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The dynamical nature of nuclear matter

Nuclear Matter Structures and interactions are
inextricably mixed up

Ultimate goal Understand how matter at its most

fundamental level is made

Observed properties of bound states such as
mass and spin emerge out of the complex system
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To reach goal precisely image quarks and gluons
and their interactions
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Transverse-momentum dependent PDFs

Novel QCD phenomena F
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Advances in Nuclear Physics

Quantum Chromodynamics
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Accelerator technologies
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Electron lon Collider:

The Next QCD Frontier
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the Nucleon and Nuclei

Parton Distributions
in Nuclei

Study structure and
dynamics of nuclear
matter in ep and eA
collisions with high
luminosity and
versatile range of
beam energies, beam
polarizations, and
beam species.
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Electron-lon Collider: Frontier accelerator facility in the U.S.

I Current polarized DIS data:
0CERN ADESY ¢ JLab oSLAC

Current polarized BNL-RHIC pp data:
@ PHENIXT® ASTAR 1-jet

= Measurements with A = 56 (Fe):
e eA/uA DIS (E-139, E-665, EMC, NMC)

o DY (E772, E866)

perturbative

= vADIS (CCFR, CDHSW, CHORUS, NuTeV)
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Why an Electron-lon Collider?

Right tool: Understanding of nuclear matter is transformational,
* to precisely image quarks and gluons and perhaps in an even more dramatic way than how the
their interactions understanding of the atomic and molecular structure
* to explore the new QCD frontier of strong of matter led to new frontiers, new sciences and new
color fields in nuclei technologies.

 to understand how matter at its most
fundamental level is made.

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

CERN

-~ CONSENSUS STUDY REPORT

AN ASSESSMENT OF
US.-BASED ELECTRON-ION
COLLIDER SCIENCE

OcToBER 2018

rcollider

bids to map
nuclear

Electron lon Collider: i - | The ZOAIS

The Next QCD Frontier LONG RANGE PLAN
ol for NUCLEAR SCIENCE

Speaking up for European unity
AIMS: empowering Africa’s youth
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EIC: A new frontier in science

Dynamical Fundamental Breakthrough New Sciences,
System Knowns Structure Probes New Frontiers
(Date)
Solids Electromagnetism Structure X-ray Diffraction Solid state physics
Atoms (~1920) Molecular biology
C
‘5 DNA
oo 21
Universe General Relativity Quantum Gravity, Large Scale Surveys Precision
e e s 4 (2000 @
e EeL o e MB 1965 ,. |
Oana
2k2 e e
Nuclei Perturbative QCD Non-perturbative QCD CEBAFLY Structure &
and Nucleons ~ Quarks and Gluons  >tructure (2018) Dynamics in QCD

2017
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EIC: Ideal facility for studying TMDs

o —— - — - —— - — -

include non-perturbative, perturbative, and transition regimes ™
Various beam energy

broad Q2 range for
__________________________________________________________________ « studying TMD evolution
Region « disentangling non-perturbative and

N e

ERMES, COMPASS, JLAB 6and 12 overlap with existing measurements perturbative regimes
= | « overlap with existing experiments
1
HERA high- ;
- : : : : —
Q? 10 1 10 102 103 [GeV?]
Luminosity Requirements
High luminosity
ep, eA (nucleon, nuclear structure) Multi-dimensional analysis on event
: : level high statistics in five or more
: : dimensions and multiple particles
eA (jets in nuclear matter, PDF)
eAél (saturation)
I i i
1032 1033 103 cm2sec?
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EIC: Ideal facility for studying TMDs

Polarization

Understanding hadron structure cannot

be done without understanding spin:

» polarized electrons and

 polarized protons/light ions (d, He)
including tensor polarization for d

Longitudinal and transverse and
polarization of light ions (d, 3He)

« 3D imaging in space and momentum
» spin-orbit correlations encoded in TMDs

T
thv

9 .ggfigon Lab
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TMD program in EIC White Paper

§ T ranmEEeS

Ultimate measurement of TMDs for quarks

* high luminosity
* high-precision measurement
* multi-dimensional analysis (x, Q2 ¢s z, P;, ¢5)
 broad x coverage 0.01 <x<0.9
« broad Q? range disentangling non-perturbative / perturbative regimes

First (?) measurement of TMDs for sea quarks

First (?) measurement of TMDs for gluons

Electron lon Collider:
The Next QCD Frontier Nuclear dependence of TMDs

Understanding the glue
that binds us all

Systematic factorization studies

SECOND EDITION

JLEIC Collaboration Meeting 10 Jefferson Lab



Projected luminosity needs (EIC Whitepaper)

