIS and eTe™ — h1hoX experimental data. Ever since many other authors
have followed the similar paths, proposing more and more refined analyses of the
available experimental data 013,

All these analyses found high quality best fit results, but one may wonder how
TMD evolution might affect these results, as the typical Q2 scales of the SIDIS
and eTe™ — h1hy X experiments are very different (Q? ~ 3 GeV? for SIDIS and
Q? ~ 100 GeV? for eTe™). To answer this question it is interesting to compare two
analyses which follow different philosophies: one'4
taken into account, and the other'? where the Q2 dependence of the k; and p,
distributions are accounted for. Both analyses exploited the same data sets, from
the BaBar !¢ and BELLE!'", HERMES '® and COMPASS'? experiments.

Plots showing the transversity and Collins functions as obtained with'? and
without'© TMD evolution are presented in Fig. 2. It is easy to notice the similarity
between the two curves, well within the uncertainty bands in the kinematic regions
covered by experimental data. Notice, however, that as the asymmetries measured
by BaBar and BELLE are double ratios, this similarity might simply be due to the
cancellations of strong evolution effects between numerators and denominators.

in which no TMD evolution is

Interestingly, the BESIII Collaboration?® has recently measured the same
Collins asymmetries observed by BaBar and Belle, but at the lower energy /s =
Q = 3.65 GeV. Comparisons with the asymmetries obtained at these low Q2 val-
ues, much more similar to those measured in SIDIS, might help in assessing the
importance of TMD evolution effects. It is therefore important to check how a
model in which the Q2 dependence of the TMD Gaussian width is not included 4
can describe these new sets of measurements, and compare these results with the
description obtained by using a TMD evolution scheme!2. As in the previous case,
there is a striking similarity between the predictions obtained with'? and without 4
TMD evolution, which turn out to give almost identical asymmetries for remarkably
different values of Q2. In fact, although the typical broadening in p, of the Collins
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Fig. 2. Transversity distribution for up and down quarks and Collins fragmentation functions
for favoured and disfavoured flavour contributions. A comparison of the extractions with2 and
without 10 TMD evolution is presented. The band corresponds to the uncertainty of the extraction.

TMD as @Q? increases is clearly visible, the TMD evolution in the low Q2 range is
rather slow.

At this stage, it is quite difficult to draw any clear-cut conclusion: despite the
sizeable difference in Q? among the different sets of ete™ data differences among
the measured asymmetries are mild and could be explained solely by the different
kinematical configurations and cuts. Predictions obtained with and without TMD
evolution are both in qualitatively good agreement with the present BESIII mea-
surements, indicating that present data are little sensitive to the Q? dependence in
the transverse momentum distribution.

There are indeed other mechanisms where the Collins TMD can be explored,
for example studying the transverse momentum distribution of single hadron pro-
duction in jets off proton-proton scattering?~23. These analyses provide evidence
that the Collins function extracted in these independent processes is well consis-
tent with that extracted by fitting ete™ and SIDIS data simultaneously. Moreover,
they confirm that the experimental data presently available do not show signals of
strong evolution effects, and cannot resolve calculations done with or without TMD
evolution.
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In this contribution, a brief overview of existing measurements of transverse-momentum
distributions in semi-inclusive deep-inelastic scattering from HERMES and COMPASS
is given. An even briefer outlook on medium-term possibilities will be provided and how
all those lay a path to a future Electron-Ion Collider.
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1. Introduction

The past 20 years have seen a remarkable rise of experimental evidence for a rich
and non-trivial multi-dimensional structure of hadrons. I will not even attempt
to give an equal or even in-depth account of all of the measurements and related
observables, this is left rather to reviews.! The selection of results will thus be a
personal one, though demonstrating a huge success story.

Two deep-inelastic scattering (DIS) experiments have played particular roles:
on one side the HERMES experiment, which used the 27.5 GeV polarized elec-
tron/positron beam of HERA in combination with a variety of polarized and un-
polarized pure gas targets. HERMES took data from 1995 until the shutdown of
HERA in 2007. While personally biased, it is probably fair to claim that HER-
MES has played a pioneering role in the field of transverse-momentum distributions
(TMDs), and in fact is still contributing to the field.?3 Slightly shifted in time, but
still overlapping with HERMES, is the COMPASS experiment, utilizing (mainly)
the 160 GeV polarized muon beam of the North Area M2 beam line at CERN. For
the study of TMDs, mainly the data taken with polarized NHz or °LiD targets has
been used. However, a very large data set with an unpolarized liquid-H target was
taken in 2016/17. While motivated for the measurement of deeply virtual Compton
scattering, it will allow detailed studies of TMDs as well. In contrast to HERMES,
the COMPASS has also a fruitful hadron-beam program. In the context of TMDs,
the measurements of target-spin asymmetries in the Drell-Yan process stick out.*

But let us go back twenty years, to more or less the beginning of experimental
evidence from semi-inclusive DIS. At the 1999 DIS conference, results from HER-

*Gratefully acknowledging support by the INT.
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MES on the azimuthal distribution of hadrons about the virtual-photon direction
were presented®, which demonstrated the non-trivial role of transverse momentum
and correlations with the nucleon (or parton) spin. In this particular case, the
azimuthal asymmetries were measured using a longitudinally polarized hydrogen
target. There are various aspects worthwhile to recall: (i) It took quite an effort
to convince an experimental collaboration that was geared towards measuring the
g1 structure function and quark helicity distributions to look at such exotic ideas
of azimuthal asymmetries arising from spin-orbit correlations. It was well worth
the effort and should serve as a prime example of being open to seemingly “weird”
ideas. (ii) At that time, an idea by Sivers to attribute single-spin asymmetries ob-
served in polarized hadron-hadron collision to correlations between the transverse
momentum of quarks and the (transverse) polarization of the nucleon® struggled
still with plenty of skepticism and opposition”. Most attempts to explain the data
were those focused on the so-called Collins effect, an intriguing naive-T-odd spin-
momentum correlation in the hadronization process. However, and this brings me
to (iii) a courageous—and I would also say seminal—interpretation brought back
to the stage the idea of Sivers of a naive-T-odd distribution function.® And while
the original observable measured by HERMES was a somewhat messy one, being a
subleading-twist asymmetry potentially receiving a multitude of different contribu-
tions?, it spurred ample theoretical activity with numerous important outcomes. It
wasn’t until a few years later when finally both the Sivers and Collins effects were

both unambiguously shown to exist. '

2. Experimental status of TMDs

At leading twist, there are eight TMDs required to describe the nucleon structure.
The Sivers function is one of them and, as explained above, one that was shown
to be non-zero already early on in this young endeavor of measuring TMDs. They
all lead to different azimuthal and polarization dependences of the semi-inclusive
DIS cross section. By now, all of them have been investigated albeit to different
levels of precision and flavor dependence, the latter through variation of targets and
final-state hadrons. While not the first one, the TMD of unpolarized quarks
in unpolarized nucleons profits from the largest data sets on hand. Results on
transverse-momentum dependent multiplicities are available for charged pions and
kaons from H and D targets!! as well as for unidentified charged hadrons from a
SLiD target.'? The second TMD that does not require polarization of either beam
or target is the Boer-Mulders distribution. It gives rise to a cos2¢ modulation®
of the cross section that has been extracted again both by HERMES and COM-
PASS for the same target and final-state hadron choices as for the multiplicities. 415
Clearly non-vanishing modulations are present, however, interpretation of those is

aFor more detailed definitions of angles and asymmetries, the reader might consult the Trento
Conventions. '3
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hampered by possible contributions from the Cahn effect. This exhausts the list
of leading-twist TMDs that can be probed with unpolarized targets. Nevertheless,
still using an unpolarized target but at subleading-twist, a cos ¢ modulation (again
related for instance to the Cahn effect) can be measured as well as the sin ¢ mod-
ulation of the beam-helicity asymmetry Apy. The previous has been extracted in
parallel to the determination of the cos 2¢ modulation and found to be non-zero, the
latter as well and for a similar set of target and final-hadron choices (though also re-
sults for final-state protons and anti-protons have become available recently?). The
longitudinal-target-spin asymmetry Apy provides a way to measure the worm-
gear hi; through the sin2¢ modulation, while the sin ¢ modulation discussed in
the introduction is a subleading-twist effect. While the latter was found to be
non-zero, the existing COMPASS and HERMES measurements of the sin 2¢p modu-
lation are consistent with zero. Longitudinal beam and target polarization allows for
the measurement of the helicity TMD. It is the only one besides the unpolarized
TMD that does not lead directly to a azimuthal modulation and has been mea-
sured both at COMPASS and HERMES with at max weak transverse-momentum
dependence. Measurements of the subleading cos ¢ modulation of the longitudinal
double-spin asymmetry are consistent with zero. Turning to transverse target po-
larization allows one to assess the four remaining leading-twist TMDs as well as
various subleading ones. The most prominent ones are the Sivers and Collins asym-
metries arising from the Sivers and transversity TMDs (the latter in conjunction
with the Collins fragmentation function). They have been measured on a hydrogen
target at HERMES for pions, charged kaons,'®'7 and lately also for protons and
anti-protons (still only available preliminary) and at COMPASS on NH3 and °LiD
targets for unidentified hadrons as well as charged pions and kaons. 181 Both effects
do not require polarized beams and are found to be non-zero, though mainly for the
COMPASS NH; and the HERMES data. Nevertheless, 5LiD is important for the
flavor separation, which is the prime motivation for additional data taking with such
target in 2021. The Pretzelosity TMD leads to another distinctive modulation of
the transverse-target asymmetry. Preliminary results are consistent with zero both
at COMPASS and HERMES for the same target and final-state combinations used
for the Sivers and Collins asymmetries. The same applies to the subleading-twist
sin(2¢ — ¢g) contribution to the transverse-target asymmetry Ayr. On the other
hand, the subleading-twist sin ¢ modulation, which under certain assumptions is
linked to the Collins effect, has been found to be sizable for proton targets at both
COMPASS and HERMES for unidentified charged hadrons and charged pions, re-
spectively. Last but not least, the double-spin asymmetry Ay provides a channel
to constrain the second worm-gear TMD, g, and preliminary results point to

a non-vanishing effect (in contrast to the vanishing asymmetries of the worm-gear
hig)-
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3. Path to the EIC

With possibly the exception of the case of the unpolarized TMD, most of the mea-
surements are still very much limited in precision. Moreover, while the beam en-
ergies are certainly quite different at COMPASS and HERMES, the ranges in the
virtuality of the photon, @2, is not sufficient to perform precision TMD evolution
studies. The Jefferson Lab 12 GeV program will result in unprecedented statistical
precision for a number of the modulations discussed. However, the beam energy
and thus the range in Q2 will be even lower. Some of the observables, e.g., the
beam-helicity asymmetry could be analyzed using HERA data at a much larger Q?,
though the situation at both H1 and ZEUS is challenging more than a decade af-
ter the shut-down of those experiments. Furthermore, those experiments were not
really designed for semi-inclusive DIS with limited hadron particle identification.
Hadron-hadron collision and electron-positron annihilation will provide additional
and complementary data, however, not always as theoretically clean as DIS, limited
in precision, or sensitive to fragmentation functions only.

Currently, solely the EIC has the potential to unravel in detail the multi-
dimensional structure of the nucleon?°
suitable detector will allow detailed semi-inclusive DIS measurements. Polarization
and a variety of light ions in the initial state will be mandatory for such program
— all more or less part of the presently foreseen program. And who knows, may
one or the other unexpected result trigger a similar wealth of activity as the one
presented twenty years ago at DIS’99.

. The very wide kinematic coverage and a

References

H. Avakian, B. Parsamyan and A. Prokudin, Riv. Nuovo Cim. 42, 1 (2019).

A. Airapetian et al., Phys. Lett. B797, p. 134886 (2019).

A. Airapetian et al., Phys. Rev. D99, p. 112001 (2019).

M. Aghasyan et al., Phys. Rev. Lett. 119, p. 112002 (2017).

H. Avakian, Nucl. Phys. Proc. Suppl. 79, 523 (1999).

D. W. Sivers, Phys. Rev. D41, p. 83 (1990).

J. C. Collins, Nucl. Phys. B396, 161 (1993).

S. J. Brodsky, D. S. Hwang and I. Schmidt, Phys. Lett. B530, 99 (2002).
9. A. Bacchetta et al., JHEP 02, p. 093 (2007).

10. A. Airapetian et al., Phys. Rev. Lett. 94, p. 012002 (2005).

11. A. Airapetian et al., Phys. Rev. D87, p. 074029 (2013).

12. M. Aghasyan et al., Phys. Rev. D97, p. 032006 (2018).

13. A. Bacchetta et al., Phys. Rev. D70, p. 117504 (2004).

14. A. Airapetian et al., Phys. Rev. D87, p. 012010 (2013).

15. C. Adolph et al., Nucl. Phys. B886, 1046 (2014).

16. A. Airapetian et al., Phys. Rev. Lett. 103, p. 152002 (2009).

17. A. Airapetian et al., Phys. Lett. B693, 11 (2010).

18. M. Alekseev et al., Phys. Lett. B673, 127 (2009).

19. C. Adolph et al., Phys. Lett. B744, 250 (2015).

20. A. Accardi et al., Eur. Phys. J. A52, p. 268 (2016).

e R




February 28, 2020 1:30 Ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 125

125

Di-hadrons and polarized A’s as novel probes of the nucleon structure

Anselm Vossen™

Department of Physics, Duke University and Jefferson Lab,
*E-mail: anselm.vossen@duke.edu

1. Introduction

A focus of the EIC physics program is the extraction of the three-dimensional struc-
ture of the proton as encoded in TMDs and GPDs?!. At leading twist there are eight
TMDs. Beyond, at Twist-3 there are three additional PDFs, if one only considers
collinear functions. While the interpretation of TMD PDFs is fairly straightfor-
ward in the parton model, they encode spin-momentum correlations of partons in
the proton, twist3 pdfs have no partonic interpretation. However, strong theoretic
interest, spurred in part by the observation of large signals, led to significant insight
into twist3 PDFs over the last decade. They are related to handbag diagrams where
additional gluons are exchanged, and thus sensitive to correlations of the quark and
gluon fields inside the nucleon. This leads to connections between twist3 pdfs and
the force experienced by a struck quark inside the proton while it traverses the gluon
background field?. Via Wandzura-Wilczek relations®, some can also be related to
integrated TMDs. There is a wealth of information on these functions that can
be extracted from the SIDIS cross-section. However, the cross-section also receives
contribution from kinematic and higher twist effects, like the Cahn effect. Therefore
it is not surprising that it is not always possible to separate the different contribu-
tions to the SIDIS cross-section of single, spinless hadron production. A prominent
example for this issue is the extraction of the Boer-Mulders function?® from SIDIS
which is measured in scatterering off an unpolarized target. By utilizing additional
degrees of freedom in the final state, in our case angular momentum, more intricate
aspects of the nucleon structure can be disentangled. This contribution will focus
on fragmentation functions (FFs) describing the production of final states with an-
gular momentum, either as spin polarization, as in the case of A production, or
relative angular momentum, as in the case of di-hadron production. After a short
introduction to these FFs, we will focus on recent and planned measurements. Al-
though polarized A and di-hadron FFs (DiFFs) are important to learn about the
proton structure, it is also important to point out, that measuring them is inter-
esting by themselves. They are the crossed channel analogues of PDF's, and follow
a similar structure. Therefore, analogous insights into QCD can be gained and
spin-orbit correlation in hadronization can be explored. Unlike PDFs, FFs cannot
be calculated from the lattice, therefore measurements are indispensable.
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2. Spin-polarized FFs

TMD PDFs are often organized in a table according to the polarization of the parent
nucleon and the probed quark. TMD FFs can be organized analogously as shown in
Table 1°. Here q is the polarization of the outgoing quark and H is the polarization
of the outgoing hadron. For practical purposes, this hadron will usually be a A due
to its self-analyzing decay.

Table 1. Interpretation of TMD FF's for quarks. The
columns indicate the quark polarization — unpolar-
ized (U), longitudinally polarized (L), transversely
polarized (T). The rows indicate the hadron polar-

ization.
H \ q U L T
U Dil/q HIL h/aq
L G?/q HlJ_Lh/q
T DllTh/q G?éq Hf’/q HlLTh/q

These function can for example be measured in correlation measurements in
ete™ 6 and have probabilistic interpretations analogues to the corresponding PDFs.
The spin dependent FFs G% and H? play a role in the longitudinal and transverse
spin transfer to the A, whereas the polarizing FF Di is thought to play a role
in the observation of transversely polarized A’s in pp collisions (see Refs. 5,7 and
references therein), which helped motivate a still ongoing research in transverse
single spin asymmetries. It is the analogue of the Sivers PDF and, similarly, poses
interesting questions about universality®.

