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Gravitational Interactions Strong InteractionsElectroweak Interactions

Further exploration of the Standard Model 
Dark matter searches Electroweak symmetry breaking Deeper understanding of QCD 

Mission of Nuclear Physics 
• Discover, explore, and understand 

all forms of nuclear matter. 

Frontiers in Nuclear Physics 
• One of the enduring mysteries of the universe is the nature of matter—what are its basic constituents and how do they interact to 

form the properties we observe? The largest contribution by far to the mass of the matter we are familiar with comes from protons 
and heavier nuclei.

• Although the fundamental particles that compose nuclear matter—quarks and gluons—are themselves relatively well understood, 
exactly how they interact and combine to form the different types of matter observed in the universe today and during its 
evolution remains largely unknown. .

Nuclear Physics 
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Hideki Yukawa (1949) “for his prediction of the existence of mesons on the basis of theoretical work on nuclear forces”
But the quark-gluon origin of the nuclear binding force remains unknown. 

Robert Hofstadter (1961) “for his pioneering studies of electron scattering in atomic nuclei and for his thereby achieved 
discoveries concerning the structure of the nucleons”
But the 3D quark-gluon structure of nucleons remains unknown. 

Jerome Friedman, Henry Kendall, Richard Taylor (1990) “for their pioneering investigations concerning deep inelastic 
scattering of electrons on protons and bound neutrons, which have been of essential importance for the development of 
the quark model in particle physics”
But the role of gluons in protons and bound neutrons remains unknown. 

David Gross, David Politzer, Frank Wilczek (2004) “for the discovery of asymptotic freedom in the theory of the strong 
interaction”
But the confinement aspect of the theory remains unknown.

Yoichiro Nambu (2008) “for the discovery of the mechanism of spontaneous broken symmetry in subatomic physics ”
But how dynamical chiral symmetry breaking shapes the mass and structure of quark-gluon systems remains unknown.

Nobel Prizes in Physics related to Nuclear Physics
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The dynamical nature of nuclear matter

4

Nuclear Matter Interactions and structures are 
inextricably mixed up

Observed properties such as mass and spin 
emerge out of the complex system

Ultimate goal Understand how matter at its most 
fundamental level is made

To reach goal precisely image quarks and gluons 
and their interactions

QCD’s Dyson-Schwinger Equations
The equations of motion of QCD () QCD’s Dyson–Schwinger equations

an infinite tower of coupled integral equations
tractability =) must implement a symmetry preserving truncation

The most important DSE is QCD’s gap equation =) quark propagator

�1
=

�1
+

ingredients – dressed gluon propagator & dressed quark-gluon vertex

S(p) =
Z(p2)

i/p + M(p2)

S(p) has correct perturbative limit

mass function, M(p2), exhibits
dynamical mass generation

complex conjugate poles
no real mass shell =) confinement

[M. S. Bhagwat et al., Phys. Rev. C 68, 015203 (2003)]

ECT* 3–7 April 2017 3 / 30
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Mp = 1000 MeV
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Advances in Nuclear Physics
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Steady advances in all of these areas mean that à

Theory of the strong interaction

Detector technologies Computer technologies

Accelerator technologies

Quantumchromo-
dynamics (QCD)
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EIC: A new frontier in science
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The Electron-Ion Collider: Frontier accelerator facility in the U.S.
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Luminosity / CME / Kinematic coverage 

Spinning Glue: QCD and Spin
!19

XXVI International Workshop on DIS and Related Subjects - DIS2018 
Kobe, Japan, April 16-20, 2018

Background - The EIC Facility Concepts

arXiv:1212.1701

ep

The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.

