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The dynamical nature of nuclear matter

2

Nuclear Matter Structures and interactions are 
inextricably mixed up

Observed properties of bound states 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)]
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Transverse-momentum dependent PDFs

3

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

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
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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.
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Bernd Surrow

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-
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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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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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
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�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
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cleon spin from the spin of the gluons, quarks
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the EIC in its early operations. In future, the
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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
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�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
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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-
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.
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ton spin. Recent RHIC results indicate that
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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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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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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.

eA

ep
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Why an Electron-Ion Collider?

6

Understanding of nuclear matter is transformational, 
perhaps in an even more dramatic way than how the 
understanding of the atomic and molecular structure 
of matter led to new frontiers, new sciences and new 
technologies.

Right tool:
• to precisely image quarks and gluons and 

their interactions
• to explore the new QCD frontier of strong 

color fields in nuclei
• to understand how matter at its most 

fundamental level is made. 
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EIC: Ideal facility for studying TMDs

8

High luminosity

Multi-dimensional analysis on event 
level high statistics in five or more 
dimensions and multiple particles

Various beam energy 

broad Q2 range for 
• studying TMD evolution
• disentangling non-perturbative and 

perturbative regimes 
• overlap with existing experiments

overlap with existing measurements

include non-perturbative, perturbative, and transition regimes
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EIC: Ideal facility for studying TMDs
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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 encoded in TMDs
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TMD program in EIC White Paper
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Ultimate measurement of TMDs for quarks
• high luminosity

• high-precision measurement
• multi-dimensional analysis (x, Q2, ϕS, z, Pt, ϕh)

• broad x coverage 0.01 < x < 0.9 
• broad Q2 range disentangling non-perturbative / perturbative regimes

First (?) measurement of TMDs for sea quarks

First (?) measurement of TMDs for gluons

Systematic factorization studies

Nuclear dependence of TMDs
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Projected luminosity needs (EIC Whitepaper)
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EIC luminosity 100 – 1000 times HERA  luminosity:  
• 0.6 fb-1 to 6 fb-1/week of running or
• average luminosity (while running) of 1033 to 1034 cm-2 s-1

6 fb-1/week è 100 fb-1/year 
assuming 107 s in year (running ~1/3 of the 
year or a snowmass year)

EIC luminosity ~650 fb-1

We cannot start the TMD program without high luminosity. 
We need high-luminosity at the start of physics running at the EIC.  
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Requirements for TMD measurements

• Theory 
• If 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 “It 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)

12

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 RSIDIS and we plan to measure it at Jefferson Lab. . 
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Monte Carlo Event Generator
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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. 



MCEG in Experiment and Theory

14

MCEG

Design  
experime

nts

Compare 
to theory

Analysis
proto-
typing

Investi-
gate 

theory 
advances

Validate 
against
theory 

advances

Simulate
data

Experiment Theory

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



MCEG Developers
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MCnet 7 countries, 12+ institutions, 62+ scientists



Workshops: MCEGs for future ep and eA facilities
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Goal of workshop series
• Requirements for MCEGs for ep and eA
• R&D for MCEGs for ep and eA

MCEG2019 20–22 February 2019
• Status of ep and eA in general-purpose MCEG
• Status of NLO simulations for ep
• TMDs and GPDs and MCEGs
• Merging QED and QCD effects

MCEG2018 19–23 March 2018 
• Started as satellite workshop during POETIC-8

• Collaboration EIC User Group (EICUG) – MCnet



Comparisons to combined H1 and ZEUS analysis
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JHEP 1509 (2015) 149

with high-Q2 cut applied with high-Q2 cut applied

JHEP 1509 (2015) 149

A. Verbytskyi (MPI Munich)

Results from Rivet workshop

Comparsions to D∗± in DIS
• Combined H1 and ZEUS
analysis [JHEP 1509 (2015) 149]