3. Correlations of pairs of unpolarized hadrons

When producing two unpolarized hadrons, the resulting system can have relative
angular momentum, such that one can assign a polarization similar to the spin
polarized final hadron states as well. The final state is often parametrized by the
relative momentum vector R = ﬁhl — ﬁhg, the momentum sum vector ﬁh = ﬁhl +
ﬁhg, the azimuthal angles vs the scattering plane of those vectors in the Breit
system?10 ®p, ®; as well as the decay angle 6 in the two-hadron center-of-mass
system. Note, that an infinite number of angular momentum numbers are possible,
1 For the lowest angular
momentum states, the functions can be ordered according to table 2. See Refs.

leading in principle to a an infinite tower of functions

9,10 for details on each function. Here we want to highlight just some interesting
properties of these functions. Due to the additional degree of freedom, it is possibible
to access the transversity hi in a collinear framework using H;' as a spin analyzer.
The additional degree of freedom allows a more targeted access to PDFs in the
SIDIS cross-section. Two examples are the access to e using H; and access to
the Boer-Mulders PDF through Hi-. Analogous to fragmentation in jets, in TMD
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DiFFs the intrinsic transverse momentum of the initial state can decouple from the
intrinsic transverse momentum generated in hadronization. The ”worm-gear” DiFF
Gy is also of interest, since it is linked to spin-orbit correlations in hadronization
and NJL-model predictions exist that would allow to connect measurements to
microscopic dynamics, at least in said model 2.

Table 2. Interpretation of Di-hadron FF's for quarks. The colums
indicate the quark polarization — unpolarized (U), longitudinally
polarized (L), transversely polarized (T). The rows indicate the
polarization of the hadron pair.

H\q U L T
U D?1h2/q H1lh1h2/q
L
T Gi—’uhz/q H1<Ih1h2/q H1<Ih1h2/q

4. Recent Results

In this section, some recent results will be highlighted, starting with results on
A polarization. To shed more light on this mechanism behind the observation
of transversely polarized A’s in unpolarized pp collisions and address questions of
universality, measurements in SIDIS and ete™ would be important. However, until
recently, limits in luminosity and available energy in SIDIS, and the dilutions due
to evolution at high /s in the ete™ case precluded any precision meausurement.
This changed with the measurement of the transverse polarization of A’s at Belle .
However, the comparison with theory predictions®, in particular using associated
production still shows significant discrepancies, even in the sign, which need to be
understood. Measuring A polarization at the EIC are an exciting prospect. In the
21 could give a first glimpse at this
quantity, albeit limited by the kinematic limits with the given beam energy.

meantime, planned measurements at CLAS1

Results on di-hadron correlations into light mesons are available from
SIDIS'5 17 ete 18 and pp'9:2°. A focus has been the extraction of transversity in a
collinear framework. Particularly in pp collisions di-hadron correlations are advan-
tageous compared to single hadron measurements and the STAR results were the
first signal of transversity observed in pp and have been included in a first global fit
of transversity?!. Another example of the advantages of di-hadron correlations are
measurements sensitive to the twist3 PDF e!%22, In the single hadron cross-section,
e contributes to a sin ®;, asymmetry in beam-spin asymmetries off an unpolarized
target. But there are three more terms contributing that are not necessary small
as illustrated by the interpretation of the structure function ingq)h at twist323:

oM ey L My, =\ prPa N My, | -
ity B H:+ =k Fr-hl D, + iR
Q M, (xe 1 +sz1G T \W Pt

(1)

sin &
sin®n _
LU




February 28, 2020 1:30 Ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 128

128
& 0251 = =
g3 4‘ R 4‘
< ! I © < 010k I ©
02 C QS’ - C QS’
F ep—e' T +X 01 ep- et mw+X
0-15; M,> 0.9 GeV/c? 0.08F M,> 0.9 GeV/c?
0 1i 0.06
. 0.04 +
0.05 ¢ 0.02f +
N oF
0 * | l | l | 1 Gl b b b b b ban i by
015 02 025 03 035 0.4 045 0.35 0.4 0.45 0.5 055 0.6 0.65 0.7
X z

Fig. 1. Preliminary results on ASLh[}q)R for 7t 7~ pairs from the CLAS12 experiment. Asym-
metries are shown vs z and z. A constraint on the invariant mass of the hadron pair of
Mzrr > 0.9 GeV/c? is applied.

Here ET and ﬁh 1 are the (intrinsic) transverse momenta of the quark and hadron,
which are convoluted (indicated by the function Z). The symbols = and z are the
usual SIDIS variables, e and gt are the twist3 PDFs, whereas f; and hi are the
leading twist unpolarized and Boer-Mulders PDFs. Four fragmentation functions
appear, the Collins FF Hji-, the unpolarized D; and two, a-priori unknown twist3
FFs, G+ and E. Comparing with the corresponding asymmetry in two-hadron pro-
duction'® in eq. 2 shows the number of terms reduced by half expression becomes
colinear. Additionally, the second term containing the twist3 DiFF G< can poten-
tially be insulated considering the different kinematic dependencies. There are also

arguments why this term might be small?4.
’ R|sing [ M 1 -
rpon = o O oy o 4 2 oy oo @
Q  L[mnn z

A measurement of this asymmetry has recently been performed on a small initial
dataset from CLAS12 and is shown in Fig. 1. Even given the small dataset (about
3% of the planned final data), a significant asymmetry is observed.

5. Summary and Outlook

The expansion of our knowledge of FFs from the production of single, spinless
hadrons to polarized hadrons and di-hadron correlations will be important to study
spin-orbit correlations in hadronization as well as access the structure of the nucleon.
In particular for A production, the EIC will be the first time, precision measurements
will be done in SIDIS. For di-hadron production, a host of interesting measurements
already exist, but further measurements are needed to exploit the full potential of
these channels. The EIC can expand this program to TMD di-FFs to access certain
aspects of the nucleon structure, such as the Boer-Mulders function, more cleanly
and explore FFs that are not allowed for single unpolarized hadron fragmentation,
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such as the "worm-gear” function Gi. Given the additional degrees of freedom,
DiFFs are also more complex objects than single-hadron FFs. The full kinematic
dependence has not been explored yet, in particular the dependence on the decay
angle 6 and remains an important task at the EIC. As with the extraction of FF's in
general, measurements in ete™ and SIDIS data are needed. Therefore the data of
Belle I12°, which succeeded Belle with the goal of collecting 50 times the integrated
luminosity over approximately one decade, will be an important input to maximize
the scientific impact of the EIC. Further experimental results are also needed from
pp, in particular to constrain the unpolarized DiFFs of gluons, which are currently
a major contributor to the uncertainties of the global fit to transversity2!.
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Fragmentation functions can be cleanly obtained from ete™ annihilation. In the recent

years various measurements related to unpolarized, polarized and transverse-momentum
dependent fragmentation functions have become available from the Belle, BaBar and
BESIII experiments. These fragmentation functions are absolutely essential in extracting
the spin and flavor structure of the nucleon and will play an important role in fulfilling
the scientific goals of the electron-ion collider.

Keywords: Fragmentation; et e~ annihilation; TMDs.

1. Introduction

The formation of final state hadrons from high-energetic, asymptotically free par-
tons is described by fragmentation functions, FFs. Just as parton distribution
functions, FFs are nonperturbative objects which cannot be calculated from first
principles and even lattice QCD calculations cannot provide FFs. However, FFs are
universal such that the same FFs can appear in different processes such as ete™
annihilation into hadrons, semi-inclusive deeply inelastic lepton-nucleon scattering
or p-p collisions. Therefore the FFs extracted from one process can be used in turn
to gain additional knowledge about the nucleon structure. In particular the spin
and flavor information can be obtained via FFs and is even essential in accessing
chiral-odd distribution functions such as transversity.

2. Unpolarized fragmentation
2.1. Single hadrons

Single hadron cross sections for pions, kaons'? and protons® have been available for
a while from both Belle and Babar collaborations. They played a very significant
role in the recent global FF fits* ¢ as most of the other data from e™
came from much higher c.m. energies and therefore the B factory data provided
and important lever arm. Together with other new data from different processes
they allowed a significant improvement in the determination of unpolarized FFs
particularly for light quark flavors and also gluons. Additionally also various new
measurements for production cross sections of heavier particles, particularly various
hyperons and charmed baryons have been extracted at Belle”.

e~ annihilation
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2.2. Di-hadrons

One limitation of single hadron measurements in e™e™ annihilation is that they are
only sensitive to the charge square weighted sum over all accessible flavors of FF's.
One way to overcome this limitation is to measure two hadrons in the final state
in opposite hemispheres where one can expect one hadron to be produced from one
quark and the other from the corresponding initial anti-quark. By then studying
same and opposite charge sign combinations, one can then select different combi-
nations of favored and disfavored FFs. These results were extracted from the Belle
experiment for pion and kaon combinations® where one indeed can find different
behavior for the two charge combinations. While for example both pion pair combi-
nations are almost comparable at small fractional energies, the differ substantially
at large fractional energies where the disfavored FFs should be suppressed. When
one studies two hadrons within the same hemisphere, they are likely to originate
from the same parton. This has been experimentally confirmed. In this regime
di-hadron FFs are of interest. Particularly the z and invariant mass dependence of
unpolarized di-hadron FFs is important as an unpolarized baseline for the previous
measurements related to the interference FF as both are needed for transversity
extractions. Belle has provided precise di-hadron cross sections for pion and kaon
combinations®. The various prominent resonances such as Kg, p,K*, ®, as well as
DY and others are reflected in the cross sections.

3. Transverse spin and momentum dependent fragmentation
3.1. Chiral-odd fragmentation functions

The Collins related asymmetries for various charge combinations for pion pairs have
been available now for close to a decade from Belle?'?. Since then, BaBar has con-
firmed these results and extended them toward extracting the explicit transverse
momentum dependence!!. In addition, they have also published Collins asymme-
tries for pion-kaon and kaon pairs'2. The BESIII collaboration has also provided
Collins asymmetries'3. In terms of chiral-odd di-hadron FFs, Belle has also pro-
vided the corresponding asymmetries related to the interference FF for unlike sign
pion pairs as a function of fractional energy and invariant mass'®. Both types of
FF results have since been used in global fits to extract transversity distributions
from SIDIS, pp and ete™ datal5 17,

3.2. Unpolarized TMD FFs

The latest new result is the measurement of the explicit transverse momentum de-
pendence of single charged hadron cross sections by the Belle collaboration'®. Only
one pion, kaon or proton was selected inclusively and its transverse momentum was
calculated relative to the axis of the event shape variable thrust. As thrust approxi-
mates the quark-antiquark axis for a clean two-jet event it serves as a good reference
axis. The thrust value however, also affects how collimated an event was and thus
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the transverse momentum may be correlated with the thrust value. Therefore the
cross sections were extracted not only differential in fractional energy and trans-
verse momentum, but also in bins of thrust. The raw hadron yields were corrected
for particle misidentification, backgrounds from two-photon, Y(4S) decays and 7
pair production and momentum and axis smearing. Also the acceptance and recon-
struction efficiencies were corrected for as well as the effects of initial state photon
radiation. The cross sections either including or excluding weak decays as obtained
from MC were both provided for analyzers. In addition to the cross sections, the
small transverse momentum region was fitted by a Gaussian distribution. As can
be seen in Fig. 1, the widths of pions and kaons behave similarly within systematics
while the widths for protons are substantially smaller, probably due to the differ-
ences between mesons and baryons. For mesons, the widths increase until about
0.6 before they decrease again to high fractional energies.
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Fig. 1. Transverse momentum widths for pions, kaons and protons as a function of fractional
energy z for an intermediate thrust bin.

4. Outlook toward the EIC

Various further FF related results can be obtained from e*e™ annihilation at Belle
and its successor Bellell as well as potentially other colliders envisioned for the
future. There is the possibility to obtain FF information for various resonances as
well as considerations to actively make use of initial state photon radiation events
by detecting the photons and using them to vary the otherwise fixed c.m. energy.
This would allow to study explicitly the TMD evolution of transverse momentum
dependent FFs and help with one of the most pressing theoretical uncertainties in
the understanding of TMD variables to date. Generally, all the already extracted
measurements as well as those to come are absolutely essential to successful sci-
entific output of an EIC. Even the simplest flavor dependent extraction of parton
helicities will rely on FFs. For nearly all TMD observables at an EIC transverse
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momentum and/or transverse spin dependent FFs are needed. So, without the rich
FF related data provided by ete™ colliders, particularly the B-factories, the whole
semi-inclusive physics program at an EIC would not be possible.
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In this paper we discuss calculation of power corrections to the transverse momentum
dependent (TMD) factorization which describes production of a particle with small trans-
verse momentum in a hadron-hadron collision. As an example we consider power correc-
tions to the TMD factorization formula for Z-boson production. We demonstrate that
in the leading order in N. power corrections can be expressed in terms of leading-twist
TMDs which is a consequence of QCD equations of motion.

Keywords: TMD factorization; Power corrections; Drell-Yan process.

1. Introduction

In the TMD factorization approach !0 a differential cross section of particle pro-

duction in a hadron-hadron collision at small momentum transfer is defined by
convolution of two TMD distributions with a cross section of the final particle pro-
duction by two partons of colliding hadrons:

T > [ Dy p(wa b WDy p(ambimo(f] — H), (1)
where 7 is the rapidity, ¢ is the momentum of the produced particle in the hadron
frame, Dy, 4(x, b1 ,7n) is the TMD density of a parton f in hadron A, and o(ff — H)
is the cross section of production of particle H in the scattering of two partons. The
factorization formula (6) is valid in the limit of an infinitesimally small transverse
momentum of the produced particle g,. For phenomenological applications it is
important to understand how small the transverse momentum should be to make
Eq. (6) applicable. With increasing transverse momentum ¢, power corrections
to the TMD factorization (6) become important. In our recent publication!! we
calculated power corrections ~ é—iz for Z-boson production which are determined by
quark-gluon operators.* Here we review those results. In particular we show that in
the leading order in N, matrix elements of the relevant quark-gluon operators can
be expressed in terms of leading-power quark TMDs by QCD equations of motion,

see Ref.2!.

aIn the leading order Z-boson production was studied in 12720,
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2. Z-boson production in TMD factorization
Let us consider Z-boson production in the Drell-Yan reaction:
ha(pa) +he(pa) = Z(q) + X = li (k1) + la(k2) + X, (2)

where h4 p denote the colliding hadrons, and /; » the outgoing lepton pair with
total momentum g = ki + k.

The relevant term of the Lagrangian for the fermion fields v; describing coupling
between fermions and Z-boson is (sy = sinfy, cw = cos Oy )

_ 4 7 _ € . v_ A .
Ly, = /d x J, 2" (x), Jp = — Sy Zi:wz’)/u(gi gi vs)%i, (3)

where sum goes over different types of fermions, and coupling constants g} =
(t5): — 2qis%, and g = (t); are defined by week isospin (t£); of the fermion i,
see Ref.??
consider all fermions to be massless.
The differential cross section of Z-boson production with subsequent decay into
ete™ (or pTp™) pair is
292 2 4
do e“Q 1 —4sy, + 8syy,

. Here we take into account only u,d,s,c quarks and e, u leptons. We

== _W ) ) 9 4
dQ?dydq? 192ss3, ¢ty (m%, — Q%)% + FZZm2Z[ (pa;p5,9)] (@)
where we defined the “hadronic tensor” W(pa,ps,q) as
def 1 —igx
W(pa,pB,q) = (27T)4/d4:r e " pa,pp|Ju(x)J"(0)|pa,pB)- (5)

For an arbitrary parton’s momentum we use Sudakov decomposition p = ap; +
Bp2+p.1 , where p; and po are light-like vectors close to p4 and pg, and the notations
re = x,p! and x, = x,p4 for the dimensionless light-cone coordinates (z. = /514
and z, = \/gx_) We use metric ¢"¥ = (1,—1,—1,—-1),sothat p-q = (8, +
agBp)s — (p,q) 1 where (p,q) 1 = —pig".

To define factorization we introduce rapidity factorization cutoffs ¢, and o}, and
separate quark and gluon fields into three sectors: “projectile” fields A, with
|B] < 04, “target” fields B,,,¢¥p with |a| < o, and “central rapidity” fields Cy,, ¢
with |a] > o3, and |8] > o,.

With such separation of fields Z-boson with large Q? is produced in interaction
of C-fields. Our goal is to integrate over central fields C' and present an amplitude
of Z-boson production in the factorized form (6), i.e. as a product of a projectile
matrix element of A fields (TMDs of the projectile) and a target matrix element of
B fields (TMDs of the target). To do that we “freeze” projectile and target fields
and calculate a sum of diagrams of C fields in their external background.

3. Power counting for background fields

As we discussed in the previous section, to present the cross-section of Z-boson
production (4) in a factorized form we want to sum diagrams of C' fields in the
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background of fields A and B. Since we do not explicitly integrate over fields A
and B which define non-perturbative structure of TMDs, we may assume that they
satisfy Yang-Mills equations

iPava = 0, DYAL, = g> hyutv, (6)
f

where A, = 0,4, — 8,4, —ig[A,, A,], DY = (0" —ig|A*,) and similarly for B
fields.

It is convenient to choose a gauge where A, = 0 for projectile fields and B, = 0
for target fields. The rotation from a general gauge to this gauge is performed by a
matrix Q(z., ze, z ) satisfying boundary conditions

Q(J?*,.I.,Z‘L) I*_L;OO [J?.,—OO.];‘*, Q(x*v'thL) -T!—L;OO [l'*,—OO*]f', (7)

where A, (xe,2,) and Be(x.,x,) are projectile and target fields in an arbitrary
gauge and [z, ye]2* denotes a gauge link constructed from A fields ordered along a
light-like line [z,, ye]4* = Pexp {2175’ f;.’ dzeA.(ze,21)} and similarly for [z, y.]5e.