The Spin and Flavor Structure of the Nucleon

An intensive and worldwide experimen-
tal program over the past two decades has
shown that the spin of quarks and antiquarks
is only responsible for ⇠ 30% of the pro-
ton spin. Recent RHIC results indicate that
the gluons’ spin contribution in the currently
explored kinematic region is non-zero, but
not yet su�cient to account for the missing
70%. The partons’ total helicity contribu-
tion to the proton spin is very sensitive to
their minimum momentum fraction x acces-
sible by the experiments. With the unique
capability to reach two orders of magnitude

lower in x and to span a wider range of mo-
mentum transferQ than previously achieved,
the EIC would o↵er the most powerful tool
to precisely quantify how the spin of gluons
and that of quarks of various flavors con-
tribute to the protons spin. The EIC would
realize this by colliding longitudinally polar-
ized electrons and nucleons, with both inclu-
sive and semi-inclusive DIS measurements.
In the former, only the scattered electron is
detected, while in the latter, an additional
hadron created in the collisions is to be de-
tected and identified.
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Current polarized DIS data:

CERN DESY JLab SLAC

Current polarized BNL-RHIC pp data:

PHENIX π0 STAR 1-jet
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Figure 1.2: Left: The range in parton momentum fraction x vs. the square of the momentum
transferred by the electron to the proton Q

2 accessible with the EIC in e+p collisions at two
di↵erent center-of-mass energies, compared to existing data. Right: The projected reduction
in the uncertainties of the gluon’s helicity contribution �G vs. the quark helicity contribution
�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
be achieved by the EIC for di↵erent center-of-mass energies.

Figure 1.2 (Right) shows the reduction in
uncertainties of the contributions to the nu-
cleon spin from the spin of the gluons, quarks
and antiquarks, evaluated in the x range

from 0.001 to 1.0. This would be achieved by
the EIC in its early operations. In future, the
kinematic range could be further extended
down to x ⇠ 0.0001 reducing significantly
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The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
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their orbital motion contributing to nucleon spin.

The Spin and Flavor Structure of the Nucleon

An intensive and worldwide experimen-
tal program over the past two decades has
shown that the spin of quarks and antiquarks
is only responsible for ⇠ 30% of the pro-
ton spin. Recent RHIC results indicate that
the gluons’ spin contribution in the currently
explored kinematic region is non-zero, but
not yet su�cient to account for the missing
70%. The partons’ total helicity contribu-
tion to the proton spin is very sensitive to
their minimum momentum fraction x acces-
sible by the experiments. With the unique
capability to reach two orders of magnitude

lower in x and to span a wider range of mo-
mentum transferQ than previously achieved,
the EIC would o↵er the most powerful tool
to precisely quantify how the spin of gluons
and that of quarks of various flavors con-
tribute to the protons spin. The EIC would
realize this by colliding longitudinally polar-
ized electrons and nucleons, with both inclu-
sive and semi-inclusive DIS measurements.
In the former, only the scattered electron is
detected, while in the latter, an additional
hadron created in the collisions is to be de-
tected and identified.

x

Q
2
 (

G
e

V
2
)

EIC
 √

s=
 1

40
 G

eV
, 0

.0
1≤ y 

≤ 0.
95

  

 

Current polarized DIS data:

CERN DESY JLab SLAC

Current polarized BNL-RHIC pp data:

PHENIX π0 STAR 1-jet

1

10

10 2

10 3

10-4 10-3 10-2 10-1 1

EIC
 √

s=
 4

5 
G
eV

, 0
.0

1≤ y 
≤ 0.

95
  

Figure 1.2: Left: The range in parton momentum fraction x vs. the square of the momentum
transferred by the electron to the proton Q

2 accessible with the EIC in e+p collisions at two
di↵erent center-of-mass energies, compared to existing data. Right: The projected reduction
in the uncertainties of the gluon’s helicity contribution �G vs. the quark helicity contribution
�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
be achieved by the EIC for di↵erent center-of-mass energies.

Figure 1.2 (Right) shows the reduction in
uncertainties of the contributions to the nu-
cleon spin from the spin of the gluons, quarks
and antiquarks, evaluated in the x range

from 0.001 to 1.0. This would be achieved by
the EIC in its early operations. In future, the
kinematic range could be further extended
down to x ⇠ 0.0001 reducing significantly

2

The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.