1 EIC luminosity ~650 fb!
=5 F] (UV)
2 =
— (LL)
2 -
§ |
E gi
g Sengalies APV
EIC luminosity 100 — 1000 times HERA luminosity: 6 fbl/week =» 100 fb1/year
~* 0.6 fb1to 6 fb'l/week of running or assuming 107 s in year (running ~1/3 of the

 average luminosity (while running) of 103 to 103 cm?2 s  year or a snowmass year)

S We cannot start the TMD program without high luminosity.
We need high-luminosity at the start of physics running at the EIC.
Y ¢
? i .
B 1 .ggfﬂgon Lab
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Requirements for TMD measurements

Discussion

* What are our goals for the TMD program at the EIC?

* How do we accomplish our goals?

* What can we do now and what do we need to do now?

* E.g.: We need to know Rgp;s and we plan to measure it at Jefferson Lab.

* Theory

* |f we have precise measurements of TMDs what do we learn about big questions, e.g., chiral symmetry breaking,
confinement, spin of the nucleon etc.? What will be our next steps?

* Extraction of TMDs from SIDIS measurements requires comprehensive understanding of TMD hadronization

* Interplay Theory and Experiment “/t will be joint progress of theory and experiment that moves us forward, not in one side
alone” Donald Geesaman (ANL, former NSAC Chair)

* Accelerator Building the right probe: High luminosity, sensitivity to intrinsic transverse momenta

* Detector Total acceptance detector and particle identification over a broad momentum range, optimize detector design

* Analysis Multi-dimensional analysis on event level, high-precision MCEG (this talk)

o

12 Jefferson Lab



Monte Carlo Event Generator

MCEG

« faithful representation of QCD dynamics
» based on QCD factorization and evolution equations

MCEG algorithm

1. Generate kinematics according to fixed-order matrix elements
and a PDF.

2. QCD Evolution via parton shower model (resummation of soft
gluons and parton-parton scatterings).

3.. Hadronize all outgoing partons including the remnants
according to a model.

4. Decay unstable hadrons.

13 .ggfﬁgon Lab



MCEG in Experiment and Theory

Experiment Theory
Desi.gn Simulate
experime data
nts

Analysis Investi-
proto- gate
- theory

advances
Validate
Compare against
to theory theory
advances

Lesson from HEP high-precision QCD measurements require high-precision MCEGs

14 .ggf_ggon Lab



MCEG Developers
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Workshops: MCEGs for future ep and eA facilities

-_— -

W MCEG2018 19-23 March 2018
e Started as satellite workshop during POETIC-8

j POETICS

8th International Conference on Physics Opportunities at an ElecTron-lon-Collider
/ 19-23 March 2018, University of Regensburg
o * Collaboration EIC User Group (EICUG) — MCnet

February 20-22, 2019 Goal of workshop series

DESY Hamburg, Germany

* Requirements for MCEGs for ep and eA
 R&D for MCEGs for ep and eA

EIC User Group and MCnet present

“MCEGs

for future ep and eA facilities MCEG2019 20-22 February 2019
e Status of ep and eA in general-purpose MCEG
PROGRAM ORGANIZERS . .
i i e U e * Status of NLO simulations for ep
L. LT e TMDs and GPDs and MCEGs
www.desy.de/mceg2019 * Merging QED and QCD effects

16 J)e/fffegon Lab



Comparisons to combined H1 and ZEUS analysis

MC /Data
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Pythia (1978 — now)

General-purpose MCEG

* extensively used for e*e”, ep and pp physics, e.g.
at LEP, HERA, Tevatron, and LHC

e as a building block used in heavy-ion and
cosmic-ray physics

* recent pA effort in Pythia8 with Angantyr model

Pythia 6 product of over thirty years of progress
Pythia 8 successor to Pythia 6, standalone

generator, but several optional hooks for links
to other programs are provided

18

MCEG2018 and MCEG2019

ep in Pythia 8

POETIC-8 Satellite Workshop on Monte Carlo Event
Generators

Ilkka Helenius
March 23rd, 2018

Tubingen University
Insititute for Theoretical Physics EBERHARD KARLS o
UNIVERSITAT %
TUBINGEN :

possible to generate DIS events with the
new dipole shower implementation
higher-order corrections via Dire plugin,
soon part of Pythia core

photoproduction for hard and soft QCD
processes, also hard diffraction Jefteron Lab



Hadron Emission Reactions With Interfering Gluon (1986 — now)

General-purpose MCEG
e developed throughout the era of LEP
* introduced cluster hadronization model

Distinctive features

e automatic generation of hard processes and
decays with full spin correlations for many BSM
models

* completely generic matching and merging

* hard and soft multiple partonic interactions to
model the underlying event and soft inclusive
interactions

e sophisticated hadronic decay models, e.g., for
bottom hadrons and t leptons.