We estimate a relative strength of Lorentz components of projectile and target
fields in this gauge as

¢1¢A(37u331_) ~ mi)_/Qa 7iwA<x0a$l) ~ m:j_/2a 752¢A($o7$1_) ~ Sy/Mmy,

A.(ﬂf.,xl) ~ mia Ai(xoaxl) ~my (8)

and similarly for B fields. Here m is a scale of order of my or ¢, . For the purpose
of power counting we will not distinguish between my and ¢; so we introduce
m_ which may be of order of my or ¢, depending on matrix element. Using
estimations for relative strength of fields’ components (8) we can expand diagrams
of C fields calculated in the background of target and projectile in powers of %
and as a result extract the structure of the leading power correction to the TMD
factorization formula (6).

4. Classical equations of motion for C-fields

Resummation of Feynman diagrams for C-fields in the background of A and B in the
tree approximation reduces to finding fields C), and ¢ as solutions of Yang-Mills
equations for the action S¢ = Sqcp(C+ A+ B, Y +va+1¥B) —Sqcp (4, ¥a) —
Sqcp(B,¢g). The solution of equations of motion which we need corresponds
to the sum of set of diagrams in a background field A + B with retarded Green
functions. The solution in terms of retarded Green functions gives fields C,, and
1o which vanish at t — —oo. Thus, we need to solve usual classical YM equations
DVFs, = > gty v/, pu = o, (9)
f
where

Ay =Cu+A,+B,, W=yl 4+of +pf
]Pll = i@u + gC’u + gAH + gB#, FHV = 6;LA1/ —H V- ig[A,uaAv]a (10)
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with boundary conditions
Aﬂ(x) = Au(l‘hxl)a \I/(J,‘) = wA(xh'Tl)a
Aﬂ(x) 1'—;_00 BH(‘r*a QZ‘L), \II('T) -'Eo_é_oo ¢B($*,$l) (11)

following from C,,, ¢ "25%°0. These boundary conditions reflect the fact that at

t — —oo we have only incoming hadrons with A and B fields.

As discussed above, for our case of particle production with % < 1it is possible
to find an approximate solution of (9) as a series in this small parameter using
relative strength of background fields (8). We will solve Eqgs. (9) iteratively, order
by order in perturbation theory, starting from the zero-order approximation in the
form of the sum of projectile and target fields

AE)](Z‘) = Au(xe,x1) + By(zs, 1), \If[o](x) = Ya(ze,z1) +Vp(xs,x1) (12)

and improving it by calculation of Feynman diagrams with retarded propagators in
the background fields (12).

The first step is the calculation of the linear term for the trial configuration (12).
The quark part of the linear term has a form

Ly = pul — L$)+L$), Libo) = 97" Aivs + g7’ B a, (13)

where Py = i0e + gAe, Px = i0s« + 9By, P; = i0; + gA; + gB; are operators
in external zero-order fields (12). Here we denote the order of expansion in the
parameter mTi by (...)("), and the order of perturbative expansion is labeled by
(..)l" as usual. The power-counting estimates for linear term in Eq. (13) comes
from Eq. (8) in the form L$) ~ m‘j_/z, LE;) ~ mgj_/2/s.

With the linear terms (13), the first terms in our perturbative solution of Eq.

(9) is
W) = - [at @lglaL) (14)

for quark fields and a similar expression for gluon fields, see Refs. 1123,

Now we expand the classical quark fields (14) in powers of 1;—25 ~ m—;, we obtain
[ :
U(z) = WO @) + oM@y +... = o0+ 0@ ol ol (15)
where
. 1
v = = Za = —P2ip, 16
A Ya + Eza, 24 s VBT —¥a, (16)

and similarly for B fields. The same procedure can be performed for gluon fields as
well.
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5. Leading power corrections at s > Q2 > ¢?

Our method is relevant to calculation of power corrections at any s, Q% > ¢2 , m%.

However, the expressions can be greatly simplified in the physically interesting case
5> Q%> ¢* which we consider here.

After integration over central fields in the tree approximation for hadronic tensor
(5) we obtain

2 dl’.d(E* —igTe—1tBqT
W(aqvﬁqva-) = g/ (27’(’)4 € a®e =il *<PA7PB|J7;L(CC.,f*axJ_)jH(O)|PAaPB>a

where J#* = jﬁA—Fng—FjXB—i-JEA with

7 € — o = = o =
Thp = p—— [ = V4" ¥y — VacV" Upe + Va7 Vpa + Va4 U] (17)

and similarly for J%,, J§ 5 and J§ . Hereafter we use a notation ¥,, = v, (a —s)

where a is one of a,,. = (1—5s%,) or aqs = (1— 3s%,) depending on quark’s flavor.

The quark fields are given by a series in the parameter mTi, see Egs. (15) and
(16), where ¥ can be any of u,d, s or ¢ quarks. Accordingly, the currents (17) can
be expressed as a series in this parameter, e.g.

j(o)# _ e [_ \I}EL?)'?M\I}([;)) \II(O)V“\IJ(O) + \I/(O) M\I,Sgi + \II(O)VH\I/(O)], (18)
4SWCW v
The leading-power term as well as the leading in N, power correction come from con-
volutions JXE (z )jgl)m( ) and j(o)“( )JXBH(O). The leading-power term which
yields the TMD factorization result (6) has a structure (¥ a5*x)(X¥,%5), while
the first power correction arises from a term (¢ 4(2)¥,Z15(2)) (¥5(0)¥*Z24(0)).

Using explicit expressions for Z4 p fields, see Eq. (16), we can calculate leading

in N, power corrections to the TMD factorization:

_ 62 (ka q— k)J_
W09, = —g e [ [{+ a1 202 EE] (19)
3 2 ki(q k)i 1 7L
X fru(az, k1) fru(Bz, g1 — k1) +2(a;, — 1) —5—7=hi,(az, k1 )hy, (B0 — k1)
m3Q

+ (o HBZ)}+{U<—>C}+{U<—>d}+{u<—>s}] (1—|—O(nﬁ§‘)—|—0(l\1{c)>.

where unity in the square brackets in the first line in Eq. (19) corresponds to
the leading term of the TMD factorization while all other terms are leading power
corrections suppressed by a ration ~ % Note that in the leading order in N, power
corrections are expressed in terms of leading power functions f; and hi which is a
consequence of equations of motion for background fields (6), details of calculation
can be found in Refs. 123, From Eq. (19) one can estimate power corrections to be
of few percent of the leading power result at q; ~ iQ which surprisingly agrees with
phenomenological estimations made in Ref. 2"
fits to experimental data.

obtained by comparing leading-order



February 28, 2020 1:30 Ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 141

141

Acknowledgments

The author is grateful to S. Dawson, A. Prokudin, T. Rogers, R. Venugopalan, and
A. Vladimirov for valuable discussions. This material is based upon work supported
by the U.S. Department of Energy, Office of Science, Office of Nuclear Physics un-
der contract DE-SC0012704 and by U.S. DOE grants DE-FG02-97ER41028 and
DE-SC0004286. The work is also supported by the Center for Frontiers in Nuclear
Science (CFNS) at the Stony Brook University and Brookhaven National Labora-
tory.

References

1. J. Collins, Foundations of perturbative QCD (Cambridge University Press, 2013).

2. J. C. Collins and D. E. Soper, Parton Distribution and Decay Functions, Nucl. Phys.
B194, 445 (1982).

3. J. C. Collins, D. E. Soper and G. F. Sterman, Transverse Momentum Distribution in
Drell-Yan Pair and W and Z Boson Production, Nucl. Phys. B250, 199 (1985).

4. X.-d. Ji, J.-p. Ma and F. Yuan, QCD factorization for semi-inclusive deep-inelastic
scattering at low transverse momentum, Phys. Rev. D71, p. 034005 (2005).

5. M. G. Echevarria, A. Idilbi and I. Scimemi, Factorization Theorem For Drell-Yan At
Low g7 And Transverse Momentum Distributions On-The-Light-Cone, JHEP 07, p.
002 (2012).

6. C. W. Bauer, S. Fleming, D. Pirjol and I. W. Stewart, An Effective field theory for
collinear and soft gluons: Heavy to light decays, Phys. Rev. D63, p. 114020 (2001).

7. C. W. Bauer, D. Pirjol and I. W. Stewart, Soft collinear factorization in effective field
theory, Phys. Rev. D65, p. 054022 (2002).

8. C. W. Bauer, S. Fleming, D. Pirjol, I. Z. Rothstein and I. W. Stewart, Hard scattering
factorization from effective field theory, Phys. Rev. D66, p. 014017 (2002).

9. T. Becher and M. Neubert, Drell-Yan Production at Small g7, Transverse Parton
Distributions and the Collinear Anomaly, Eur. Phys. J. C71, p. 1665 (2011).

10. J.-Y. Chiu, A. Jain, D. Neill and I. Z. Rothstein, A Formalism for the Systematic
Treatment of Rapidity Logarithms in Quantum Field Theory, JHEP 05, p. 084 (2012).

11. I. Balitsky and A. Tarasov, Power corrections to TMD factorization for Z-boson pro-
duction, JHEP 05, p. 150 (2018).

12. F. Landry, R. Brock, G. Ladinsky and C. P. Yuan, New fits for the nonperturbative
parameters in the CSS resummation formalism, Phys. Rev. D63, p. 013004 (2001).

13. J.-w. Qiu and X.-f. Zhang, Role of the nonperturbative input in QCD resummed
Drell-Yan Qp distributions, Phys. Rev. D63, p. 114011 (2001).

14. F. Landry, R. Brock, P. M. Nadolsky and C. P. Yuan, Tevatron Run-1 Z boson
data and Collins-Soper-Sterman resummation formalism, Phys. Rev. D67, p. 073016
(2003).

15. S. Mantry and F. Petriello, Transverse Momentum Distributions in the Non-
Perturbative Region, Phys. Rev. D84, p. 014030 (2011).

16. P. Sun, J. Isaacson, C. P. Yuan and F. Yuan, Universal Non-perturbative Functions
for SIDIS and Drell-Yan Processes (2014).

17. U. D’Alesio, M. G. Echevarria, S. Melis and I. Scimemi, Non-perturbative QCD effects
in gp spectra of Drell-Yan and Z-boson production, JHEP 11, p. 098 (2014).

18. S. Catani, D. de Florian, G. Ferrera and M. Grazzini, Vector boson production at
hadron colliders: transverse-momentum resummation and leptonic decay, JHEP 12,
p. 047 (2015).




February 28, 2020 1:30 Ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 142

142

19. A. Bacchetta, F. Delcarro, C. Pisano, M. Radici and A. Signori, Extraction of par-
tonic transverse momentum distributions from semi-inclusive deep-inelastic scattering,
Drell-Yan and Z-boson production, JHEP 06, p. 081 (2017).

20. I. Scimemi and A. Vladimirov, Analysis of vector boson production within TMD
factorization, Eur. Phys. J. C78, p. 89 (2018).

21. P. J. Mulders and R. D. Tangerman, The Complete tree level result up to order 1/Q
for polarized deep inelastic leptoproduction, Nucl. Phys. B461, 197 (1996), [Erratum:
Nucl. Phys.B484,538(1997)].

22. C. Patrignani et al., Review of Particle Physics, Chin. Phys. C40, p. 100001 (2016).

23. 1. Balitsky and A. Tarasov, Higher-twist corrections to gluon TMD factorization,
JHEP 07, p. 095 (2017).




February 28, 2020 1:30 Ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 143

143

Searching for TMD-factorization breaking in p + p and p+A collisions:
Color interactions in QCD
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Dihadron and isolated direct photon-hadron angular correlations have been measured
in p 4+ p and p+A collisions to investigate possible effects from transverse-momentum-
dependent factorization breaking due to color exchange between partons involved in the
hard scattering and the proton remnants. The correlations are sensitive to nonpertur-
bative initial-state and final-state transverse momentum k7 and jr in the azimuthal
nearly back-to-back region A¢ ~ w. In this region, transverse-momentum-dependent
evolution can be studied when several different hard scales are measured. To have sensi-
tivity to small transverse momentum scales, nonperturbative momentum widths of pout,
the out-of-plane transverse momentum component perpendicular to the trigger parti-
cle, are measured. To quantify the magnitude of any transverse-momentum-dependent
factorization breaking effects, calculations will need to be performed for comparison.

Keywords: TMD-factorization breaking; color flow; color entanglement.

1. Introduction

One of the frontiers in QCD research is the study of color flow in hadronic inter-
actions. The predicted modified universality of PT-odd and T-odd correlations in
the proton when probed via semi-inclusive deep-inelastic scattering (SIDIS) ver-
sus Drell-Yan! is due to different color flow in these two processes, mediated by
gluon exchange between a parton involved in the hard scattering and a proton
remnant. Because of these different color interactions, PT-odd and T-odd corre-
lations in the proton are predicted to have an opposite sign in the two processes.
The extension of these ideas to hadroproduction of hadrons led to the prediction
of TMD-factorization breaking?®, with the predicted effect also known as color
entanglement. With gluon exchanges between partons involved in the hard scat-
tering and hadron remnants in both the initial and final state, color flow paths are
introduced that cannot be described as flow in the two exchanged gluons separately.
This is a consequence of QCD specifically as a non-Abelian gauge theory, i.e. due
to the fact that gluons themselves carry color. While breaking of factorization is in
fact the rule in QCD interactions, and processes that factorize are the exception,
the 2010 prediction by Rogers and Mulders® is important in that it describes a
well-controlled way of breaking factorization, and it in fact goes beyond this, im-
plying novel QCD states of quantum correlated partons across colliding hadrons.
Independent parton distribution functions in the two protons can no longer be used.

In order to search experimentally for the TMD-factorization breaking and color
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entanglement predicted by Rogers and Mulders, several components are necessary.

e An observable sensitive to a nonperturbative transverse momentum scale as
well as a hard interaction scale, such that the TMD-factorization framework
would nominally apply.

e Two initial hadrons, such that gluon exchange can occur between a parton
involved in the hard scattering and the remnant of the other hadron.

e At least one measured final-state hadron, such that gluon exchange can
occur between a scattered parton and either remnant.

2. Results

In proton-proton collisions at PHENIX, such an observable has been developed and
measured % 8: the out-of-plane momentum component poy; in nearly back-to-back
photon-hadron and hadron-hadron production; see Fig. 1a. The transverse momen-
tum of the "trigger” direct photon or neutral pion, pf}ig, serves as a proxy for the
hard scale of the interaction; the out-of-plane momentum component distributions
have been measured at several different hard interaction scales. Figure 1b shows
the pout distributions for both photon-hadron and dihadron correlations, with the
shape of the distributions well described by a Gaussian around pe.t = 0, the nonper-
turbative region. The distributions transition outward to power-law tails generated
by hard (perturbative) gluon radiation. Note that the curves shown are fits, not
phenomenological calculations. In principle, the measurements can be compared to
theoretical calculations in the TMD framework assuming that factorization holds in
order to search for TMD-factorization breaking via deviations from the magnitudes,
widths, and/or dependence on the hard scale. The change in the nonperturbative
width as a function of the hard scale is of particular interest because the Collins-
Soper evolution equation® ! describing the evolution of TMD distributions with
hard scale comes directly from the proof of TMD-factorization . While an initial
measurement of the Gaussian po,; widths as a function of p;figﬁ suggested that
they decreased for increasing hard scale, which would be contrary to Collins-Soper-
Sterman evolution, the decrease was subsequently understood to be due to the
fragmentation kinematics of the away-side particle. When the fragmentation kine-
matics are taken into account, the nonperturbative widths instead increase with
pgig77 which is qualitatively similar to what is predicted and observed for Drell-
Yan and SIDIS, processes for which TMD-factorization holds. The Gaussian width
of pout as a function of pf}ig when controlling for the fragmentation kinematics
is shown in Fig. 2a. Similar measurements were performed in proton-aluminum
and proton-gold collisions®, motivated by the idea that the color field of a nuclear
remnant might be stronger and lead to larger TMD-factorization breaking effects.
While there is no conclusive evidence for TMD-factorization breaking in these mea-
surements, a broadening of the nonperturbative transverse momentum widths in
nuclear collisions was observed, as shown in Fig. 2b.
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Fig. 1. (a) Hard scattering kinematics of nearly back-to-back dihadrons. Two hard-scattered
partons, shown in red, are acoplanar due to the initial-state k%« and k% of the colliding partons.

The partons result in a trigger and associated hadrons with p;f’g and p7°°¢. The quantity zp
approximates the momentum fraction z of the final-state away-side hadron”. (b) Per-trigger yields
of charged hadrons as a function of pout. The dihadron and direct photon-hadron distributions are
fit with Gaussian functions at small pout and Kaplan functions over the whole range, showing the
transition from nonperturbative behavior generated by initial-state kp to perturbative behavior
generated by hard gluon radiation©.
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Fig. 2. (a) The Gaussian widths extracted from the pout distributions in both Vs = 200 GeV
and /s = 510 GeV p + p collisions shown as a function of p;f‘g7. (b) The Gaussian width
differences between p4+A and p + p shown in two g bins as a function of the mean number of
binary nucleon-nucleon collisions Ngop ®. Linear fits are shown for each zx bin.