The Spin and Flavor Structure of the Nucleon

An intensive and worldwide experimen-
tal program over the past two decades has
shown that the spin of quarks and antiquarks
is only responsible for ⇠ 30% of the pro-
ton spin. Recent RHIC results indicate that
the gluons’ spin contribution in the currently
explored kinematic region is non-zero, but
not yet su�cient to account for the missing
70%. The partons’ total helicity contribu-
tion to the proton spin is very sensitive to
their minimum momentum fraction x acces-
sible by the experiments. With the unique
capability to reach two orders of magnitude

lower in x and to span a wider range of mo-
mentum transferQ than previously achieved,
the EIC would o↵er the most powerful tool
to precisely quantify how the spin of gluons
and that of quarks of various flavors con-
tribute to the protons spin. The EIC would
realize this by colliding longitudinally polar-
ized electrons and nucleons, with both inclu-
sive and semi-inclusive DIS measurements.
In the former, only the scattered electron is
detected, while in the latter, an additional
hadron created in the collisions is to be de-
tected and identified.

x

Q
2
 (

G
e

V
2
)

EIC
 √

s=
 1

40
 G

eV
, 0

.0
1≤ y 

≤ 0.
95

  

 

Current polarized DIS data:

CERN DESY JLab SLAC

Current polarized BNL-RHIC pp data:

PHENIX π0 STAR 1-jet

1

10

10 2

10 3

10-4 10-3 10-2 10-1 1

EIC
 √

s=
 4

5 
G
eV

, 0
.0

1≤ y 
≤ 0.

95
  

Figure 1.2: Left: The range in parton momentum fraction x vs. the square of the momentum
transferred by the electron to the proton Q

2 accessible with the EIC in e+p collisions at two
di↵erent center-of-mass energies, compared to existing data. Right: The projected reduction
in the uncertainties of the gluon’s helicity contribution �G vs. the quark helicity contribution
�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
be achieved by the EIC for di↵erent center-of-mass energies.

Figure 1.2 (Right) shows the reduction in
uncertainties of the contributions to the nu-
cleon spin from the spin of the gluons, quarks
and antiquarks, evaluated in the x range

from 0.001 to 1.0. This would be achieved by
the EIC in its early operations. In future, the
kinematic range could be further extended
down to x ⇠ 0.0001 reducing significantly

2

High
Luminosity

Versatile range of:
• beam energies
• beam polarizations
• beam species (p → U)

World’s first collider of:
• ep: polarized electrons and 

polarized protons/light ions (d, 3He)
• eA: electrons and nuclei

EIC

JLEIC

CEBAF

Brookhaven National Laboratory and Jefferson Lab will 
be host laboratories for the EIC Experimental Program. 
Leadership roles in the EIC project are shared. 



EIC: Ideal facility for studying QCD

High luminosity

high precision 
• for various measurements, e.g., multi-

dimensional SIDIS analysis in five or 
more kinematic dimensions and 
multiple particles

• in various configurations

Various beam energy 

broad Q2 range for 
• studying evolution to Q2 of ~1000 GeV2

• disentangling non-perturbative and 
perturbative regimes 

• overlap with existing experimentsoverlap with existing measurements

include non-perturbative, perturbative, and transition regimes

HSF Generators Meeting, October 6, 2022. 8



EIC: Ideal facility for studying QCD

Polarization
Understanding hadron structure cannot
be done without understanding spin:
• polarized electrons and
• polarized protons/light ions (d, 3He) 

including tensor polarization for d

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

• 3D imaging in space and momentum
• spin-orbit correlations

HSF Generators Meeting, October 6, 2022. 9



EIC Timeline: Operations start a decade from now

HSF Generators Meeting, October 6, 2022. 10



EIC User Group (EICUG)

HSF Generators Meeting, October 6, 2022. 11

Experiment

Theory

Accelerator

Currently 1334 members from 267 institutions from 37 countries

http://www.eicug.org/


Yellow Report Initiative by the EIC User Group

• The EIC Yellow Report describes the physics case, the resulting 
detector requirements, and the evolving detector concepts for the 
experimental program at the EIC: arXiv:2103.05419

• The studies leading to the EIC Yellow Report were commissioned and 
organized by the EIC User Group. 