19

MCEG2018 and MCEG2019

Herwig 7

Stefan Gieseke

Institut fiir Theoretische Physik
KIT

MCEGs for future ep and eA colliders
Regensburg, 22-23 Mar 2018

QAUT L

Karlsruhe Institute of Technology //Mcnet

Stefan Gieseke - MCEGs for future ep and eA colliders - Regensburg - 22-23 Mar 2018 1/23

two shower options with spin correlations
and NLO matching

good description for single-particle
properties in DIS

also QED radiation for angular-ordered

shower J)gfggon Lab



Simulation of High Energy Reactions of PArticles (2004 — now)

General-purpose MCEG

e*e”, ep and pp physics, e.g. at LEP, HERA, Tevatron,
and LHC
also ey and yy physics

Modular MCEG (C++ from the beginning)

full simulation is split into well defined event phases,
based on QCD factorization theorems

each module encapsulates a different aspect of
event generation for high-energy particle reactions

Versatile MCEG

automated generation of tree-level matrix elements
two fully-fledged matrix element generators with
highly advanced phase-space integration methods

20

MCEG2018 and MCEG2019

HERA data preservation | DIS data for MCEG J

Fabian Klimpel?, Frank Krauss®, Andrii Verbytskyi' (+SHERPA
team)

POETIC, Regensburg, 19-23 Marz 2018

1/33

* DIS with ME corrections and PS merging
« good description of jet data at low Q? with

= 3 partons in the final state

* automated NLO matching with Powheg

method, applicable for jets at high-Q?
J)gfggon Lab
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MCEG2019: Status of NLO simulations for ep
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arXiv:1803.09973

Stefan Hoeche (SLAC)

Fixed-order QCD

* QCD calculations available up to N3LO for inclusive DIS
» Peculiarities of DIS require careful selection of scales

» Excellent description of experimental data from HERA

MC event simulation

« DIS simulations available in all three event generation frameworks
* NLO matching & merging standard, NNLO matching available

» Peculiarities of DIS require careful selection of clustering history

* Very good description of wide range of experimental data

21 .ggfggon Lab



TMDs and MCEGs

MCEG Workshop
DESY, February 2019

F Hautmann
TMDs from Parton Branching

First all flavor. all Q?, all x and all k, TMD at NLO
determined.

@ Introduction
@ The Parton Branching (PB) method

@ New results and applications

F Hautmann: MCEG Workshop, DESY - February 2019 1

Updates for KaTie

Andreas van Hameren
iﬁ Institute of Nuclear Physics
Polish Academy of Sciences
J Krakow

presented at the

MCEGs for future ep and eA facilities
21-02-2019, DESY, Hamburg
First ever off-shell hard process calculation for

ep including all flavors.

-

TMD and parton shower: CASCADE-3

Hannes Jung (DESY)

with contributions from
A. van Hameren, K. Kutak, A. Kusina,
A. Bermudez Martinez, P. Connor F. Hautmann, O. Lelek, R. Zlebcik

@ From inclusive to exclusive distributions
@ Parton Branching method for TMDs

First TMD parton shower using higher order
splitting function.

H. Jung, TMD and Parton Shower CASCADE3 , MCEG for future ep facilities, Hamburg, Feb 2019

Lively discussion: Factorization
Theorem and MCEG approaches

To what extent are TMDs a result of a
coherent branching evolution as, e.g.,
implemented in Herwig

Next: Comparison to TMD theory
Extract TMD from the different MCs and
compare to analytic results.

22

Vibrant community

N

NCN

nTMD using PB method

Krzysztof Kutak

Instytut Fizyki Jadrowej
im. Henryka Niewodniczariskiego
Polskiej Akademii Nauk

First all Q2, all x, all k, TMD at NLO for nuclei.
Comparison with DY data (pp, pPb, CMS)

S5 UNIVERSITA

§ Heowz AL g

’L’*]’.t‘?zf DEGLI STUDI DI TRIESTE 21 February 2019,
<= DESY,

Hamburg

"""""""""""""""""""""""""" Revisited version of a recursive model
for the fragmentation of polarized
quarks

Albi Kerbizi

Universitv of Trieste. Trieste INFN Section

Lund string + 3P0; good description of Collins and di-
hadron asymmetries; Boer-Mulders, jet handedness
can be simulated.