3. Outlook

Follow-up measurements are underway in Z-hadron, dihadron, and Z-jet correla-
tions at the LHCb experiment; Z-jet correlations constrain the momentum fractions
x1, o of the colliding partons and remove sensitivity to any details of hadroniza-
tion. Analogous measurements of Drell-Yan and Z dileptons are also planned at
LHCb for direct comparison to the Z-jet results in overlapping kinematics.

The community is in the early years of exploring color flow in hadronic scattering
processes, and there will remain a great deal to learn from measurements at the
future Electron-Ion Collider (EIC). Color coherence in the form of increased soft
hadron production in the region between a high-transverse-momentum hadron or jet
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and the beam could for example be studied, following earlier measurements in e*e™

and hadronic collisions (see e.g. Ref. 13 and references therein). In general, color
flow is tightly connected to color neutralization and hadronization. With excellent
coverage across the current and target fragmentation regions, at the EIC it may also
be possible to examine color connections between these regions by performing more
exclusive measurements. More broadly speaking, studying different hadronization
mechanisms, such as vacuum hadronization through string-breaking-type processes,
hadronization in a nuclear medium, and recombination of partons moving nearby
in phase space in the target region, may provide further insights into color flow and
different color-neutralization mechanisms.
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We show how transverse momentum dependent gluon distributions could be probed
at a future Electron-Ion Collider through the analysis of transverse momentum spectra
and azimuthal asymmetries in the inclusive electroproduction of J/v¢ and T mesons. The
maximum values of these asymmetries, obtained in a model-independent way by imposing
the positivity bounds of the polarized gluon distributions, suggest the feasibility of the
proposed measurements.
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1. Introduction

Transverse momentum dependent distributions (TMDs) of unpolarized and polar-
ized gluons represent a novel way of exploring the structure of the proton. They
encode information on the transverse motion of partons and the correlation between
spin and partonic transverse momenta ', providing a more complete description than
the usual parton distribution functions, integrated over transverse momenta. Gluon
TMDs are also of great interest because of their intrinsic process dependence, due
to their gauge link structure: an unambiguous verification of this property will rep-
resent an important confirmation of our actual knowledge of the TMD formalism
and nonperturbative QCD in general.

At present, almost nothing is experimentally known about gluon TMDs. How-
ever, many proposals have been put forward to access them, mainly by looking
at transverse momentum distributions and azimuthal asymmetries for bound or
open heavy-quark pair production, both in lepton-proton and in proton-proton col-
lisions. In particular, the process ep — € Q Q X, with @ being either a charm or
a bottom quark, has been proposed as a tool to probe gluon TMDs at the future
Electron-Ton Collider (EIC), which will be based in the US. In a series of papers®™
it has been shown that five different gluon TMDs contribute to the unpolarized and
transversely polarized cross sections, through specific azimuthal modulations. The
measurements of properly defined azimuthal moments would allow to single out and
extract all the distributions. Moreover, attention has been paid to the small-z be-
havior of these observables and to their process dependence properties, by relating
them to analogous observables defined in proton-proton collisions.

Along the same lines, in the following we describe a complementary analysis
for the case in which two heavy quarks produced in a semi-inclusive deep inelastic
scattering process (SIDIS) form a bound state, specifically a J/1 or a T meson 5.
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Fig. 1. LO Feynman diagram for the partonic process v*(q) + g(p) = Q(Pg), with Q = J/¢ or
Y. The crossed diagram, in which the directions of the arrows are reversed, has to be considered
as well. The 15(()8) and 3P§8) configurations, with J = 0,1, 2, are the only nonzero contributions.

2. J/v¢ and Y production in SIDIS

We consider the process ep! — e J/1 (T) X, where the initial proton is polarized
with polarization vector S and gr = |gr|, the quarkonium momentum transverse
w.r.t. the lepton plane, is small compared to its mass Mg and to the virtuality @
of the photon exchanged in the reaction. In a reference frame in which the proton
and the photon move along the 2-axis and the azimuthal angles are measured w.r.t.
to the lepton plane, the cross section has the following structure

do
——=d =do¥ do” 1
dyde d2qT J(¢S)¢T) o (QST) + o (¢S?¢T)? ( )
where y and x are the inelasticity and Bjorken variables, respectively, while ¢g
and ¢, denote the azimuthal angles of the transverse vectors S, and q,. The
unpolarized cross section reads

2
do¥ = N | AV ff(2.q2) + 15 BV hi “(z. q3) cos 261 | (2)
p

with V' = 4n%a?a,ed, /[y Q° Mo (MG + Q?)], eq being the fractional electric charge
of the quark @, and M,, the proton mass. Moreover, f{ is the unpolarized gluon
TMD distribution and hf‘g is the distribution of linearly polarized gluons inside
an unpolarized proton. The amplitudes AV and BY can be calculated within the
framework of nonrelativistic QCD (NRQCD). As depicted in Fig. 1, at leading order
(LO) in the strong coupling constant a, the partonic subprocess that contributes to
J /v production is v*g — Q@[QS“L?)]. The spectroscopic notation indicates that
the QQ pair forms a bound state with spin S, orbital angular momentum L, total
angular momentum J and color octet configuration (8). We find that AV and BY
depend on the relevant long-distance matrix elements (LDMEs) <O|Oé]/ Y(150)(0)
and (0]0J/" (3P,)|0), with J = 0,1,2. Similarly, we obtain
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Fig. 2. Maximal (cos2¢r) and AY asymmetries, with W = sin(¢s + ér), sin(¢s — 3¢ér), for
J/4 (left panel) and T (right panel) production in SIDIS. The labels SV and CMSWZ refer to the
adopted LDME sets 78,

do” = N'|S.| %{ATfng(m, q2)sin(¢s — ¢r) + BT [h{(z,q}) sin(¢s + ¢r7)

- e hif(z,q>) sin(dg — 3 ]} 3
2Mg 1T ( vqT) ((bs ¢T) ) ( )
where fi5? is the gluon Sivers function, while hY and hi,? are chiral-even distri-
butions of linearly polarized gluons inside a transversely polarized proton. They
are all T-odd, i.e. they would be zero in absence of initial or final state interac-
tions. Therefore, they contribute to the cross section only because the underlying
production mechanism is the color-octet one.

In order to single out the different azimuthal modulations, each one correspond-
ing to a different gluon TMD, we introduce the following azimuthal moments

AW(¢S»¢T) =92 fd(bS d¢T W(¢S7 ¢T) dCT((bS, ¢T)
B [dos dor do(ds, ér) '

Furthermore, by taking W = cos2¢,, we define A°°32¢7 = 2(cos 2¢,.). The maxi-
mum values of such asymmetries, obtained from the positivity bounds of the TMDs,

(4)

are presented in Fig. 2 in a kinematic region accessible at the EIC. They turn out
to be sizable, but depend very strongly on the specific set of the adopted LDMEs.

We point out that a measurement of the ratios
Acos 2¢r qi hi-g Asin(¢s—3¢7) B

Acos 2¢71

sin — L
__lad| by AT gd b
2M,, pi9' Asn(@stor) — 2M2 B
(5)
would directly probe the relative magnitude of the various TMDs, without any
dependence on the LDMEs.

Asin<¢s+¢T>:M3 h




February 28, 2020 1:30 Ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in book page 150

150

3. Conclusions

We have presented the LO expressions of the azimuthal asymmetries for J/¢ and T
production in SIDIS processes, obtained in the framework of NRQCD and assuming
TMD factorization. Our results are valid when the transverse momentum of the
quarkonium state is much smaller than its invariant mass, and can be used to gather
information on gluon TMDs. To this aim, we have proposed the measurement
of ratios of asymmetries in which the <O|Og/w(150)|0> and <0|Og/w(3P0)|O> long-
distance matrix elements cancel out. Moreover, these asymmetries can shed light
on the mechanism underlying quarkonium production in a totally novel way, for
example if we compare them with the ones for ep — ¢’ Q @ X, at the same hard
scale in order not to include TMD evolution®. The method consists in the definition
of other ratios in which the TMDs cancel out. Hence one would directly probe the
two color-octet matrix elements, which are still poorly known.

To conclude, we point out that the study of J/v+jet production at the EIC has
been proposed very recently as an additional tool to access gluon TMDs?. In this
case the soft scale is given by the total transverse momentum of the .J/¢+jet pair,
required to be much smaller than its invariant mass. The advantage would be that,
by varying the invariant mass of the pair, one could access a wide range of scales,
having the opportunity to map out TMD evolution.
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We report on the improved Collins-Soper-Sterman (iCSS) formalism presented in1+2, in

particular for the case of polarized observables, such as the Sivers effect in semi-inclusive
deep-inelastic scattering. We also outline how this study can be extended beyond leading
order to address the matching of collinear PDFs to transverse momentum integrated
TMDs.
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1. Introduction

One of the primary goals of transverse-momentum-dependent (TMD) factorization
theorems, which rely largely on the work of Collins, Soper, and Sterman (CSS)34,
is to describe the cross section as a function of the transverse momentum gr point-
by-point, from small g ~ m (where m is a typical hadronic mass scale), to large
qgr ~ Q (Q is a large momentum which sets the hard scale). To achieve this, CSS
organized the cross section in an additive form,

do

L(gr, Q)= dxdydesdzdep (z2dg2.)

:W(QT; Q7 S)+Y(qTa Qa S) +O((m/Q)C) ’ (1)

where gt = |gr| and —Q? are the transverse momentum and virtuality, respectively,
of the virtual photon, S is a 4-vector for the spin of the target and ¢g the azimuthal
angle of its transverse component, ¢y, is the azimuthal angle of the produced hadron,
and z, y, z are the other standard SIDIS kinematic variables®, and a constant ¢ >
0; we suppress the x and z dependence in the arguments of I'; W, and Y for
brevity. The W-term factorizes into TMD parton distribution functions (PDFs)
and fragmentation functions (FFs), and is valid for ¢ < @. The Y-term serves as a
correction for larger g values and is expressed in terms of collinear PDFs and FFs?.
This formalism is designed to be valid to leading power in m/Q uniformly in ¢r,
where m is a typical hadron mass scale. The advantages of the W +Y decomposition
are clearest when this ratio is sufficiently small that TMD factorization is valid to
good accuracy, while m/qgr is also sufficiently small that collinear factorization is
simultaneously valid. However, at lower phenomenologically interesting values of @),
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neither of these ratios is necessarily very small. This issue led the authors of Ref.!
to develop an improved version of the original CSS W + Y construction (referred
to as iCSS) for the case of the unpolarized SIDIS cross section. Given the focus on
the 3D structure of hadrons through spin-dependent observables, we extended the
iCSS formalism? to the the Sivers® and Collins” transverse single-spin asymmetries
(TSSAs), where, in particular, we revisited the relation between the (TMD) Sivers
function and the (collinear) 3-parton correlator Qiu-Sterman function®?, in the
context of the iCSS formalism. Here we discuss the importance of these results
with regard to the interpretation of TMDs and how to extend these results beyond
leading order.

2. TMD Factorization & Evolution

In the CSS factorization formalism, the TMD evolution of the W-term in (1) is car-
ried out in br-space where the Fourier transform (FT) W (br, @, S) of W(gr, Q, S)
is W(gr,Q,S) = [d*by/(2m)? e'4r°bT W (b, Q, S), which can be expanded in the

following structures %!,

W(br,Q,S) = Wyu(br, Q) — iMp €7b5.53 Wk (br, Q) + ... , (2)

with Mp the mass of the target and the epsilon tensor defined with €'?2 = 1. The

factorized unpolarized and Sivers structure functions read 410:11,

WUU(bTv Q) = Z H](MQ7 Q) ff(xa bT7 Qza /J’Q) D;l/j(z7 bTa QQa ,U/Q)a (3)
J

Wk (b, Q) = Y Hj(ng, Q) fid " (w,br: Q% 1g) DY (2,b15Q% 1), (4)
j

respectively, where M]%ff'T(l)j (2,073 Q% png) = —af# (z,b7; Q% pg) /0 In by 1011,
Following the CSS procedure in®'?, the FT TMDs (FFs & PDFs) are written as
solutions of the Collins-Soper and renormalization group equations, where the WW-
term can be expressed as,

W(br, Q) = WOTE(b,(br), QW (br, Q). (5)

and b, (br) = bp/\/1+b%/02, .0, 1. = C1/bi(br), where by,,, separates small
and large by, and C is a constant chosen to allow for perturbative calculations of
b.(br)-dependent quantities without large logarithms!2. Note that b.(br) freezes
at byae When br is large so that b, (br) resides in the perturbative region. Further,
since the unpolarized and Sivers br-space structure functions are restricted to small

br, they can expand them in an OPE in terms of twist-2 collinear functions®10:11,

3. Improved CSS (iCSS)

Owing to the fact that the integral over all g of W(qr,@,S) vanishes (opera-
tionally equivalent to the limit of b — 0 of W (b, @, S) in the CSS framework),
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the integral of I'(gr, @) over all g1 in Eq. (1) results in a mismatch of orders in
as(Q) of the leading contributions on the Lh.s. and r.h.s. of the equation!. A
similar analysis applies for the Sivers contribution to W(q,@,S)2. From these
results, one observes? that at leading order the integrals over kt of the unpolarized
functions vanish upon integration over transverse momentum,

[ @ ki @2 ) = R (w.br — 0:G% 10 = 0. (©)
and likewise the first moment of the Sivers function,
k2 , P
(/fkTMJQﬁ?@i@mfww)=f$w%xﬁT—>&Q?uQ%=0- (7)
P

A consequence of (6)—(7) is that the physical interpretation of integrated TMDs is
lost. For example, it has been stated that the L.h.s. of Eq. (7) is average transverse
momentum of unpolarized quarks in a transversely polarized spin-% target 1314,
Clearly, such a statement is not true in the original CSS framework.

In order to explore the limits of this interpretation, as well as deal with the
large logarithms that arise as by — 0 which results in the vanishing of W (br, Q)
the authors of 2 introduce a cut off by at O(1/Q) by replacing br with b.(br) =
Vb2 + b2, where by, = by/(C5Q), and where by = 2 exp(—7g), ;}nd C5 is chosen
to fix the proportionality between b.(0) and 1/Q. In terms of W(br,@,S) this
modification is to be understood as

W (b, be(br). Q. ) = Wy (be(br), Q) — iMp €657 Wi (be(br), @), (8)
where now b, becomes b, (b.(br)) = /(% + b2,.,,) / (L + b2./b2, ., + b2, /b2,..) and

min max max
the renormalization scale is now, @ = C1/b.(be(br)). A new W-term that respects
factorization is established! and the gp-differential cross section (1) is modified
accordingly (see Ref.! for details).
These improvements formally resolve the problems of implementing the collinear
limit, that is, integrating I'(gr, Q) and the TMD functions, over transverse momen-

tum, while respecting TMD factorization. For example, upon ¢r integration we re-
1,2

cover the expected leading order relations between TMD and collinear quantities
In terms of the momentum-space functions we find?,

/ Py (2, krs Q% 1103 Os) = Fi (0, bunin; @21 1)
= F(@s ) + O(as(@)) + O((m/QP) (9

k2 , o
/dng 21\;2 Fid (@, ks Q2 13 Cs) = Fia (@, bonins Q% 1)
P

7T}j«;(z7 Z; H’C)

=i+ 0es(@) + O((m/Q)").
(10)
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Note, due to the by — b.(br) modification, the above integrals on the Lh.s. are
UV finite, and for Q > m renormalized collinear functions on the r.h.s. In
particular, the operator defining the TMD f#(x,kT;QQ,MQ; C5) on the Lh.s. of
(10) includes a UV renormalization factor and a soft factor, along with non-
light-like Wilson lines (see, e.g., Refs.*!!). Further, an important consequence
of Egs. (10) is that the “naive” operator definition interpretation of TMDs is re-
stored at LO. For example, one can determine the average transverse momentum
of unpolarized quarks in a transversely polarized spin-1 target according to!'®14
(ki (zs p))ur = 2€¥ S3. Tw(x, x; 1) . Therefore, it is the Qiu-Sterman function which
fundamentally is related to average transverse momentum, and, due to Eq. (10),
the first kp-moment of the Sivers function (within the iCSS formalism) retains this
interpretation at LO. Note that the interpretation of the Qiu-Sterman function is
compatible with the understanding of the average transverse force acting on quarks
in a transversely polarized spin—% target 1. Moreover, relation (10) made it possi-
ble to connect TSSAs in different processes (e.g., the Sivers effect in SIDIS and Ay
in proton-proton collisions) and has been used routinely in phenomenology (see,
e.g., Refs. 16718). The incorporation of evolution in the TMD correlator through the
original CSS formalism breaks the “naive” relations between TMDs and collinear
functions (see Egs. (6)—(7)). Nevertheless, the modifications implemented in the
iCSS framework allow one to preserve these identities at LO.

4. iCSS and NLO Corrections

While Egs. (9)-(10) imply a scale dependent, renormalized connection between
TMDs and collinear PDF's beyond leading order through the explicit dependence
on the scale p., in order to establish a rigorous connection of TMDs and collinear
PDFs beyond leading order, it is necessary to carry out the transverse momentum
integration of the TMD factorized cross sections beyond leading order in ag and
gr ~ Q. Assuming that such a connection can be established, one can unambigu-
ously address the matching of TMDs to collinear PDFs which in principle relies on
the matching of TMD and collinear factorization®.