• The EIC Yellow Report has been important input to the successful 
DOE CD-1 review and decision. 

HSF Generators Meeting, October 6, 2022. 12
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Next Priorities for the EIC User Group

• Formation of the first EIC collaboration: ePIC.  902 pages, 1824 references

https://arxiv.org/abs/2103.05419


Pioneering measurements
The first Electron-Ion Collider

HSF Generators Meeting, October 6, 2022. 13



HERA: The first Electron-Ion Collider

(920 GeV)
(27.6 GeV) 

√sep = 320 GeV

HSF Generators Meeting, October 6, 2022. 14



Deep-inelastic scattering (DIS) of electrons off protons

Ability to change x projects out different con-
figurations where different dynamics dominate

Ability to change Q2 changes the resolution 
scale

Q2 = 400 GeV2

=> 1/Q = 0.01 fm 

(Q2)

HSF Generators Meeting, October 6, 2022. 15



Parton distribution functions (PDF)
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Observable cross section → structure functions QCD analysis PDFs

universalprocess-dependent
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QCD at extremes: Parton saturation

• rise of gluon PDF cannot go on forever as x
becomes smaller and smaller

• parton saturation: parton recombination 
must balance parton splitting

• unobserved at HERA for a proton and 
expected at extreme low x

Will nuclei saturate faster as color leaks out of nucleons? 

Parton splitting and recombination

In nuclei, the interaction probability enhanced by A⅓

Dramatic rise of gluon PDF

HSF Generators Meeting, October 6, 2022. 17



Polarized DIS measurements

Polarization Novel QCD phenomena

3D imaging in space and momentum 

longitudinal structure (PDF)
+ transverse  position information (GPDs)
+ transverse momentum information (TMDs)

order of a few hundred MeV

HSF Generators Meeting, October 6, 2022. 18



Transverse-momentum dependent PDFs (TMD PDFs or TMDs)

HSF Generators Meeting, October 6, 2022. 19

A. BACCHETTA, M. CONTALBRIGO: THE PROTON IN 3D

Fig. 6  The transverse-momentum distribution may be di!erent for quarks of 
di!erent "avors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.

VOL28 / NO1-2 / ANNO2012 > 23

Fig. 7  Polarization-averaged distributions, as in #gs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still a!ecting these pictures.

3D DISTRIBUTIONS EXTRACTED FROM DATA

�30

Figure 8. The down quark TMD PDF in b-space(left) and kT -space(right) presented at different values of

x. The color shows the size of the uncertainty relative the value of distribution.

6 Conclusions

We have extracted the unpolarized transverse momentum dependent parton distribution function
(TMDPDF) and rapidity anomalous dimension (also known as Collins-Soper kernel) from Drell-Yan
data. The analysis has been performed in the ⇣-prescription with NNLO perturbative inputs. We
have also provided an estimation of the errors on the extracted functions with the replica method.
The values of TMDPDF and rapidity anomalous dimension, together with the code that evaluates
the cross-section, are available at [45], as a part of the artemide package. We plan to release grids
for TMDPDFs extracted in this work also through the TMDlib [69].

Theoretical predictions are based on the newly developed concepts of ⇣-prescription and op-
timal TMD proposed in ref. [27]. This combination provides a clear separation between the non-
perturbative effects in the evolution factor and the intrinsic transverse momentum dependence.
Additionally, the ⇣-prescription permits the usage of different perturbative orders in the collinear
matching and TMD evolution. For that reasons, the precise values of the rapidity anomalous di-
mension (±1%(4%, 6%) accuracy at b = 1(3, 5) GeV�1) are relevant for any observable that obeys
TMD evolution.