.ggfﬁgon Lab



CASCADE

CASCADE

Eur. Phys. J. C (2010) 70: 1237-1249
DOI 10.1140/epjc/s10052-010-1507-z

THE EUROPEAN
PHYSICAL JOURNAL C

Special Article - Tools for Experiment and Theory

The CCFM Monte Carlo generator CASCADE Version 2.2.03

H. Jung'2#, S. Baranov’, M. Deak®, A. Grebenyuk', F. Hautmann®, M. Hentschinski', A. Knutsson', M. Kriimer',

K. Kutak?, A. Lipatov®, N. Zotov®

lDESY. Hamburg, Germany

“University of Antwerp, Antwerp, Belgium

3Lebedev Physics Institute, Moscow, Russia

“Instituto de Fisica Teérica UAM/CSIC, University of Madrid, Madrid, Spain

5University of Oxford, Oxford, UK

(’SINP, Moscow State University, Moscow, Russia
Abstract CASCADE is a full hadron level Monte Carlo
event generator for ep, yp and pp and pp processes, which
uses the CCFM evolution equation for the initial state cas-
cade in a backward evolution approach supplemented with
off-shell matrix elements for the hard scattering. A detailed
program description is given, with emphasis on parameters
the user wants to change and common block variables which

completely specify the generated events.

CCFM evolulution

BFKL variant including large x
Vs >>M

23

TMDs from parton branching and parton showers
in MC event generators

Hannes Jung (DESY)

M C EG 20 1 8 in collaboration with

A. Bermudez-Martinez, F. Hautmann, A. Lelek, V. Radescu, R. Zlebcik
M. Bury, A. van Hameren, K. Kutak, S. Sapeta, M. Serino

@ \WWhy TMDs are needed
@ TMDs for hadron-hadron collisions

® New developments
@ parton branching algorithm to solve evolution equations
@ benchmark tests
@ advantages for integrated PDFs
@ determination of TMD densities at NLO with xFitter

® Application to DY production
@ Application to TMD parton showers

H. Jung, MDs from parton branching and parton showers in MC event generators, POETIC2018 MC satellite WS, Regensburg, March 22, 2018 1

Parton Branching

e evolution equation, connected in a controllable

way with DGLAP evolution of collinear PDF

e applicable over broad kinematic range from low

to high ki,
.ggfﬁgon Lab



DIS dijet azimuthal distribution from CASCADE

Slide prepared by F. Hautmann (University of Oxford)

@ CASCADE with

TMD pdfs from
precision F2 and

F2-charm data

@ ZEUS 2007 jet
measurements

di-jet (ZEUS Nuclear P'hym B 706 (:ooy) :52)
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Gluon TMDs from precision DIS data using CCFM evolution

Slide prepared by F. Hautmann (University of Oxford)

[Hautmann and Jung,
Nucl. Phys. B 883 (2014) 1]

@ Good description of inclusive DIS
data with TMD gluon
@ Sea quark yet to be included at
TMD level
@ Uses uPDFevolv evolution code
arXiv:1407.5935 [hep-ph]

s \w m\“' - @ Fit performed with xFitter
o arXiv:1410.4412 [hep-ph]
X2 [ndf (F{™) | X2 /ndf (Fy)|x? /ndf (F; and F{™)
3-parameter 0.63 1.18 1.43
S-parameter 0.65 1.16 1.41

25
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Studying hadronization in two complementary approaches

Purely phenomenological description with
empirical fragmentation functions using factorization
theorems in pQCD

0.12 4

0.10 4

0.02 4

0.00 4

u-K*
pr=0.1GeV

pr=0.5GeV

0.55

0.60

0.65

0.70 0.75 0.80 0.85 0.90 0.95

26

Hadronization models folded with many
parameters to describe experimental observations
as applied in Monte Carlo Event Generators.
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Fit r and K FFs from Pythia8 pseudodata using pQCD @ NLO JLAB LDRD

b 27 .ggfﬂgon Lab



Understanding the hadronization process JLAB LDRD

(b) Configuration (II)

LUND String Model for hadronization (1977 — now) 2 3 OPAL
> -

e simple but powerful phenomenological model ;0 : f +++_+_+

* no (promising) new hadronization models in last 40 years < i }-+—+H o —

* LDRD project at Jefferson Lab 10

°* review 0 40 80 120 160 200 240 280 320 360
”(p (degrees)

e connect with modern QCD, including TMD and spin effects evidence of string effects
particle flow asymmetry at OPAL

String breakup String drawing

g(br)

o
<:

‘_ q(b) q(r)

28 J)gfggon Lab



Recursive model for the fragmentation of polarized quarks

COMPASS Collins SSA
§ O m* COMPASS
& A m COMPASS _
<0_05_o nj’ MC T L T
Y 4‘%‘“; M+ %
doar BT ] XL
TR L T
~0.05 ™ : ™
0!2 0.|4 0.|6 OI.8 0{5 i 1!5
z, pT(GeV/c)
COMPASS di-hadron asymmetry
g 002 5= compass
B> * MG h*h~ . Rh*hC {
= e 0 °
.E<b .§¢é.. %f%o.% o T
~ —0.02 <]1> éo.(; L (}; %)Jf }O%o.... )
—0.04+ ([ T8
—0.06 0.12 0.|4 O.I6 OI.8 0{5 i 1|.5 2|2
o= EufE,, M, (GeVIc?)

Z=Zp+ + Zp-

Albi Kerbizi (Trieste)

The string + 3P, model for pseudo-scalar meson emission has been implemented in a stand alone MC code
The comparison with experimental data on Collins and di-hadron asymmetries is very promising

Other effects like Boer-Mulders or jet-handedness can be simulated

The same results can be obtained with different choices for the § function acting on the spin-independent
correlations between quark transverse momenta
The choice § =1/ [N, (eﬁ) guarantees again LR symmetry and allows to simplify

- the formalism and the analytical calculations
- the improvement of the simulations (i.e. adding vector mesons) — ongoing
- the interface with external event generators and in particular with PYTHIA — ongoing

29 .;e,figon Lab



Merging QED and QCD effects

CLASSIFICATION 0T O(&) QED CORRECTIONS Hubert Spiesberger (Mainz): QED corrections for electron scattering

© ot e o * High-precision measurements need careful treatment of radiative
Gominaing oyt enhaneec by age ogs, InCF/ ) corrections.
® oniversa, photon seif anergy - el CP) * Closely related to experimental conditions need full Monte Carlo
’ E‘SEL""J‘%”OL;ZL“%&?&?‘?ﬂﬁ;‘hﬁlﬁ;”?' e treatment (Unfolding) including simulation of hadronic final states.
. ;}i{;{%}ﬁe;izrifz:doh;ionnuizZ;;f;unm « The basics are known and available ...
e vectons * ... butimprovements are needed.
IR civergenoes: need 16 compin real and viical raciation
Radiative corrections in SIDIS Andrei Afanasev (GWU): Semi-analytic vs. Monte-Carlo Approaches for

ocasen QED Corrections to SIDIS

~ =
-

\I [ ; ; * Consistent approach to address RC for SSA in polarized SIDIS

Loop diagrams of a radiated photon
ssssss

o~ ) * SSA due to two-photon exchange need to be included in analysis of
é % /&< /‘< SSA from strong interaction, of same size at JLAB experiments

The el sl angl of vitual phlon s changing s * More detailed calculation of the two-photon exchange at quark level
O iehovich, Iyhes, Otipenko, PL 8672 (2008 85 required: elastic scattering, inclusive, semi-inclusive, and exclusive DIS

THE GEORGE WASHINGTON UNIVERSITY
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MCEG-HERA comparisons and MCEG validation for ep

Rivet example « MCEG R&D requires easy access to data
SIDIS analysis at HERMES « data := analysis description + data points

FinalStat s = apply<FinalState>(event, "FS");

icles().size());

HEP existing workflow for MCEG R&D using tools such as
Rivet and Professor

vetoEvent;

Ay Detailed comparisons between modern MCEG and
L e HERA data
el T - workshop on Rivet for ep (Feb 18—20 2019)

« mailing list rivet-ep-l@lists.bnl.qov

N———— - HERA data not (yet) included in MCEG tunes

continue;

o i MCEG-data comparisons in Rivet will be critical to tune the
e s MCEGs to DIS data and theory predictions.
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https://indico.desy.de/indico/event/21792/
mailto:rivet-ep-l@lists.bnl.gov

Markus Diefenthaler

S u m m a ry mdiefent@)jlab.org

* EIC will enable us to embark on a precision study of the
nucleon and the nucleus at the scale of sea quarks and
gluons, over all of the kinematic range that are relevant.

* This requires a high luminosity, highly versatile EIC.

* TMD studies for sea quarks and gluons will allows us to
image quarks and gluons and their interactions and to
gain a more comprehensive understanding of QCD.

* What we learn at JLAB 12 and later EIC, together with
advances enabled by FRIB and LQCD studies, will open
the door to a transformation of Nuclear Physics.
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