It is tempting, however, to explore the matching of TMDs to collinear PDF's
beyond leading order by considering the NLO corrections to the FT TMDs, and
in turn taking the collinear limit as has been carried out in the SCET, and back-
ground field factorization frameworks!?, but here in the iCSS framework. Using
the universal definition of the CSS TMDs?° and with the improvements outlined
here!? we can rigorously explore this limit at NLO. In this regard, consider the FT
TMD?2,

ff(m7b0(bT);Q27MQ) j/J (CL‘/x b*CT7/’L MﬂO‘S( ))®f1 (,T /1')

o K buegsi) () 4[5 57 [ (w)i1)—in (55 ) v (ens ()
Q

_gpdf(177bcT ;QO,an(w:)_gK (bc(bT)§b7naz) In (T)

X e ) (11)
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where b*cT = b*(bc(bT))a bCT = bc(bT)a and C?]p/djf/(x/£7 b*cT; /12a I O‘b(ﬂ)) ® ff/ (f, ﬂ)
is shorthand notation for the small by OPE convolution integral over z.

Since the Lh.s. of Eq. 11 is independent of the renormalization scale i, we can
derive at NLO in the strong coupling the DGLAP equation by taking the derivative
with respect to the intrinsic scale fi in the limit b.cp. — bynin (& — fe); We obtain

J i ’
PR~ 20 IS pyyafa) .1 i) + Prylo/a) @ fa)| (12
g J
in a scheme where Cs = 1 and by = C1, where P;;» and P;, are the quark-quark
and quark-gluon splitting functions to order «,. It is worth mentioning that this
procedure implies a specific normalization for matching the collinear PDFs and
the TMDs which is fixed by TMD factorization. A similar analysis for the first
moment of the Sivers function in the iCSS framework is under consideration. Such
a matching of collinear PDFs and TMDs from the iCSS framework implies a more

general matching at the level of the cross section, as discussed in Ref. .

5. Conclusions

We have reviewed the iCSS factorization framework presented in!-2

, in particu-
lar for the case of transversely polarized observables, such as the Sivers effect. We
demonstrate how one recovers the expected leading-order relation between the TMD
Sivers function and the collinear twist-3 Qiu-Sterman function. This allows one to
obtain the collinear twist-3 cross section from a (weighted) gr-integral of the differ-
ential cross section. We have also outlined how this study can be extended beyond
leading order to address the matching of collinear PDF's to transverse momentum
integrated TMDs. A fully consistent analysis will require matching the gr inte-
grated cross section in SIDIS, Drell Yan, and et e~ to their collinear factorized
forms beyond leading order. Clarifying the matching of TMD and collinear observ-

21-23 35 it relates to global

ables is a high priority for theory and phenomenology
fits of TMD and collinear transverse-spin observables 1671824 - A future Electron Ion

Collider will help to provide precise data to test these assertions.
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We describe the extraction of the transversity distribution involving a global analysis
of pion-pair production in deep-inelastic scattering and in proton-proton collisions with
one transversely polarized proton. The extraction relies on di-hadron fragmentation
functions, which are taken from the analysis of the corresponding pion-pair production
in electron-positron annihilation. We discuss the impact of COMPASS pseudodata from a
future measurement of deep-inelastic scattering on transversely polarized deuterons. We
discuss the potential incompatibility with lattice about the tensor charge, which is an
important ingredient in the exploration of possible signals of new physics.

Keywords: Deep-inelastic scattering, QCD (phenomenology), tensor charge.
1. Introduction

We access the chiral-odd transversity h; at leading twist by considering the semi-
inclusive production of two hadrons with small invariant mass. The chiral-odd
partner is represented by the di-hadron fragmentation function H;¥, which encodes
the correlation between the transverse polarization of the fragmenting quark and the
transverse relative momentum of the two detected hadrons. The main advantage
of this strategy is the possibility of working in the standard framework of collinear
factorization; appropriate factorization theorems ensure that the simple product
h1H is the universal elementary mechanism in all considered hard processes.

By analyzing data for the semi-inclusive production of (77 ™) pairs in deep-
inelastic scattering on transversely polarized proton and deuteron targets, as well as
in proton-proton collisions with a transversely polarized proton, the valence compo-
nents of hy were extracted for the first time from a global fit similarly to what is done
for the unpolarized PDF (see Ref. 1 and references therein). Information on the
unknown H;' were independently obtained from data on the azimuthal correlation
of (7T 7™) pairs produced in back-to-back jets in eTe™ annihilation.

Here, we discuss the impact of COMPASS pseudodata for a future measurement
on deuterons?. We also explore the potential tensions between the calculation of
the first Mellin moment of the extracted h{ for flavor ¢, the so-called tensor charge
dq, and the average result of the corresponding calculation on lattice.

2. Formalism

We use a functional form for the valence component g, of the transversity h{" (z, Q3)
at the starting scale Q% = 1 GeV?, that must satisfy the Soffer bound at any x and
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any scale Q% and whose Mellin transform must be analytically calculable. The latter
is a well known workaround to speed up the computation of the matrix element for
proton-proton collisions during the fit. Hence, our functional form is the product of
two terms. The first one is a Mellin-transformable parametric function that fits the
Soffer bound!. The second term is a normalized linear combination of Cebyshev
polynomials up to order 3, that depends on 10 fitting parameters. Some of these
parameters are constrained by controlling the low—zx divergence such that the first
Mellin moment dq is finite?.

The statistical uncertainty of the global fit is studied at the 90% confidence
level using the bootstrap method. The gluon channel of di-hadron fragmentation
is not constrained by the leading-order analysis of ete™ data. We parametrize this
uncertainty by allowing for the three options D{Q3) = 0, or D¥(Q3)/4, or D¥(Q3).
For each option, we employ 200 replicas. Hence, we have in total 600 replicas. For
the global fit of 32 independent data points with 10 fitting parameters, we obtain
x?/d.of. =1.76 +0.111.

h @P= 2.4 GeV? h#d Q%= 2.4 GeV?

0.01 0.05 0.1 0.5 1
X

X hé-? QP=2.4 GeV? 6

-0.2-

t -4
0.01 005 0.10 050 1 102 102 107"
X X

Fig. 1. Upper panels: the transversity hi as a function of = at Q2 = 2.4 GeV? for valence up
uy (left) and down d, (right). Solid (blue) lines represent the Soffer bounds. Lower left panels:
the x h‘li”, lighter (cyan) band in the same conditions as before, darker band when including only
the D{(Qg) = 0 option (see text). Right panel: the h‘li'” normalized to the central value of the
uncertainty band in upper right panel. Lighter (pink) band for our global fit, darker (cyan) band
when including also pseudodata from COMPASS on deuteron target 2.

3. Results

In Fig. 1, in the upper panels the transversity hy is displayed as a function of x at
Q? = 2.4 GeV? for valence up u, (left) and down d,, (right) quarks. The solid (blue)
lines represent the Soffer bounds. The vertical dashed lines show the experimental
data coverage 0.0065 < x < 0.35. The uncertainty band corresponds to the 90%
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confidence level of the total 600 replicas (see Sec. 2). For x < 0.0065, the replicas
are unconstrained and tend to spread over a larger range. The uncertainty is mostly
driven by the behavior of DY. In fact, in the lower left panel the x h‘f’” is shown in
the same conditions and with the same notations. The darker band is the result
when using only the DY(Q3) = 0 option, while the lighter (cyan) band corresponds
to including all options. Such a strong sensitivity is not evident for the up quark.
This can be understood by considering that for proton-proton collisions the gluon
effects are active already at leading order and up and down contributions have equal
weight, whilst for deep-inelastic scattering the down quark is suppressed and gluon
effects appear only at subleading order. For the very same reason, the deuteron is
more sensitive to the down contribution than the proton, and better data on this
target would help in reducing the uncertainty. This is confirmed by the plot in the
lower right panel, where the light (pink) band indicates our result for h‘f’” and the
darker (cyan) band shows the effect of including also COMPASS pseudodata from a
future measurement on (transversely polarized) deuterons?. The bins are the same
as in the previous measurement but the statistic is much higher. All the replicas are
drawn normalized to the average value of the band displayed in the corresponding
upper right panel. In the range covered by experimental data, the gain in precision
can be almost a factor 2. Finally, data on (77 ™) multiplicities in proton-proton
collisions would be also very useful in reducing the uncertainty on hil“.

gr = 6u-od
1.2

1'02 }1II]I!!!
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Fig. 2. Left panel: the isovector tensor charges gr at Q2 = 4 GeV2. From left to right: result
from our global fit (blue point), from Ref. 3 (red), from Ref. 4 (magenta), from Ref. 5 (green).
Lattice points with labels 1,...,8 from Refs. 6-13, respectively. Right panel: tensor charges dd
vs. du. Bottom (green) cross from Ref. 5, top (blue) cross for our global fit, middle (brown) cross
with shaded area when including constraint to reproduce average lattice gp. Small (black) crosses
on the right from lattice: left from Ref. 10, right from Ref. 11.

3.1. Tensor charge

In the left panel of Fig. 2, we compare the various results for gr = du—dd. From left
to right, the first four points are based on phenomenological extractions of h; from
data. The leftmost (blue) point is from our global fit at 90% confidence level, the
next three points are obtained by analyzing the Collins effect from deep-inelastic
scattering data only. From left to right: results from Ref. 3 (red), Ref. 4 (magenta),
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and Ref. 5 (green), respectively. The other (black) points labeled 1,...,8 are some
recent lattice computations. Moving from the most recent to the oldest: label 1
from Ref. 6, label 2 from Ref. 7, label 3 from Ref. 8, label 4 from Ref. 9, label 5
from Ref. 10, label 6 from Ref. 11, label 7 from Ref. 12, label 8 from Ref. 13. All
the lattice points are computed at Q2 = 4 GeV? as well as our result. The point
from Ref. 5 (green) is obtained by constraining the fit to reproduce the average
lattice gr. However, this comes at the price of breaking any agreement with lattice
for separate du and dd, as shown in right panel. Here, the result for dd vs. du
from Ref. 5 is indicated by the bottom (green) cross, while the lattice results from
Refs. 10,11 are indicated by the left and right small (black) crosses on the right,
respectively. Our calculation is represented by the top (blue) cross, which is in
agreement with lattice for dd although within a very large error bar. The middle
(brown) cross is the outcome of our global fit when constrained to reproduce the
average lattice value for gr. We also show the scatter plot of all 600 replicas’ points
with the shaded area corresponding to the 90% confidence level. Indeed, forcing the
compatibility with lattice g7 comes at the price of destroying the agreement with
lattice dd.

We explored also the possibility of further constraining the fit to simultaneously
reproduce all the average lattice values for gr, du, and dd. We observe a marked
worsening of the fit quality: from the x?/d.o.f. = 1.76 £ 0.11 of the original global
fit to x?/d.o.f. = 2.2940.25. This indicates that there is indeed a tension between
lattice and phenomenology in the simultaneous comparison of results for the various
components of the tensor charge.
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We discuss the predictive power of transverse-momentum-dependent distributions as a
function of the kinematics and comment on recent extractions from experimental data.

Keywords: transverse momentum distributions, global analyses, predictive power

1. Unpolarized TMDs

The unpolarized transverse-momentum-dependent parton distribution function
(TMD PDF) for a parton with specific flavor a, F,(x, k%; i1, ¢), represents the prob-
ability density to pick a parton with collinear momentum fraction z and transverse
momentum k7 inside a hadron. The variables p and ¢ are the UV-renormalization
and rapidity renormalization scales, respectively. No spin dependence is present
in this case. The TMD PDF in the kp- and bp-space are connected via a Fourier
transform in the transverse variables:
oo

Folw, ks i, Q) = /0 C;b—; brJo(krbr) Fa(w, b7; 1, C) - (1)
In principle, eq. (1) implies that in order to determine the TMD PDF at a specific
kr value, the knowledge of F,(z,b%; i1, () is needed both at small by (b' > Aqcp)
and at large by (b;1 < Aqep). In the small-by region, the br-dependence of the
TMD PDF is well determined by perturbative QCD. On the other hand, in the
large-br region F,(z,b2; i, () is sensitive to the non-perturbative hadron structure
and needs to be extracted from experimental data (or accessed by other techniques).
Moreover, it comes as a natural question to understand in which kinematic regions
the TMD formalism has predictive power, namely when the TMD distributions
are dominated by the perturbative physics at small b7 and can accurately predict
physical observables.

2. Extractions from data

In a recent global analysis of experimental data from Semi-Inclusive Deep-Inelastic
Scattering (SIDIS), Drell-Yan and Z-boson production in TMD factorization®, the
non-perturbative, large by, part of the unpolarized quark TMD PDFs and TMD
fragmentation functions (FFs) has been fit to the data as the weighted sum of two
Gaussian functions, with the same (different) width in the case of the TMD PDFs
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(FFs). TMD evolution effects have been taken into account up to next-to-leading
logarithmic (NLL) accuracy, with a matching of the TMD distributions onto the
collinear ones at leading order (LO) in the strong coupling as. Within that scheme
and at the input scale of the fit (Q = 1 GeV), the average squared transverse
momentum of the quark in the hadronic target as a function of the light-cone
momentum fraction z, (k%)(z), is a well-defined quantity and can be analytically
calculated in terms of the fit parameters. The same applies to the average squared
transverse momentum acquired by the detected hadron during the hadronization
process, (P?)(z), where z is the light-cone momentum fraction of the produced
hadron in SIDIS (see Fig. 1). The kinematic dependence of the non-perturbative
functions at large by, together with the matching of the TMD distributions onto
the collinear ones at small by, reflects a non-trivial interplay between the collinear
and the transverse structure of hadrons. In principle, also a flavor dependence can
be taken into account?, but precise flavor-sensitive data are needed to constrain
that, for example from SIDIS at an Electron-Ion Collider.

More recent extractions of the unpolarized quark TMDs?® consider also higher-
order corrections neglected in previous analyses. This has the advantage to separate
the truly non-perturbative hadron structure from the perturbative effects, but ren-
ders the definition of the average transverse momenta more problematic.

102 10! 1 0.2 0.4 0.6 0.8 1.0
X z

(a) (b)

Fig. 1. (a) Average squared transverse momentum from the TMD PDF and (b) from the TMD
FF at Q = 1 GeV, and their dependence on the light-cone momentum fractions. The red band
represents the 68% confidence level 1.

3. Predictive power

The predictive power of the TMD formalism can be addressed by studying the
behavior of TMD PDF's and cross sections through a saddle-point approximation 7.
This approximation allows one to calculate a specific class of integrals by evaluating
the integrand at the so-called “saddle point”. Considering eq. (1), we determine
which bp region the saddle point belongs to as a function of the kinematics.

By choosing the final and initial scales respectively as ufc =(r=Q%and p? =
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¢ = pi, where p, = 2e7 7 /by, and working at leading logarithmic accuracy, the
saddle point for the TMD PDF at kp = 0 reads:

;o X(p) = dh;ﬁ(;’ “,

@)
where I'{ is the first term in the expansion of the cusp anomalous dimension, by is
the one-loop coefficient of the QCD beta function, and pj = 2e~7% /b3P.

The function X(z,n) quantifies the impact of the DGLAP evolution on the
position of the saddle point. Its sign changes according to the value of the collinear
momentum fraction z, and determines the z-dependence of the saddle point. In
general, the function is positive for £ < 0.1 and negative for z 2 0.1. Thus it
suppresses the value of the saddle point b7”(x, Q) for < 0.1 and it enhances it for
x 2 0.1. Thus the saddle point of F,(z, kr = 0,Q, Q%) drifts towards the small by
perturbative region when @ is large and x is small.

Nonetheless, one can check® that the saddle point of the TMD PDF for an up
quark at kr = 0, Q = Mz = 91.18 GeV always lies outside of the small by region
(defined as by < byax = 0.5 GeV~!, where by is the largest by value for which a
perturbative calculation is performed) for any x > 10~%. This means that at large Q
and for any x, the TMD PDF of an up quark is contributed to a certain extent by the
non-perturbative physics at large by. However, cross sections are calculated as the
convolution of two TMD distributions, and, for the Q = Mz case, the saddle-point
of the cross section is further shifted to the perturbative region” with respect to a
single TMD distribution. In support of this, in Fig. 2 (a) we describe CMS data®
for Z-boson production at low transverse momentum qr < Mz and central rapidity

- Y [[‘C+87rb0 (le(Iu“*))]
bF (z,Q) x 7E( . ) o |

~ Agep \Aocep

ly| < 2.1 without fitting any non-perturbative parameter®. The only two parameters
in the functional form at large by are determined by imposing the continuity of the
first and second derivatives of the TMD PDF at by = bmax = 0.5 GeV~!. The
calculation of the cross section includes terms up to NNLO in ¢ in the hard part and
in the collinear expansion of the TMD PDFs, and TMD evolution is implemented
at NNLL accuracy. In Fig. 2 (b), instead, the normalized integrand in bp-space of
the differential cross section is displayed for ¢ = 0, y = £2.1, 0. In both cases the
peak of the integrand lies well in the perturbative region (b < 0.5 GeV~1!), and
the same holds true for the saddle point of the cross section.