In our analysis, we have included a large set of data points, which spans a wide range of
energies (4 < Q < 150 GeV) and x (x > 10�4), see fig. 1. The data set can be roughly split into
the low-energy data, which includes experiments E288, E605, E772 and PHENIX at RHIC, and
the high-energy data from Tevatron (CDF and D0) and LHC (ATLAS, CMS, LHCb) in similar
proportion. To exclude the influence of power corrections to TMD factorization we consider only
the low-qT part of the data set, as described in sec. 3. A good portion of data is included in the fit
of TMD distributions for the first time, that is the data from E772, PHENIX, some parts of ATLAS
and D0 data. For the first time, the data from LHC have been included without restrictions (the
only previous attempt to include LHC data in a TMDPDF fit is [13], where systematic uncertainties
and normalization has been treated in a simplified manner). We have shown that the inclusion of
LHC data greatly restricts the non-perturbative models at smaller b (b . 2 GeV�1) and smaller x

(x . 0.05), and therefore they are highly relevant for studies of the intrinsic structure of hadrons.
A detailed comparison of fits with and without LHC data has been discussed in sec. 5.

The extracted TMDPDF shows a non-trivial x-dependence that is not dictated only by the
collinear asymptotic limit of PDFs. In particular, we find that the unpolarized TMDPDF is bigger
(in impact parameter space) at larger x, see fig. 7. This indirectly implies a smaller value of the

– 17 –

Bertone, Scimemi, Vladimirov, 
arXiv:1902.08474

Bacchetta, Delcarro, Pisano, Radici,  
Signori, arXiv:1703.10157

Unpolarized nucleon Transversely polarized nucleon



Factorization theorem (perturbative QCD)

The hard core of Nuclear Physics: Factorization theorems

HSF Generators Meeting, October 6, 2022. 20

Semi-inclusive DIS (SIDIS)
Hadron h is detected 
in coincidence with the scattered lepton l’ 

Fragmentation 
functions (FF, TMD FF) 
empirical description of 
non-perturbative 
structure 
(hadronization)

Perturbative part Cross 
section for elementary 
photon-quark 
interaction
Calculable (asymptotic 
freedom)

Distribution functions 
(PDF, TMD PDF) 
empirical description of 
non-perturbative 
structure 
(confinement)

Observable

SIDIS cross section

C
ha
pt
er
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2.3. Probing spin-orbit correlations in the nucleon

�S

�
P h

P h?

ST

l

l0

q

Figure 2.4.: In the semi-inclusive measurement of deep-inelastic scattering off a transversely po-
larised target, two planes are defined with respect to the virtual-photon direction q: the
lepton scattering plane, spanned by the directions of the incoming lepton, l, and q, and
the hadron production plane, spanned by the directions of q and the produced hadron,
Ph. The angle f (fS) is defined as the azimuthal angle of the hadron production plane
(target spin axis ST ) relative to the lepton scattering plane.

2.3. Probing spin-orbit correlations in the nucleon
The TMD discussed in section 2.2 cause distinctive signatures in the azimuthal dependence in the
distribution of unpolarised hadrons produced in deep-inelastic scattering (figure 2.4). This depen-
dence is manifested in single-spin asymmetries (SSA). The analysis of single-spin asymmetries in
deep-inelastic scattering off transversely polarised nucleons gave first evidence for the chiral-odd
transversity distribution and the naive-T -odd Sivers function [HERMES05c]. This measurement
provides also signals for the worm-gear distribution h?,q

1L
�
x,p2T

�
and the pretzelosity function. In

this section, the description of single-spin asymmetries within QCD, the decomposition of the deep-
inelastic scattering cross section in terms of extended structure functions and the interpretation of
these structure functions is presented.

2.3.1. Transverse single-spin asymmetries
Single-spin asymmetries are observed in various scattering processes over a wide range in the centre-
of-mass energy [DM08]. Prominent examples are the E704 effect seen in polarised pp scattering,
p*p! hX , and the evidences found by the HERMES collaboration in deep-inelastic scattering.

❑ The E581/E704 collaborations (Fermilab) studied single-spin asymmetries in the inclusive
measurement of pions produced in the collision of transversely polarised (anti)protons with
an unpolarised hydrogen target. They reported large left-right asymmetries relative to the
direction of the incoming (anti)protons [E581 91, E704 91]. The results obtained at centre-
of-mass energies of about 20GeV are confirmed by the STAR and BRAHMS collaboration
(RHIC) at centre-of-mass energies up to 200GeV [STAR04, BRAHMS08].