• Comapared to
• Pythia 8.240
• Herwig 7.1.4
• Sherpa 3.0.0
• RapGap 3.303
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[Plots by A. Verbytskyi]
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Results from Rivet workshop
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JHEP 1509 (2015) 149  JHEP 1509 (2015) 149with high-Q2

cut applied with high-Q2

cut applied



Pythia (1978 – now) 
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ep in Pythia 8
Poetic-8 Satellite Workshop on Monte Carlo Event
Generators

Ilkka Helenius
March 23rd, 2018

Tübingen University
Insititute for Theoretical Physics

General-purpose MCEG
• extensively used for e+e−, ep and pp physics, e.g. 

at LEP, HERA, Tevatron, and LHC
• 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 • 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 

MCEG2018 and MCEG2019



Hadron Emission Reactions With Interfering Gluon (1986 – now) 
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General-purpose MCEG
• developed throughout the era of LEP
• introduced cluster hadronization model

Distinctive features
• 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

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

Herwig 7

Stefan Gieseke

Institut für Theoretische Physik

KIT

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

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 

MCEG2018 and MCEG2019



Simulation of High Energy Reactions of PArticles (2004 – now) 
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General-purpose MCEG
• e+e−, ep and pp physics , e.g. at LEP, HERA, Tevatron, 

and LHC

• also eg and gg 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

• DIS with ME corrections and PS merging

• good description of jet data at low Q2 with 

≳ 3 partons in the final state

• automated NLO matching with Powheg

method, applicable for jets at high-Q2

[1]

[1]

[2] [3]

HERA data preservation | DIS data for MCEG

Fabian Klimpel1,2, Frank Krauss3, Andrii Verbytskyi1 (+SHERPA
team)

POETIC, Regensburg, 19-23 März 2018

1 / 33

MCEG2018 and MCEG2019
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Performance examples – Herwig

I NLO Merged calculation vs data from hep-ex/9907027

Merging in DIS

eq ! eq at LO and with NLO-merging vs H1 data.
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[H1, EPJC12 (2000) 595]

Stabilization with higher orders.

Stefan Gieseke · MCEGs for future ep and eA colliders · Regensburg · 22–23 Mar 2018 14/23
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MCEG2019: Status of NLO simulations for ep

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 

Stefan Hoeche (SLAC)

21

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 
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TMDs and MCEGs

Revisited version of a recursive model 
for the fragmentation of polarized 

quarks
Albi Kerbizi

University of Trieste, Trieste INFN Section

In collaboration with
X. Artru, Z. Belghobsi and A. Martin

21st February 2019,
DESY,

Hamburg

Albi Kerbizi - Trieste University and INFN 1
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1 F Hautmann: MCEG Workshop, DESY - February 2019 

 MCEG Workshop 

DESY, February 2019

                                

                                     F Hautmann  

                 TMDs from Parton Branching 

                

Introduction

The Parton Branching (PB) method

New results and applications           

          

  

nTMD using PB method

Krzysztof KutakKrzysztof Kutak

NCN

Based on ongoing project with:
E. Blanco, A. van Hameren, H. Jung, A. Kusina  

Updates for KaTıe

Andreas van Hameren

Institute of Nuclear Physics

Polish Academy of Sciences

Kraków

presented at the

MCEGs for future ep and eA facilities

21-02-2019, DESY, Hamburg

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

Vibrant community

First TMD parton shower using higher order 
splitting function.

First all flavor. all Q2, all x and all kt TMD at NLO 
determined.

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

First ever off-shell hard process calculation for 
ep including all flavors. 

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. 