This confirms that at large @ and small = the TMD formalism is fully predictive.
One must anyway take into account that the predictive power is not an absolute
concept, but is related to the precision of the experimental observable under con-
910 In the kinematic regions where the predictive power is lower the
physical observables have a significant dependence on the non-perturbative part of
the TMD distributions. These regions, accessible in principle at collider and fixed-
target experiments, present an excellent opportunity to study hadron structure and
hadronization in a multidimensional momentum space.

Acknowledgments: the author thanks A. Bacchetta, F. Delcarro, M. Grewal, Z.
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Fig. 2. (a) Differential cross section for Z boson production in TMD factorization (¢r < Q) vs
CMS data. (b) Normalized integrand for the cross section in by space at g =0, y = +2.1,0.
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NS Week IIT

Introduction for Week III

The composition and origin of the proton spin has been an important question
in QCD since the dawn of the proton spin puzzle. In the late 1980s, the European
Muon Collaboration (EMC)!? measured the proton spin S, carried by the quark
spins with 0.01 < z < 0.7 to be significantly smaller than 1/2; contrary to what
had been expected based on the constituent quark model. This observation started
the proton spin puzzle. Further developments in theory led to the helicity sum
rules in the Jaffe-Manohar® and Ji? forms, see also the recent reviews®®. These
helicity sum rules show that the proton spin consists of contributions of the quark
and gluon spins and orbital angular momenta. The EMC measurement 2 can be
interpreted as implying that a significant fraction of the proton spin is carried by
the gluon spin, or by the quark and gluon orbital motion, or by the quark spins with
the values of Bjorken x outside of the measured range. This conclusion was further
reinforced by the discovery of the non-zero contribution of the gluon spins S, = AG
at RHIC7, which moved us closer to resolving the spin puzzle. Nevertheless, all the
possible sources of the proton spin need to be explored and clarified before one
can confidently claim understanding of the proton spin. The EIC would help us
by providing experimental data which may prove to be decisively important in
establishing the origin of the proton spin.

Week III of the program was chiefly dedicated to the proton spin puzzle. In
the last decade, developments in this field went along several important directions.
Experimental tools and helicity PDF extraction methods using perturbative QCD
approaches have significantly improved over the last decade. Jet measurements
may appear to be particularly useful for the extraction of helicity PDFs from the
upcoming EIC data.
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Progress in lattice QCD was driven in part by the improvements in the calcu-
lations of the moments of PDFs, and, in part, by the efforts to calculate the PDFs
on the lattice directly using quasi- and pseudo-PDFs. These new techniques have
been recently applied to the helicity PDF sector. In addition, the components of
the Ji spin decomposition have been calculated on the lattice® !0, while those of the
Jaffe-Manohar decomposition remain a challenge.

Research continues on trying to measure the quark and gluon orbital angular mo-
mentum (OAM). It has been realized that the proper definition of the Jaffe-Manohar
OAM involves certain twist-three GPDs. While it is challenging to experimentally
access such twist-three effects, approaches based on measuring Wigner distributions
of partons and employing it for inferring the parton OAM appear to be particularly
promising.

The contributions to helicity sum rules coming from small-x quarks and gluons
may also be potentially important. Some theoretical progress leading to estimates
of the amount of proton spin coming from low x happened in the last decade as
well.

Spin decomposition is not the only fundamental question about the proton struc-
ture that was addressed in week III. An important new topic gaining momentum in
the recent years is the proton mass decomposition, see!! for a review of the various
sum rules. Questions involve understanding how much of the proton mass is due
to the gluon condensate and how much of it is due to the chiral condensate. These
are deep questions, progress on which would allow us to shed light on fundamental
QCD topics such as quark confinement and chiral symmetry breaking. It may be
possible to individually measure the quark and gluon contributions to the proton
mass at the EIC.
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J /v photo-production near threshold and the proton mass problem
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The photo-production of J/1 near threshold is a promising process to access the con-
tribution from the gluon condensate to the proton mass. We study this process in a
holographic model and compare our result with the latest experimental data from the
GlueX collaboration.
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1. Introduction

Recently, there has been renewed interest in the mass structure of the proton, mainly
triggered by a report® from the National Academy of Science (NAS) in which the
origin of the proton mass has been identified as one of the key scientific questions
to be addressed at the future Electron-Ion Collider (EIC). This is a multi-faceted
question which ultimately touches fundamental issues such as confinement and chiral
symmetry breaking. The question can also be addressed at different conceptual
levels. On one hand, first-principle lattice QCD calculations can reproduce the
masses of the proton and other baryon resonances. On the other hand, the detailed
mechanisms by which massless quarks and gluons bind themselves and convert
their interaction energy into the observed hadron masses is poorly understood. It
is known that collider experiments can measure the kinetic energy contributions
of quarks and gluons, as the second moment of the ordinary parton distribution
functions. But the full understanding of the problem will require more information
than just the kinetic energy, and it is a challenge to what extent the EIC, or more
generally, lepton-proton scattering experiments can explore the nonperturbative
aspect of the proton mass. In this contribution to the proceedings, I report on our
recent, ‘holographic’ approach to this problem.??3

2. QCD trace anomaly and near-threshold J/v production

One way to understand the origin of the proton mass is to look at the trace of the
energy momentum tensor

77 = 20 P By (14 g0, (1)

where 3 is the QCD beta function and 7, is the mass anomalous dimension. This
is the QCD trace anomaly which breaks the approximate conformal symmetry of
the QCD Lagrangian and gives hadrons a nonperturbatively generated mass. By
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taking the forward proton matrix element in the proton single-particle state, one
finds the relation

(P|TY|P) = 2M?. (2)

In particular, in the chiral limit m = 0, the proton mass is entirely explained
by the gluon condensate (P|F*"F,,|P). Then an interesting question arises as to
whether one can experimentally measure the matrix element (P|F*”F,,,|P). Such a
possibility was first studied by Kharzeev et al.* in the context of the near-threshold,
exclusive photo-production of J/v in lepton-proton scattering eP — ey p —
e'J/YP'. By assuming vector dominance, one can relate the physical amplitude
7P — J/yP' to the forward amplitude J/1P — J/¢P. This is sensitive to
the matrix element of the gluon condensate (P|F?|P) since heavy quarkonia such
as J/1 primarily interact with the proton via two-gluon operators including F2.
However, near the threshold, the momentum transfer /—t = \/—(P — P’)2 ~ 1.5
GeV is large, on the order of the charm quark mass, and the extrapolation ¢ — 0
has to be done more carefully. As observed by Frankfurt and Strikman,® the ¢-
dependence of this process must come from that of ‘two-gluon’ form factors. While
they did not specify what exactly these form factors are, there is in fact only one
class of ‘two-gluon’ form factors in QCD, namely, the gravitational form factors

o _ aD p(aidﬁ))‘A)\
<Pl|(T£g) B‘P> = U(Pl) Agﬂ( PP JrBffg IM
AXAB — gaB A2 -
R g R
+Cq,gT + Cq,gMnaﬂ} u(P), (3)

where Tj, , are the quark and gluon parts of the energy momentum tensor, and
A,B,C,C depend on t = (P — P')2 = A? and the renormalization scale. It can
be shown? that the nonforward matrix element (P’|F3|P) (subscript R stands for
‘renormalized’) can be entirely expressed in terms of the gluon gravitational form
factors

K ng + K,BE

(P'IFRIP) = u(P")| (B, AR + K, AR)M + =4 -1 A2

A? . -
=357 (KyCff + Ko CFf) + 4K, Cff + K CF)M |u(P), (4)

where the coefficients K, , has been calculated in perturbation theory up to three
loops in the MS scheme. %7 The problem of extrapolation ¢t — 0 reduces to knowing
the t-dependence of these gravitational form factors. The latter can be studied, for
example, in lattice QCD.

3. Holographic model

Our next task is to find the relation between the scattering amplitude (J/¢P’|yP)
and the matrix element (P’|F?|P). Unfortunately, at the moment this cannot be
done in the usual framework of QCD factorization, and one has to rely on nonper-
turbative approaches/models. In Refs. [2, 3], we have proposed a holographic model
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based on the AdS/CFT correspondence. Previously, the AdS/CFT correspondence
has been mainly applied to high energy scattering with limited success. The main
problem is that, at high energy and at strong coupling, the scattering amplitude
is mostly real and dominated by the gravition exchange which predicts too strong
rise of the cross section with increasing energy. However, these features become
attractive for the present, low-energy process. Near the threshold, the scattering
amplitude is purely real, and the graviton is dual to the energy-momentum ten-
sor. One can thus relate the graviton exchange amplitude to the gravitational form
factors. An interesting new feature at low energy is that the scattering amplitude
becomes sensitive to the dilaton exchange which is dual to the operator F2. At
high energy, such a contribution is suppressed (higher twist effect) compared to the
graviton exchange.

The details of our model and calculation can be found in the original refer-
ences.>? Here we show our fit of the latest experimental result from the GlueX
collaboration at Jefferson Lab.® In this plot, the overall normalization of the total
cross section is adjusted to the data and the shape of the curve is our prediction.
The solid and dashed curves are for b = 0 and b = 1, respectively, where b is defined
by

(PIm(1+ yn)@0)RlP) |, (Pl (F)RIP) 5)
2M? ’ 2M? ’
b =1 is an extreme scenario where the proton mass entirely comes from the quark
condensate, and b = 0 the other extreme where it entirely comes from the gluon
condensate. One can see already by inspection that a better fit is obtained by
b = 0 (solid curve), suggesting that the gluons play a more dominant role for
generating the proton mass. (Note that the empirical value is b ~ 0.1 from the
nucleon sigma term.) We however note that, if we allow for negative b-values, we

actually obtained better x? fits. In this regard, it is thus interesting to consider
more realistic AdS/QCD models.

b

4. Conclusions

In view of the recent NAS report, the proton mass problem should be seriously
addressed at the EIC. As far as the measurement of the trace anomaly (gluon
condensate) is concerned, the high energy of EIC may be thought of as a disad-
vantage. However, this is not necessarily the case. It has been shown? that the
near-threshold production of J/¢ and Y can be measured at RHIC in ultraperiph-
eral collisions (UPCs). It is also a very interesting subject to be pursued at the
EIC in China (EIcC) where the collision energy is lower than the US EIC. More
theoretical efforts are also needed, especially towards the first-principle calculation
of the process within QCD factorization. A combined effort of theory and various
experiments (JLab, RHIC, EIC, EIcC) will be necessary to answer this difficult
problem.
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Fig. 1. The total cross section as a function of the photon energy E. in the proton rest frame.

The threshold is at E, = 8.2 GeV.
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Quark and Gluon Helicity at Small x
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We determine the small-z asymptotics of the quark and gluon helicity distributions in
a proton at leading order in perturbative QCD at large N.. To achieve this, we first
evaluate the quark and gluon helicity TMDs at small z, simplifying them and relating
them to the so-called polarized dipole amplitudes. We then construct and solve novel
small-z large-N. evolution equations for the polarized dipole amplitudes. Our main
results are the small-z asymptotics for the quark helicity distribution

q
1\ “n 4 N, N,
Ag ~ (7> with af = —— /%22 x 931, /2 e (1)
x V3 2m 2

and the small-z asymptotics of the gluon helicity distribution

G
1)\ % 13 [as N, [as N,
AG~ [~ with of = A3 JasNe 188 Qs e (2)
T 4/3 2 2

both in the large-N, limit.

Keywords: Style file; INTEX; Proceedings; World Scientific Publishing.

1. Introduction

The main long-term goal of this work is to reliably determine the small-x asymp-
totics of the quark and gluon helicity PDFs and TMDs, along with the small-z
asymptotics of the quark and gluon orbital angular momentum (OAM) distribu-
tions. These asymptotics, once established theoretically, can be compared with the
data on helicity distributions and OAM to be collected at the EIC: if the compar-
ison is successful, one can use the theoretical predictions to assess the net amount
of spin coming from the entire small-x region, thus obtaining the contribution from
an essential part of the spin puzzle.

Below we will review our determination of the small-z asymptotics of the quark
and gluon helicity, and then present the determination of the small-x asymptotics
for the quark and gluon helicity distributions. This talk and these proceedings are

based on!6.

2. Quark Helicity Distribution

In®, it was shown that the SIDIS quark helicity TMD can be simplified at small-z
and written as

1

8N, dz , Loy - Loy z

,S ¢ —tk-(xn, —xnrq) 2

K = s 0 [ T [ dtrgn ek o) S 6 (a3, 7 02)
Y A2 /s

3)
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in the flavor-singlet case. In the above and throughout this proceedings contribu-
tion, we use light-front coordinates % = %( 2% & 23), denote transverse vectors
(1 ,2%) by z and their magnitudes by z7 = |z|, and indicate differences in trans-
verse coordinates by the abbreviated notation z,, = z; — 2, with z19 = |z;¢|. The
center-of-mass energy squared for the scattering process is s, the infrared (IR) trans-
verse momentum cutoff is A, and z is the smallest of the fractions of the light-cone
momentum of the dipole carried by the quark and anti-quark.

The impact-parameter integrated “polarized dipole amplitude” is

G(x3y,28) = /d2b10 G1o(29) (4)

with by = (2, + z)/2, where the polarized dipole scattering amplitude G1o(zs) is

Gro(zs) = Qzl\fc <<Ttr [VQVLPOH} +Ttr {VfOlVJ] >>(ZS)

zs

2N,
where the double-angle brackets are defined to scale out the center-of-mass energy
zs between the polarized (anti)quark and the target. The ingredients in Eq. (5) are
the light-cone Wilson lines (in the fundamental representation),

<T tr [VQVfOl T] + Ttr {Vfolvg] > (2s), (5)

Vo = Vg [+00, —00] = Pexp |ig / de= AT (zT =0,27,24) |, (6)

0

— 00

and the “polarized Wilson lines” V" ol — Vﬁ(’l with®:6

. + o0
yrol = P10 G- Vgl[+oo, 27 F*2 (27, 2) Vi[z™, —oc] — g p1 d:vl de
z S z z

— 00

_ _ |
X Vy[+00, 25 ] b Ys(ry ,z) Ugb [z5, 2] [2 AT 75} Yoz, 2) t* Vp]oy, —o0]. (7)
The polarized dipole amplitude obeys the evolution equations which close in the
large-N. and large-IN.& Ny limits. The large-N, evolution equations are illustrated
diagrammatically in Fig. 1 and read!©

as N, dz' da?
Gho(2) = G19(2) / / — [M021(2) + 3G (2], (8a)
21
N 2! 5 min{z?o,zglz’/z”}d )
1 (0) Qg Ne Z L39
Ti0,21(2") = g1 (2') + Tom / % / 3, (8b)

mm{A2 }/s

27

X [F10732(Z ) —+ 3 Ggg(Z”)] .

s
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Here we had to introduce an auxiliary function I', termed the “neighbor dipole
amplitude”, in which further evolution is constrained by the lifetime of an adja-
cent dipole!. The equations (8) resum powers of a In*(1/z): this is the double
logarithmic approximation (DLA).

inhomogeneous  term

[ I

0 - - 90

J’» other eikonal diagrams

Fig. 1. Diagrams illustrating the evolution of the polarized dipole amplitude G1¢(zs) at large N.
The blue band represents the shock wave (the proton), the black vertex represents the sub-eikonal
operator insertion(s) from (7), and the gray box represents the polarized Wilson line.
Equations (8) were solved numerically in? and analytically in? yielding
2 2 K
G(a1g, 28) o (25 w1p) " (9)
with

i agN, ~ 9231 agN,
\/?: 2T 27

qa _
a, =

This leads to Eq. (1) above.

3. Gluon Helicity Distribution

The small-z asymptotics of the gluon helicity can be determined in a similar way®.
Starting with the operator definition of the gluon dipole helicity TMD and simpli-
fying it at small 2 we arrive at®

—8i N,

i ik-x i i j 2
9 @) = s /d2x10 ekio i i U Py Glo(zs = L) (11)
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where we have defined another dipole-like polarized operator

i -1 pol tyi
Glo(es) = 537 <tr [VQ(Vl )L} +c.c.>(zs) (12)
with a different “polarized Wilson line”
+o0
(Vé"’l)i = / dz™ Vy[+o00,27] (igpf Ai(as)) Vyplz™, —o0]. (13)

Again one can write evolution equations for G, (zs) which close in the large- N, and
large-N.& Ny limits. The solution of the large-N, equations gives®

G (23, 28) o (28 230)% (14)

13 as N, as N,
G s4Ve s4Ve
=—=1/ ~1.884)/ —— 15
“h 43 27 88 o’ (15)

leading to Eq. (2) above.

with

4. Conclusions

In conclusion let us point out that we expect the asymptotics (1) and (2) to be
modified qualitatively in the large-N.& Ny limit, i.e., when quarks are included. For
OAM distributions at small  the analysis” similar to the above gives Ly 4(z, Q%) =

—AX(z,Q?) and Lg(z,Q?%) = (% In %j) AG(z,Q?) in the large-N, limit.
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There have been rapid developments in parton distribution functions (PDFs) using lattice
QCD for both precision moments and direct calculation of the Bjorken-z dependence.
In this talk, I show some progress along these directions and show some examples of how
lattice-QCD calculations can play a significant role in improving our understanding of
PDFs in the future.