❑ In the semi-inclusive measurement of deep-inelastic scattering off longitudinally and trans-
versely polarised targets, the HERMES collaboration observed single-spin asymmetries at a
centre-of-mass energy of about 7GeV [HERMES00, HERMES01, HERMES05c].
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Physics Event Generation
Monte Carlo Event Generators for the EIC

HSF Generators Meeting, October 6, 2022. 21



Event Generators for the EIC
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Monte Carlo Simulation of 
• electron-proton (ep) collisions,  
• electron-ion (eA) collisions, both light and heavy ions, 
• including higher order QED and QCD effects, 
• including a plethora of spin-dependent effects.  

Common challenges, e.g. with HL-LHC: High-precision QCD 
measurements require high-precision simulations. 

Unique challenges MCEGs for electron-ion collisions and 
spin-dependent measurements, including novel QCD 
phenomena (e.g., GPDs or TMDs). 



EIC R&D For Software & Computing
EIC Software & Computing is in a very early life stage: 
• Current focus on development of first EIC detector and further development of the EIC science program. 
• EIC community asks for commonality and one software stack. 
• Based on EIC Software: Statement of Principles and a decision-making process involving the wider EIC community, 

there is a working prototype for a modular simulation and reconstruction toolkit.
• Distributed Computing approach to supply resources for physics and detector studies. 
• At the pre-requirements stage for production computing and software activities. 
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Starting a MCEG Distribution based on HERA 
EIC community has been organized around its MCEGs needs 

already for several years: 

Starting from HERA

• PYTHIA6 (modified) General-purpose MCEG, including unpolarized DIS 

• DJANGOH MCEG for (un)Polarized DIS, including higher order QED and 

QCD effects

• MILOU MCEG for deeply virtual Compton scattering (DVCS)

• PEPSI MCEG for polarized DIS 

• RAPGAP MCEG for DIS, including diffraction 

• And a few others. 

New Developments 

• BeAGLE Benchmark eA Generator for LEptoproduction

• Sartre MCEG for exclusive diffractive vector meson production in ep and 

eA

• Established HepMC3 as standard in the wider EIC community (thanks to 

Andrii Verbytskyi (MPP) for support).

HSF Generators Meeting, October 6, 2022. 24

Kolja Kauder (BNL)



Mark Baker et al.Benchmark eA Generator for LEptoproduction
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BeAGLE Structure

Primary interaction  
treated by PYTHIA6 

for the hard collision.

Nuclear remnant 
evaporation and 
break up  by FLUKA.

Cascade process 
handled by DPMJET.

Intra-nuclear cascade

Nuclear remnant 

evaporation & breakup

Primary interaction

Hadronization

Hadronization handled by PYTHIA6.

PyQM: Nuclear Geometry + optional gluon radiation in medium.

Formation time.
Stochastic.

Glauber handled by 
BeAGLE

18-NOV-2021 M .D. Baker @ MC4EIC 5

Some Nuclear Effects

● Parton distribution functions

● Parton saturation (CGC etc.)

● Short-range correlations                          (GCF)

● "Fermi motion"

● Partonic (or "dipole") MS

● Partonic gluon radiation

● Medium-modified hadronization

● Formation times

● Hadronic Cascade

● Nuclear evaporation, breakup

● Photonic de-excitation of A*

In BeAGLE    Improvable  In talk



Introducing modern general-purpose MCEGs and Rivet 

HSF Generators Meeting, October 6, 2022. 26

Excellent feedback on online tutorials and their recordings. 



Why has DIS been first missing in Pythia8

Problems with default parton shower for DIS (used in Pythia6)
• The parton shower has been developed for positron-election annihilation and Drell-Yan.

• The parton shower is using a s-hat approach where s-hat = x1 * x2 * s at all scales. This works 
well for hadron-hadron collisions, e.g., for preserving the W/Z mass in the parton shower.