CASCADE
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Parton Branching
• evolution equation, connected in a controllable 

way with DGLAP evolution of collinear PDF
• applicable over broad kinematic range from low 

to high kT,

MCEG2018

CCFM evolulution
• BFKL variant including large x
• √s >> M
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DIS dijet azimuthal distribution from CASCADE

24

Slide prepared by F. Hautmann (University of Oxford)
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Gluon TMDs from precision DIS data using CCFM evolution

25

Slide prepared by F. Hautmann (University of Oxford)



Studying hadronization in two complementary approaches

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

26

Hadronization models folded with many 
parameters to describe experimental observations 
as applied in Monte Carlo Event Generators. 
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Fit π and K FFs from Pythia8 pseudodata using pQCD @ NLO 
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Understanding the hadronization process

28

String breakup String drawing

LUND String Model for hadronization (1977 – now)

• simple but powerful phenomenological model 
• no (promising) new hadronization models in last 40 years
• LDRD project at Jefferson Lab

• review 
• connect with modern QCD, including TMD and spin effects 

String e�ects: PLB261 (1991) (OPAL Collaboration)

7 / 18

3 Jets events: QQ̄ and gluon jets. Jets are projected into a plane

Â: angle of a given particle relative to the quark jet with the highest

energy

ÂA: angle between highest energetic jet and gluon jet

ÂC : angle between quark jets

Only events with ÂA = ÂC are kept

Particle flow asymmetry is observed æ evidence of string e�ects

evidence of string effects
particle flow asymmetry at OPAL

JLAB LDRD
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Recursive model for the fragmentation of polarized quarks
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COMPASS Collins SSA

COMPASS di-hadron asymmetry

Albi Kerbizi (Trieste)



JLEIC Collaboration Meeting April 1-3, 2019

Merging QED and QCD effects
CLASSIFICATION OF O(↵) QED CORRECTIONS

Radiation from the lepton
model independent (universal),
dominating by far: enhanced by large logs, ln(Q2/m2

e)

vacuum polarization (boson self energy)
universal, photon self energy ‹ ↵em(Q2)

Radiation from the hadronic initial/final state
parton model: radiation from quarks
to be considered as a part of the nucleon structure

Interference of leptonic and hadronic radiation
2� exchange
new structure

purely weak corrections

Note: for NC-scattering, straightforward separation
IR divergences: need to combine real and virtual radiation

H. Spiesberger (Mainz) MCEGs, 20. 2. 2019 5 / 20
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Andrei Afanasev, Workshop on MCEGs for Future ep and eA faciities, 20 Feb 2019  

Radiative  corrections in SIDIS

The real polar angle of virtual photon is changing due to 
radiation of the real photon, introducing azimuthal 

dependence, coupling to f-dependence of the x-section
Akushevich, Ilyichev, Osipenko, PL B672 (2009) 35

4

Hubert Spiesberger (Mainz): QED corrections for electron scattering
• High-precision measurements need careful treatment of radiative 

corrections. 
• Closely related to experimental conditions need full Monte Carlo 

treatment (Unfolding) including simulation of hadronic final states. 
• The basics are known and available …
• … but improvements are needed. 

Andrei Afanasev (GWU): Semi-analytic vs. Monte-Carlo Approaches for 
QED Corrections to SIDIS
• Consistent approach to address RC for SSA in polarized SIDIS

• SSA due to two-photon exchange need to be included in analysis of 
SSA from strong interaction, of same size at JLAB experiments

• More detailed calculation of the two-photon exchange at quark level 
required: elastic scattering, inclusive, semi-inclusive, and exclusive DIS
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MCEG–HERA comparisons and MCEG validation for ep

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

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

• Detailed comparisons between modern MCEG and 
HERA data

• workshop on Rivet for ep (Feb 18—20 2019)
• mailing list rivet-ep-l@lists.bnl.gov
• HERA data not (yet) included in MCEG tunes

31

Rivet example 
SIDIS analysis at HERMES

MCEG-data comparisons in Rivet will be critical to tune the 
MCEGs to DIS data and theory predictions. 

https://indico.desy.de/indico/event/21792/
mailto:rivet-ep-l@lists.bnl.gov


Summary
Markus Diefenthaler

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.