Parton distribution functions (PDFs) are not only fundamental properties of
quantum chromodynamics (QCD) but also are key inputs to predict cross sections
in high-energy scattering experiments and to aid new-physics searches at the Large
Hadron Collider. A PDF, say ¢(z), describes the probability of finding the par-
ton (such as quarks or gluons) carrying a fraction x of the longitudinal momentum
within a hadron. Calculating the z-dependence of PDFs from first principles has
long been a holy grail for nuclear and high-energy physics. In modern parton
physics, the PDF's are defined from the lightcone correlations of quarks and gluons
in the hadron, so they involve strong infrared dynamics and can only be solved
by nonperturbative methods such as lattice QCD (LQCD). However, the direct
calculation of PDFs on a Euclidean lattice has been extremely difficult, because
the real-time dependence of the lightcone makes it infeasible to extract them from
lattice simulations with imaginary time. Early lattice-QCD studies based on the op-
erator product expansion (OPE) could only access the lower moments of the PDF.A
similar situation also occurs in lattice calculations of other parton observables, such
as the distribution amplitudes (DAs) and generalized parton distributions (GPDs).
For many years, progress in LQCD hadron structure was done by pushing moment
calculations to the physical pion mass and expanding the study of LQCD system-
atics.

Recently, a new idea has been proposed that circumvents the limitations of
the moment approach!?: “large-momentum effective theory” (LaMET). In this
approach, one computes a time-independent spatially displaced matrix element that
can be connected to the PDF. A convenient choice for leading-twist PDF's is to take
the hadron momentum and quark-antiquark separation to be along the z direction
he(z,p:) = 3 2 (p,s]9(2)Te J5 A= (D" (0) |p, 5) , where p, is the hadron
momentum boosted in the z direction, s its spin, and z is the separation of the
quark and antiquark fields ¥ and ). There are multiple choices of operator in this
framework that will recover the same lightcone PDFs when the large-momentum
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limit is taken.

two-state - two-state - two-simRR e

P —— | A
i i | ! ] T N |
tr—t; =0.72fm tr —t; = 0.90 fm tr —t; =0.72 — 1.08 fm

Fig. 1. This figure shows the consistency between two-state fits truncated at different terms and
different ¢sep data for the case of transversity matrix elements at z = 3, P, = 2.6 GeV on physical
pion mass ensembles.

We perform lattice calculations of the bare isovector quark unpolarized, helicity,

36 on an ensemble of

and transversity quasi-PDFs using clover valence fermions
gauge configurations with lattice spacing a = 0.09 fm, box size L ~ 5.8 fm, and
with pion mass M, ~ 135 MeV and N, = 24141 (degenerate up/down, strange and
charm) flavors of highly improved staggered dynamical quarks (HISQ)” generated
by MILC Collaboration®. We use Gaussian momentum smearing®” for the quark
field to increase the overlap of the lattice sources with the ground state of the
large-boost nucleon. For the nucleon matrix elements of O(z,a) at a given boost
momentum, E(z,Pz,a), we extract the ground-state matrix elements from each

three-point correlator, C’l(asm)(Pz, t,tsep) by fitting the following form:

CEF (et tep) = Ao 0O 0)eE0n 4 LAy (1] Or 1) F1t
+ A Aol (1O 061 =D o | Ag|L Ay | (0] Zo DBt

where the operator is inserted at time ¢, and the nucleon state is annihilated at the
sink time tgp, which is also the source-sink separation (after shifting source time
to zero). The state |0) represents the ground state and |n) with n > 0 the excited
states. In our two-state fits, the amplitudes A; and the energies F; are functions
of P, and can be obtained from the corresponding two-point correlators. Fig. 1
shows one of the many studies of excited-state contamination, performing fits with
and without the (1|Or|1) contribution (labeled as “two-simRR” and “two-sim”,
respectively) and using data from different source-sink separations tsep 10-12

We then calculate the nonperturbative renormalization (NPR) factor
Z(z,pZR, WRr,a) from the amputated Green function of O(z, a) with a similar proce-

12,13 "where p® and pg are the Euclidean quark momentum in the z-direction

dure
and the off-shell quark momentum, respectively. The bare matrix element of O(z, a),
%(z, P,, a), has ultraviolet (UV) power and logarithmic divergences as a — 0 and
must be nonperturbatively renormalized to have a well defined continuum limit.
Next, we need to Fourier transform the hg(z, P,,pf, ug) into z-space to obtain

the quasi-distribution G(z, P,, pZ, ug): f(x,l/a,pz) = fgl—fre_i““pzhp(z,pz). As
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Fig. 2. (Left) Fourier truncation at finite 2P, can create oscillation artifacts in the PDF recon-
struction. (Middle) Boost-momentum dependence in reconstruction of the PDF. Any line deviating
from the original input PDF indicates the systematic error in the PDF calculation. (Right) Real
matrix elements in coordinate (zP.) space with 2 very distinct PDF distributions in z space.

originally pointed out in 2017 and demonstrated using CT14 NNLO™ at 2 GeV,
a naive Fourier transform from momentum-space x to coordinate space z and then
back suffers an inverse problem ! (see the left-hand side of Fig. 2). The oscillation is
less noticeable if calculation stays in the small- P, region, as shown in the pink band
in the figure. This means that since the lattice calculation has finite displacement
z in the nonlocal operator and cannot actually use infinitely boosted momentum,
a straightforward Fourier transform produces truncation effects, resulting in un-
physical oscillatory behavior, as observed in earlier works'%!7. The antiquark and
small-z regions suffer the maximum deformation. Two ideas (“filter” and “deriva-
tive” methods)'® were originally proposed to remove this biggest systematic uncer-
tainty in the LaMET approach to studying z-dependent hadron structure: Fourier-
transformation truncation. When not assuming a parametrization form, this deter-
mines the shape of the PDF. The first lattice PDF at physical pion mass was used
to demonstrate how the proposed methods improve real-world lattice calculations.
A third method was proposed in late 2017, modifying the Fourier transformation in
LaMET using a single-parameter Gaussian weight '®. In 2019, another three meth-
ods were proposed 1. Following the recent work 12, we adopt the simple but effec-
tive “derivative” method: Q(z, P,,pF, ugp) = zfj;r:::dz P2 ph (2, Py, pl, g/,
where @ is quasi-PDF (q(z), Ag(x) and d¢(x) respectively), and i’ is the derivative
of the renormalized matrix elements for the corresponding operator. One immedi-
ately notices that when P, is small, the sea quark asymmetry would come out of
lattice calculation with the wrong sign, which is exactly what was seen in the low-P,
PDF calculations 2, in addition to missing the small-x region. There are a num-
ber of proposals to avoid the Fourier transformation by working in position space;
this would work in an ideal world when there is sufficiently precise data throughout
the large-z P, region. However, in reality, the lattice data taken in the small-zP,
region is not precise enough to even discern whether the parton distribution is flat
across all x; one loses sensitivity to two very distinct distributions in x-space, which
now become very similar in zP, space. Furthermore, one still need large zP. to
reliably obtain the distribution in the small-xz region. It would be great to have a
systematic way to demonstrate the lattice data inputs in z P, space.
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Fig. 3. LP%’s isovector unpolarized (left), helicity (middle) and transversity (right) PDFs renor-
malized at 3 GeV in comparison with global-fit PDF's

Once we have the quasi-PDFs, we can relate them to the true lightcone PDF's
. . oy ~ _ 1 ﬂ T W A 2
using the matching condition g(z,A,p.) = [, i (y, pZ’pZ);ﬁ:Q? q(y, Q%) +

2
o (% 3%
M is the hadron mass. Here the O (M 2/ pg) terms are target-mass corrections and
the O (A2QCD /pz) terms are higher-twist effects, both of which are suppressed at
large hadron momentum. Early exploratory works have shown great promise in
obtaining quantitative results for the unpolarized, helicity and transversity quark
and antiquark distributions?' 2. The first LaMET PDFs at physical pion mass'®
were done using small momentum (P"** ~ 1.3 GeV); as described earlier, one

) , where p is the renormalization scale, Z is a matching kernel and

expects the wrong sign of sea-flavor asymmetry to be seen in the Fourier transfor-
mation. Figure 3 shows our newer PDF results at larger momenta, calculated above
2 GeV, and then renormalized at 3 GeV. The errorband displayed here includes the
systematic error coming from variations in the renormalization scale, zP, in the
Fourier transformation, estimation of lattice-spacing and finite-volume effects from
other nucleon matrix studies and the matching formula approximation. As expected
from the Fourier transformation study, the sea-flavor asymmetry is recovered with
increased momentum. In the positive isovector quark region, our results agree nicely
with CT14, which is consistent with NNPDF3.12% and CJ152%, up to the small-z
region where even larger z P, data is required for lattice calculation to have control
over these regions. The middle plot of Fig. 3 shows LP?’s isovector quark helicity
PDF ! matched in MS-scheme at scale u = 3 GeV, extracted from LaMET at the
largest proton momentum (3 GeV), compared with fits by NNPDFpoll.1?” and
JAM?. The red band contains statistical error, while the gray band also includes
systematics. The right-hand side of Fig. 3 shows LP?’s proton isovector transver-
sity PDF!? at renormalization scale i = /2 GeV (MS scheme), extracted from
lattice QCD and LaMET at P, = 3 GeV, compared with global fits by JAM17
and LMPSS172. The blue error band includes statistical errors (which fold in the
excited-state uncertainty) and systematics mentioned in the unpolarized PDF cases.
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Transverse Force Tomography
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While twist-2 GPDs allow for a determination of the distribution of partons on the
transverse plane, twist-3 GPDs contain quark-gluon correlations that provide information
about the average transverse color Lorentz force acting on quarks. As an example, we
use the nonforward generalization of gr(z), to illustrate how twist-3 GPDs can provide
transverse position information about that force.

Keywords: GPDs, twist 3, force

1. Transverse Imaging

For a transversely localized nucleon state, such as (A is a normalization factor)
Ru=0.0"8) =N [ dpulpLp’ A) 1)

which has its transverse center of longitudinal momentum at the (transverse) origin,
one can define transverse charge distributions as

pA’A(bJ_) = <RJ_ = 07p+7 A/‘Q(bl)’y+Q(bL)|RJ— = 07p+7 A> (2)
= |V)? /Cl2m/fppi<p;,p+, NG(0)7Fq(0)|p, pT, A)e®+ (PL—PL)

— /dQALFA/A(—Ai)e*ibL'AL.

Here A, A’ are the polarization of the target states, and Fjs  is a superposition of
the Dirac and Pauli form factors - details are depending on the polarizations. Note
that in the 2"¢ step in Eq. (2) it was crucial that the matrix element only depends
in the A, but not on the overall P, = %(p 1 +p'|) - otherwise it would not be
possible to factor out the P integration and cancel it against |A|2.
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As a side remark, when one tries to localize a state in 3 dimensions, a factor-
ization of the ﬁ—integration is not possible due to various relativistic factors. As a
result, a similar procedure in 3 dimension fails and the physical interpretation of
3-dimensional Fourier transforms of form factors as charge distribution in position
space is flawed due to relativistic corrections when one looks at details smaller than
the Compton wavelength of the target.

Very similar steps can be repeated for x-dependent distributions resulting in the
position space interpretation for Generalized Parton Distributions (GPDs)!.

2. Transverse Force

The 22 moments of the genuine twist-3 part of twist-3 PDFs are related to forward
matrix elements of quark-gluon-quark correlations. For example, the polarized twist
3 PDF go(z) can be cleanly separated from the leading twist contribution g; by
measuring the longitudinal (beam) - transverse (target) double-spin asymmetry in
DIS. After subtracting the Wandzura-Wilczek contribution g5V (z) = —gi1(z) +
fl %gl (y), one is left with the genuine twist 3 part go(z) = go(z) — g5 "W (x) (here

x
we neglect quark mass contributions), whose z?

dy =3 / do 2o () = m (P, S |q(0)y+gG(0)g(0)| P,S)  (3)

To understand the physical meaning of this correlator, we decompose the light-cone

moment reads?

component of the gluon field strength tensor appearing in (3) in terms of color
electric and magnetic fields

V3G =G + G = —F + B* = —(E+ 7 x B)’ (4)

for a quark that moves with the velocity of light in the —Z direction - which is
exactly what the struck quark does in a DIS experiment after having absorbed the
virtual photon? = (0,0,—1). Since the Gluon field is correlated with the quark
density, this means that d; has the physical interpretation as the average color-
Lorentz force acting on a quark in a DIS experiment right after (since the matrix
element is local) having absorbed the virtual photon®. This is the same final state
interaction (FSI) force that also produces single-spin asymmetries.

3. Transverse Force Tomography

Since d, arises as the expectation value of a §Gq corellator in a plane wave state
it can only provide volume-averaged information. In order to obtain position infor-
mation, a momentum transfer must be involved. This is one of the motivations for
studying twist 3 GPDs. After subtracting Wandzura-Wilzek type terms and surface
terms (terms that involve a twist 2 contribution multiplied by a momentum trans-
fer), 22 moments of twist 3 GPDs allow determining non-forward matrix elements
of GFq correlators. This motivates parameterizing these matrix elements in terms

of Lorentz invariant generalized form factors.
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Lorents invariance implies that the matrix elements of §(0)y?G**(0)q(0) can be
parameterized in terms of 8 generalized form factors®
In the relevant case of g(0)yTG*(0)g(0) this reduces to five form factors”

(', Ng(0)7y+igG*t(0)g(0)|p, A) = u(p, X){#[lﬁﬁi — PEAT) Iy (1) (5)

Pt . 1 _
—&-MiU“@g(t) + miaJrA [PTAT @5(t) — PEATQ4(1)]

pPtAtT
+ e wm¢5(t)}u(p,)\)

As was the case for twist 2 GPDs and charge form factors, a position space in-
terpretation requires a vanishing longitudinal momentum transfer AT = 0. The
transverse Fourier transform of these generalized form factors have the following
interpretation

e & describes an axially symmetric transverse force in an unpolarized target

e ®, describes a force field perpendicular to the transverse polarization of
the target, to a L position resolved Sivers force®

e ®3 describes a tensor type force similar to what one would expect from a
color magnetic dipole field correlated with the target tranverse spin.

e &, & ®5 involve a factor AT = 0 and thus do not contribute to L force
tomography

4. summary

The Fourier transform of twist 2 GPDs w.r.t. the transverse momentum transfer
provides transverse images of quark distributions. Taking z? moments of twist 3
PDFs allows determining the average transverse force that acts on a quark in a DIS
experiments. Combining these two ideas, the transverse Fourier transform of the z2
moment of twist 3 GPDs allows determining the spatially resolved transverse force
that acts on a quark in a DIS experiment.
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Spin content of the proton at higher orders
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We study the scale evolution of the quark and gluon spin contributions to the proton
spin, using the recently derived three-loop results for the helicity evolution kernels. We
find that the evolution of the quark spin contribution may actually be extended to four-
loop order. We investigate the scale dependence of AY and AG numerically, both to
large and down to lower “hadronic” scales.
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1. Introduction

To determine the decomposition of the proton spin in terms of the contributions
by quarks and anti-quarks, gluons, and orbital motion is a key goal of the EIC.
The two physically most relevant spin sum rules for the proton are the Ji decom-
position', which ascribes the proton spin to gauge-invariant contributions by quark
spins and orbital angular momenta, and total gluon angular momentum, and the
Jaffe-Manohar decomposition?, in which there are four separate pieces correspond-
ing to quark and gluon spin and orbital contributions, respectively. The spin parts
in the Jaffe-Manohar sum rule are related to parton distributions measurable in

high-energy processes. The sum rule reads

_ %AE(QQ) + AG(Q%) + Ly(Q) + Ly(Q?), (1)

N — @

where

Ny 1
ARQ) = Y [ do (80w} +A0(0.Q%) . AG@Q) = [ drAgle.QP). @)

2. Evolution equations and first moments of the splitting functions

As indicated in Eq. (1), the contributions to the proton spin are all scale dependent,
although the dependence cancels in their sum. The dependence on Q? is given by
spin-dependent QCD evolution equations. The kernels relevant for the evolution of
the first moments Aq(Q?), Ag(Q?), AG(Q?) have been derived to lowest order (LO)
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in Refs.®#, to next-to-leading order (NLO) in Refs.® #, and recently to next-to-next-
to-leading order (NNLO) in Refs.® 1. The kernels for the separate evolution of L,
and L, in the Jaffe-Manohar decomposition are known only to LO 12714 " although
the evolution of their sum is known from Eq. (1) to the same order as that of
%AE + AG, that is, to NNLO. As has been shown in Refs.'> 17, the separate
evolution of L, and L, involves higher-twists.