• When expanding the parton shower for electron-hadron scattering, one has to replace one 
incoming parton with an electron at x=1. The Bjorken-x value of the event will be not 
preserved during the reconstruction of the initial state shower, as the introduction of the a 
transverse momentum will change the value of P * q. This also implies that the cross-section 
is changed.

• This was solved (for a single splitting) by a very specific handling of the initial and final state 
cascades and limiting the maximum allowed virtuality to W2 with additional rejection 
techniques.

HSF Generators Meeting, October 6, 2022. 27

MCEG community focus of last two decades: LHC



Status of ep simulations in Pythia8

HSF Generators Meeting, October 6, 2022. 28
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Figure 16: DIS events at HERA [42, 51]. The new scheme is compared with H1 data for
Q2 > 40GeV2. The definitions of the different observables can be found in [51].
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Starting with MCEG validation using Rivet

MCEG R&D requires easy access to data:
• data := analysis description + data points

HEP existing workflow using Rivet. 

Ongoing activity with EIC-India and MCnet: 

• Comparison to published results using RIVET and understand differences. 

• Provide initial findings and results in publication (work in progress): 
• Overview of where we stand in understanding HERA data with current physics and models implement in MCEGs.

HSF Generators Meeting, October 6, 2022. 29

Transverse Energy Flow (x > 10
�3 region)

(31) Pythia8 (32) Herwig7 (33) Sherpa2

• The MCs better explains the data in x > 10�3 comapred to

x < 10�3

17

Pythia8 Herwig7 Sherpa2

Many thanks for Christian Bierlich, Ilkka
Helenius, and Simon Plätzer! 



Pythia8+DIRE at low energy (studies by MD, S. Joosten (ANL), S. Prestel (LUND))
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Sherpa NNLO particle-level simulation vs. H1 high-Q2 data
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Sherpa NNLO particle-level simulation vs. H1 high-Q2 data

[Höche,Kuttimalai,Li] arXiv:1809.04192
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Slide prepared by S. Hoeche (SLAC)



Other (N = 9): personal computer codes (N = 2), ACT, CLASDIS, ComptonRad, GRAPE-
DILEPTON, MADX, MILOU, OPERA, RAYTRACE, Sartre, Topeg, ZGOUBI

MCEGs used for Yellow Report report

Source State of Software Survey
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https://eic.github.io/activities/ucd.html
https://github.com/eic/documents/blob/master/reports/general/SWG-Survey-202102.pdf


Machine-Detector interface (MDI)
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The aim is to get ~100% acceptance
for all final state particles, and measure
them with good resolution.

Experimental challenges: 
• beam elements limit forward 

acceptance
• central Solenoid not effective for 

forward

Central
Detector

Beam Elements

Beam Elements

Possible to get ~100% acceptance for the whole event.

Integrated interaction region and detector design to optimize physics reach



Accelerator and Beam Conditions Critical for EIC Simulations

• Accelerator and beam effects that influence EIC measurements 

• Beam crossing angle, 
• Crabbing rotation, 
• Beam energy spread, 
• Angular beam divergence, 
• Beam vertex spread.

• Note for EIC Community https://eic.github.io/resources/simulations.html

• Profound consequences on measurement capabilities of the EIC and 
layout of the detectors, 

• How to integrate these effects in EIC simulations. 
• Authors J. Adam, E.-C.Aschenauer, M. Diefenthaler, Y. Furletova, J. Huang, 

A. Jentsch, B. Page. 
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Figure 9: Final state particle azimuth vs pseudorapidity for the 18x275 GeV 25 mRad (upper left),
18x275 GeV 35 mRad (upper right), 5x41 GeV 25 mRad (lower left), and 5x41 35 mRad (lower
right) configurations.

(a) Azimuth Projection (b) Pseudorapidity Projection

Figure 10: Final state particle azimuth (a) and pseudorapidity (b) distributions for the four beam
energy and crossing angle combinations. Colored lines show the distributions with all beam effects
included , while the grayscale lines show the distributions obtained from the head-on collisions with
no other beam effects included.