The generic evolution equation for the first moment of a spin-dependent parton

distribution a,b = u, @, d,d, s, 5, . . ., G reads:
dAa(Q?)
T Z AP (as(Q%)) ANQ?) , (3)

where AP,;, describes the splitting b — a. The AP,;, are perturbative in the strong
coupling ag; their perturbative series starts at O(asg):

AP, = asAPég) + a?APé;) + aiAPﬁ) + (’)(aﬁ) . (4)
with as = ag/(47). The evolution equations may be simplified by introducing non-
singlet and singlet combinations of the quark and antiquark distributions; see e.g.
Ref.18. In the singlet sector we have coupled evolution equations for AY and AG:

d AX(Q%) ) [ APss(as(Q?)) 2N; APc(as(Q?)) AX(Q?) 5)
2 - 9
dinQ* \ AG(Q?) APgq(as(Q%)  APgc(as(Q?)) AG(Q?)
with the singlet anomalous dimension A Pgy, and the first moments of the splitting
functions involving gluons, AP,¢, APg,, APgc. At lowest order,*

APE) =0, AP =0, APY) =3Cp, APS) = f. (6)
The second-order results in the MS scheme may be found in Refs.% 8
APS) = 2N APS) . AP =0,
APS) = %CFC’A —9C% — %cFNf, APS) = By (7)
Finally, at NNLO we have from Refs.?10:11:
APR = 2N, ARG, APG =0, APS) = B,

1607 461 63
APS) = 5 CrCh — —-CiCa+ 5 C}
41 107 13
+ (3 - 7243) CpCaN; — (2 — 72<3) C%Ny — ECFN]% . ®)

There are systematic patterns among these results which may be understood from
general arguments. The explicit results shown in the above equations suggest that

APEZ = 72Nf Qg APGq . (9)
Furthermore, we deduce from Egs. (7),(8)
APqG = O, APGG = —B(QS)/as. (10)
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As discussed in Refs. 1819, these all-order results may be readily understood from
the fact that the quark singlet combination AY corresponds to the proton matrix
element of the flavor-singlet axial current,

SMAS = (P,S|¢y"ys9| P,S) = (P, S| j5 | P.S), (11)

where S is the proton’s polarization vector. Because of the axial anomaly, the
singlet axial current is not conserved, 9, jt = 2Nja,0,K*, with the “anoma-
lous current” K. This implies that in fact 9, (j5 — 2Ny a;K*) = 0. In perturba-
tion theory we may relate matrix elements of K* to the gluon spin contribution:
SHAG = —(P,S|K"|P,S). Although K depends on the choice of gauge, its for-
ward proton matrix element is gauge invariant, except for topologically nontrivial
gauge transformations that change the winding number. The latter feature makes
the identification of AG with the matrix element of K impossible beyond pertur-
bation theory?. We may thus conclude in perturbation theory that
d
dln Q?

Inserting the general evolution equations for AY and AG in (5), as well as the

(AS(Q?) + 2Ny as(Q*) AG(Q?)) = 0. (12)

renormalization group equation for as(Q?), we recover the results in Egs. (9),(10).

It is now clear that in the MS scheme a single anomalous dimension, APsy:,
resulting from the axial anomaly, governs the evolution of the quark and gluon spin
contributions. Defining!® AT'(Q?) = as(Q?)AG(Q?), we obtain

d AY B APEE((ZS) 0 AY

‘¢ — 13)
dIn@Q? \ AP —ﬁ APss(as) 0 AT (

Thanks to Eq. (9) we may now determine!® the four-loop (N3LO) contribution to
APxy from the three-loop value APC(,QII) computed in Ref.!!:

1607 461
APE) = —2N; APS) = —2N;Cr [fg Ch — 4 CrCa+ %C%
41 107 13
+ (3 - 72@,) CaNy — <2 - 72<3> CrNy — 3N§} . (14)

3. Numerical solutions in the singlet sector

We may now solve 18 the singlet evolution equation (13). We note that such solutions

20-22 " The paper?® considered the evolution of AY

were presented to LO in Refs.

up to NNLO. The solution for the singlet at scale ) in terms of its boundary value

at the “input” scale )y reads
AX(Q?) aQ = o , p(1)
————~ =exp | — ——— AP,
AX(Q3) Bo =

a2 — a3
253

(81 aPR - B0 APR)

xexp[

3
(—82 AP+ BoBa APG) + oy AP — BEAPR) |, (1)

363
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Loesf AZ(Q)/AS(Q)  (Q=1CGeV) | 16f AZ(Q)/AX(Qy) NLO -
I
! Q=2 GeV) NNLO
1.000 =
\ LO Lafy 70 e N°LO 4
0.975 —\\ - B
\\_\ 12 ‘\\\ -
0.950 F <. 1 Sn
NLO e
0925 N3Lo <. NNLO 3 1.0 ==
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Fig. 1. Left: Evolution of the first moment of the polarized singlet distributions at LO, NLO,
NNLO and N3LO, starting from the initial scale Qo = 1 GeV. Right: Backward evolution of the
first moment of the polarized singlet distributions at LO, NLO, NNLO and N3LO, starting from
the initial scale Qo = 2 GeV. From Ref. 8.

where ag = a5(Q?) and ag = as(Q3F).

The left part of Fig. 1 shows the quark singlet evolution factor on the right-hand-
side of Eq. (15), assuming a fixed number Ny = 3 in the anomalous dimensions and
the beta function, and using the full NNLO evolution of the coupling constant. We
have chosen a relatively low input scale Qo = 1, with a value as(Qo) = 0.404. One
can see that the NLO evolution affects the quark spin content of the proton by up
to 7% while NNLO evolution adds an extra ~ 1 — 2% effect. The numerical impact
of the four-loop term APSZ) reaches only 0(0.2%) at the highest scale.

Ultimately, as discussed in Ref.?324, one may want to compare helicity parton
distribution functions extracted from experiment or computed on the lattice2?® with
calculations performed in QCD-inspired models of nucleon structure. The latter are
typically formulated at rather low momentum scales of order of a few hundred MeV.
Given the high order of perturbation theory now available for evolution, it is there-
fore interesting to evolve the singlet spin contributions not only to large perturbative
scales, but also “backward” towards the limit of validity of perturbation theory23.
In the right part of Fig. 1 we show the evolution of AY¥ at LO, NLO, NNLO and
N3LO down to @ ~ 0.35 GeV, starting from the initial scale Qo = 2 GeV. As can
be observed, and as is expected, the higher order terms affect the evolution of the
singlet in a significant way, much more strongly than what we found for the evo-
lution to larger scales. On the other hand, a striking feature is that the evolution
remains relatively stable even down to scales as low as Q = 0.35 GeV where the
coupling constant becomes a; ~ 1.3. In addition, all higher orders (NLO, NNLO,
N3LO) go in the same direction. We note that the upturn of AY toward small
scales — in the direction of large quark and anti-quark spin contributions to the pro-
ton spin — was already observed to NLO and NNLO in Refs.?* and 23, respectively.
We also remark that results on high-loop evolution may be useful for lattice-QCD
studies of nucleon structure, possibly allowing cross-checks of the nonperturbative
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renormalization carried out on the lattice.
The solution of the evolution equation for the gluon spin contribution now follows
directly '®. From the lower row in Eq. (13) we have by simple integration

APsy(as)
s QNfB((IS)
An immediate observation is that the integral on the right-hand-side of (16) starts at

order as(Q?) and as(Q3). Therefore, we arrive at the well-known result?® that the
leading term in AT is a constant in Q2, so that the first moment of the gluon spin

0QAGQ) = (@) - [ da AR(Q?). (16)

contribution evolves as the inverse of the strong coupling. An explicit solution for
AG(Q?) to NNLO is obtained by inserting the solution for AX(Q?) from Eq. (15)
into (16) and carrying out the integration. The result is given in Ref.!8.

NNLO  (Qy=1 GeV) _--] 2F ]
1o T A NNLO AG(Qg)=1

05 _-"TAG B !

e AT /2 AG(Qq)=0.1
0.0 N g 0===== B
05| L . 1 s 26@0=—1
-1.0 L L L | | | | | Ll
109 10t 10° 103 104 0.5 0.7 1.0 2.0
Q(GeV) Q(GeV)

Fig. 2. Left: Evolution of the quark and gluon spin contributions %AZ and AG at NNLO,

starting from the inital scale Qo = 1 GeV. We also show the evolution of Ls+4Lg. Right: Backward
evolution of the gluon spin contribution AG at LO (dashes), NLO (dots) and NNLO (solid line),
starting from three different scenarios at the inital scale Qo =1 GeV: AG(Qo) = +1,0.1, —1. The
blue solid line corresponds to the leading 1/as term in the solution.

Figure 2 shows the NNLO evolution of the gluon spin contribution to the proton
spin, starting from the values AG = 0.102 and AY = 0.254 at Qo = 1 as realized in
the global analysis2728. We also show the evolution of %AE and the evolution of the
total orbital angular momentum L, + L,. Notice that both AG and L, + Ly have a
divergent behaviour at large scales, resulting in a rather unphysical cancellation of
two very large contributions to fulfill the spin sum rule. Again it is also interesting
to analyze the behavior of the gluonic spin contribution at lower scales. In the
right part of Fig. 2 we show the backward evolution of AG at LO (dashes), NLO
(dots) and NNLO (solid line) for three different scenarios, corresponding to setting
AG(Qo) = +1,0.1,—1 at the initial scale Qo = 1 GeV. For each scenario, we
observe a striking convergence of the fixed order results down to very low scales,
always towards small gluonic contributions. Our findings set a strong constraint
on the proton spin content carried by gluons at hadronic scales. Within the rather
extreme scenarios analyzed here (for which the gluon contribution accounts for as
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much as twice the spin of the proton at Qo = 1 GeV!), we obtain the requirement
|AG(Q ~ 0.35GeV)| < 0.3.

We finally note that, depending on the input values of AG(Q3) and AX(Q3)
the evolution can be towards large positive or negative values. This implies that
there is a specific input, a “critical point”, for which AG(Q?) actually remains al-
most constant and tends to a finite asymptotic value as Q2 — oo. This “static”
value of AG is expected to change from order to order in perturbation theory. The
explicit calculation shows!® that AGLO (Q3) ~ —0.113, AGRLO(Q2) ~ —0.13,
AGRNEO(Q32) ~ —0.125, at Qo = 1 GeV. Beyond LO, the “static” solutions are no
longer completely constant in (Q?; however, by construction they converge asymp-
totically to a finite value. We believe that these solutions, especially because of the
fact that they have a well behaved asymptotic limit at large scales, deserve further
attention since they arise as strong boundaries on non-perturbative physics from
almost purely perturbative considerations.
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Twist three Generalized Parton Distributions and Generalized Transverse Momentum
Distributions are central to the description of partonic orbital angular momentum. We
discuss the origin of the genuine twist three contribution, described by the quark gluon
quark correlator, to the twist three Generalized Parton Distribution EQT and how it
connects to calculations of the k% moments of the Generalized Transverse Momentum
Distribution Fig4.

1. Introduction

Higher twist effects are of interest due to multiple reasons, while on the one hand
they provide a direct window into non-perturbative effects explicitly involving quark
gluon interactions, ™ on the other, they also hold the promise of connecting to ob-
servables accessible in current experiments.® We focus on twist three Generalized
Parton Distributions (GPDs) in the chiral even sector that describe partonic or-
bital angular momentum and spin orbit correlations. However, this work can also
be extended to the chiral odd sector highlighting completely different aspects of the
partonic structure of the proton. In essence, this work is an extension of similar
studies on the twist three PDF g7-%7 to the off forward sector which facilitates the
existence of polarization states of the initial and final hadrons that are not permis-
sible in the forward case.

Although twist three GPDs are defined by a quark-quark correlator, they do
receive a contribution from a genuine twist term involving an explicit quark gluon
quark correlator. The other piece comes from leading twist GPDs. The way to de-
rive this decomposition essentially involves two steps, first, to study the dependence
of k1 dependent distributions called Generalized Transverse Momentum Dependent
Distributions (GTMDs)® and collinear distributions on functions that parameterize
the completely unintegrated correlator to derive the so called Lorentz Invariance
Relations (LIRs) and second, to use the Equations of Motion (EoM) to derive a
relation describing the Wandzura-Wilczek contribution to the twist three GPD and
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the genuine twist three contribution. 23

In this contribution, we discuss in section 2 the derivation of LIRs and EoM
relations and finally the steps involved in singling out the genuine twist three piece.
In section 3, we focus on the role of the gauge link. As the derivation involves going
through the kr dependent distributions, one is free to choose between a staple
gauge link (which describes the final state interactions in an actual experiment)
and a straight gauge link simply connecting the quark field operators entering the
quark-quark operator by a straight line. If one starts from the premise that the
shape of the gauge link is immaterial to the GPDs (which are collinear) entering
the LIRs and EoM relations, one finds the genuine twist three terms contributing
to the twist three GPD in either case to be the same. However, a more interesting
exploration would be if we had a way of independently measuring quantities entering
the relations for the two cases. We are interested in the twist three GPD EQT and
the GTMD F}4 which enter the description of partonic orbital angular momentum. ®
While the lattice provides actual calculations of the k% moment of the GTMD Fy4
both in the straight and staple cases,'® the extraction of twist three GPDs from
experiment would provide a clean comparison of the two cases.® Recently, there
have also been suggestions to directly measure the multiparton distribution or the
form factor that would connect to the genuine twist three piece.!!:!2

2. Quark-gluon-quark contribution to twist three GPDs

To single out the contribution from the quark-gluon-quark correlator to twist three
GPDs we need to first work out the LIRs and EoM relations. We focus on the twist
three GPD EQT, described by the matrix element of quark fields with the projec-
tion operator ¥4 in a longitudinally polarized proton, and the GTMD Fi4 describing
unpolarized quarks in a longitudinally polarized proton. LIRs are derived by ex-
pressing both EQT and Fi4 in terms of Generalized Parton Correlation Functions
(GPCFs)® that parameterize the completely unintegrated quark-quark correlator.
As both EQT and F14 describe vector distribution functions (some component of *
between the quark field operators), the same set of GPCF's describe both functions.
As a result, one arrives at the following LIR?,

dr(y

e ZEQT-‘rH-l-E-l-.AFM. (1)

Here, H and E are the vector twist two GPDs. Ap,, essentially signifies the effect of
the shape of the gauge link used, going to zero for a straight gauge link connecting
the quark field operators in the quark-quark correlator describing these functions.
The source of this term is the introduction of new GPCFs in the case of a staple
gauge link because of the inclusion of another vector v~ describing the gauge link
either going to 400 or —oo on the light cone. Fl(i) is defined as follows?,
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2 1.2 A2 2
(1) _ o, ki kpA7 — (kr - Ar) 2 2
F14 —2/d kTW k%A% F14($,07 kTakT'ATaAT)- (2)
Note that, in the forward limit, this reduces to the standard k%-moment,
FY = /dszk%FM(w 0,k%,0,0). (3)
14 Ap=0 M2 ] g

A completely independent set of relations is obtained by using the equations of
motion. Central to the construction of these relations is the observation that, taken
between physical particle states, matrix elements of operators that vanish according
to the classical field equations of motion vanish in the quantum theory. One obtains
a relation involving the twist three GPD E2T7 the twist two GPDs H, E and ﬁ,
F 1(41) and a genuine twist three term M p,, explicitly involving the gluon field which
originates from the gluon field in the covariant derivative and the derivatives acting
on the Wilson line,

OZLL‘EQT—FE’—Fl(i)—FMFM. (4)

Using the LIR to eliminate F\}) from the EoM relation one obtains?,

H Ly ~ 1 Ly Ldy
— - —H|—-|-Mpg, — —M - —Apg,.
x /ggy2 ] [w VAT F“] /z y
(5)
In the above, there are two distinct contributions - one that comes from the
leading twist GPDs also known as the Wandzura-Wilczek contribution and the

genuine twist three contribution described by Mp,, and Ap,,. In the next section
we explore how the choice of the gauge link affects these terms.

1
. d
Bor = — / Zy(HqLE)—

3. Role of the Gauge link

As GPDs are collinear objects one expects them to be unaffected by the choice
of the shape of the gauge link. Hence, evaluating the LIRs and EoM relations in
equations (1) and (4) for the two cases allows one to obtain a relation between Ap, ,
and Mp,,. Here, |,—o denotes the straight gauge link scenario.

From the LIR,

dFy;)  dF{)
dx dx

= ‘AF14' (6)

v=0

From EONI7
1 1
F1(4 ) F1(4 )

0 = MF14 - MF14‘U:O' (7)

v=
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Thus Mp,, and Ap,, are related as follows,

d
AF14 (:L') - % (MF14 - MF14|1)=0) . (8)

To check if this framework does indeed describe the physics of twist three objects,
one should calculate the pieces separately and compare. Fj4 depends on the intrinsic
transverse momentum k7 and any experimental measurement of it in future will
involve final state interactions described by a staple shaped gauge link. Hence,

L . 1 . .
from this viewpoint, F1(4) is more abstract but, even so, it can be accessed on

)

of EQT will provide an independent check of these ideas and a deeper understanding

the lattice as can F 1(41 with a staple gauge link. '° Hence, the experimental extraction

of the role played by the gauge link.

4. Conclusions

We have discussed the decomposition of the twist three GPD EQT into two compo-
nents, one involving leading twist quantities, the Wandzura-Wilczek piece, and the
other explicitly involving the gluon field which is referred to as the genuine twist
three piece. As kr dependent distribution functions are involved in the derivation,
the gauge link plays a key role. Although the final result involves well defined
collinear quantities, independent calculations, on the lattice and in models, and
experimental measurements of the separate pieces involved will provide deeper un-
derstanding of higher twist effects and verification of the framework used to describe
them.
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