In addition to changes in the ⌘ � � positions of particles, the changes in beam momentum will
also affect the final state particles’ momentum. Figure 11 shows particle transverse momentum as
a function of pseudorapidity for the four beam energy and crossing angle combinations as well as
the distributions as they are when no beam effects are included. It is seen (especially for the higher
hadron beam energy) that the particles at large pseudorapidity which are shifted into peaks at lower
pseudorapidities are also pushed to higher transverse momentum. As with the pseudorapidity and
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Beyond that Include beam background estimates in simulations. 

https://eic.github.io/resources/simulations.html


Start building a MCEG community for the EIC 
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Satellite workshop during POETIC 8 

Organized by Elke-Caroline Aschenauer (BNL), Andrea Bressan (Trieste), Markus Diefenthaler (JLab), 
Hannes Jung (DESY), Simon Plätzer (Vienna), Stefan Prestel (LUND) 



Summary from MCEG workshop series 

• General-purpose MCEGs, HERWIG, PYTHIA, and SHERPA, will be significantly  improved w.r.t. MCEGs at HERA time: 

• Comparisons with HERA data and QCD predictions critical: 

• To learn where physics models need to be improved, 
• To complement MC standard tunes with first DIS/HERA tune. 

• The existing general-purpose MCEG should be able to simulate NC and CC unpolarized observables also for eA. A 
precise treatment of the nucleus and, e.g., its breakup is needed. 

• First parton showers and hadronization models for ep with spin effects, but far more work needed for polarized ep / 
eA simulations.

• Need to clarify the details about merging higher QED+QCD effects (in particular for eA).
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MCEG for eA Less clear situation about theory and MCEG. 

MCEG for ep On a good path, but still a lot of work ahead. 

• Pioneering projects, e.g., BeAGLE, spectator tagging in ed, Sartre. 

• Active development, e.g., eA adaptation of JETSCAPE, Mueller dipole formalism in Pythia8 (ala DIPSY). 



Recursive model for the fragmentation of polarized quarks
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COMPASS Collins SSA

COMPASS di-hadron asymmetry

Albi Kerbizi (Trieste)

HSF Generators Meeting, October 6, 2022. 



AI/ML for EIC

AI/ML already has an important presence in EIC, being applied to detector design optimization, as well as 

applications such as streaming DAQ, and a new AI Working Group as part of SWG to explore and develop AI/ML’s 

potential. 
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Machine learning-based event generator for ep scattering (N. Sato et al.)
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Motivation: Interpolate across many different experiments, in a way that they could never do by stitching all the

● A GANs to train a detector emulator
● Train particle generator using GAN detector
● change of variables to  improve discriminator

Application to inclusive DIS

GAN detector

arXiv:2008.03151

https://arxiv.org/abs/2008.03151


MC4EIC

HSF Generators Meeting, October 6, 2022. 40

• Establish a foundation for in-depth look at event 
generators currently used or developed for the EIC.

• Understand precision level to be satisfied by event 
generators in order to match experimental analysis 
requirements.

• Highlight areas in need of cross-talk between 
theory and experiment. 

• Establish benchmarks for MCEG development.

210 participants. 

Will continue November 16–18 



Event Generators for the EIC
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Monte Carlo Simulation of 
• electron-proton (ep) collisions,  

• electron-ion (eA) collisions, both light and heavy ions, 

• including higher order QED and QCD effects, 

• including a plethora of spin-dependent effects.  

Common challenges, e.g. with HL-LHC: High-precision QCD 
measurements require high-precision simulations. 

Unique challenges MCEGs for electron-ion collisions and 
spin-dependent measurements, including novel QCD 
phenomena (e.g., GPDs or TMDs). 
Will result in deeper understanding of QCD factorization and 
evolution, QED radiative corrections, hadronization models 
etc. 

arXiv:2203.11110

https://arxiv.org/abs/2203.11110


Discussion
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Common forum for: 
• Discussion on the physics event generators used by NHEP experiments. 
• Technical work on these physics event generators

Promotes collaboration among:  
• Experimental physicists from NHEP experiments
• Theoretical physicists from generator teams 
• Software and computing engineers


