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Who are we ?
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Alessandro Bacchetta 
(Pavia)

Wim Cosyn 
(FIU)

Felix Ringer 
(ODU/JLab)

Anna Staśto 
(Penn State)

We solicit overarching questions/topics from 
the EIC community for discussions involving 
both theorists and experimentalists.  

Please submit questions for the EIC User 
Group's Theoretical Physics Working Group 
using google form from the wiki page  

Theory Working Group

Any input is welcome, thank you for your help!

https://wiki.bnl.gov/eicug/index.php/Theory

https://docs.google.com/forms/d/e/1FAIpQLSc-ooQxJOk0rowqThiZ62fb4-ZWJizGFonOhA9bbE0LJ0IfnQ/viewform
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Activities: topics and speakers
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MC event generators for EIC Parton showers

Odderon in DISExclusive Vector - Meson production 

Ilkka Helenius 

Frank Krauss 

Elke Aschenauer 

Markus Diefenthaler (discussion) 

Jakub Wagner 

Kong Tu

Jian Zhou 

Weiyao Ke

Sanjin Benić 

Spencer Klein
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Monte Carlo event generators for EIC
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Ilkka Helenius 

Frank Krauss General-purpose event generators

Simulate full collision events
Exclusive hadronic final states
• Hard parton-level scattering
• Multiparton interactions
• Parton showers, NLO matching &
multi-jet merging

• Hadronization, colour
reconnection, rescattering

Electron-ion collisions
• DIS: Q2 ≪ 1 GeV
• Photoproduction: Q2 ≈ 0
• Heavy-ion target

HERWIG 7
• Current version 7.3.0
• DIS with NLO merging
• Photoproduction in progress

PYTHIA 8
• Current version 8.310
• Photoproduction with PS and MPI
• DIS: Dipole shower, Vincia, Dire

SHERPA 2
• Current version 2.2.15 (3.0.0beta1)
• DIS with matching & merging
• Photoproduction at NLO

2

Overview of status of MC for DIS

Specific purpose

Matrix-element generators
• Madgraph5
• Up to ∼ 4 jets for DIS
• Direct processes in
photoproduction

• Powheg
• Some first studies but currently
not applicable

Other relevant tools
• Cascade
• TMDs

• Sartre
• Exclusive vector mesons

• Beagle
• Nuclear remnants

• EpIC
• Exclusive processes

• eHijing
• Cold nuclear matter
hadronization 3
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Monte Carlo event generators for EIC
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Ilkka Helenius 

Frank Krauss

see next talk by Frank Krauss

Recent/ongoing projects

Comparison of Pythia, Sherpa and Herwig for jet photoproduction
IH, P. Meinzinger, S. Plätzer, in progress [ZEUS_2001_S4815815]
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Summary & Outlook

Summary
• Plenty of recent developments on
general purpose MC generators

• Validation and tuning required
⇒ Data as RIVET analysis
⇒ Input from experimental side

Outlook
• Many things still to improve

• Nuclear target
• Phase-space between DIS and
photoproduction

⇒ See you in Durham!

MPIMPI

d�̂0

·
·

·
·

··

Meson

Baryon

Antibaryon

· Heavy Flavour

[figure by P. Skands]
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Example of validation/tuning of MC with HERA data

MC4EIC workshop https://conference.ippp.dur.ac.uk/event/1292/

• Dates: June 5-7 2024
• Location: Durham (in person meeting!)
• Topics to be covered:

• Status of general purpose event generators for DIS and photoproduction
• Lessons from the LHC
• Non-perturbative modelling
• Tuning/validation with HERA and other data

• Missing RIVET analyses?
• Ion targets
• Specialized tools and interfacing
• Experimental and theory needs

12

Dedicated workshop:
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EIC Monte Carlo requirements
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EIC Monte Carlo 
Requirements

An Experimentalist View

Elke-Caroline Aschenauer (BNL)

Elke Aschenauer 

Markus Diefenthaler

• MC Generators crucial to realize full potential of the diverse EIC program: high precision 
measurements require high precision simulations 

• Need both ep and eA, for wide range of nuclei from light to heavy 

• Include nuclear effects in initial state and hadronization. Modelling of breakup. Coherent vs 
incoherent. 

• Possibility to test saturation/nonlinear effects. 

• Radiative corrections 

• Inclusion of spin dependent effects : hard scattering, PS, hadronization 

• Inclusion of transverse momentum dependence: TMD physics  

• Exclusive processes: specialized vs general purpose MC 

• Transition from photoproduction to high Q2  : 2 PDFs vs 1 PDF
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Parton shower generator at small x with saturation

7

Jian Zhou

Use a GLR equation as a 
basis for an algorithm
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Parton shower generator at small x with saturation
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The standard GLR equation(unfolded one)

�¾ Resolved and unresolved branching:

�¾ Folded GLR equation: virtual correction is manifestly resumed to all orders

Shi-Wei-ZJ, 2022

�‹ Non-Sudakov form factor

Jian Zhou
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Parton shower generator at small x with saturation
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In Fig. 3, we compare the gluon k? distributions at di↵erent rapidities generated from the backward evolution
with the numerical solutions of the GLR equation. One can see that the backward approach perfectly reproduces the
numerical solutions as shown in in Fig. 3. Therefore, the branching algorithm for backward evolution presented in
this section passes the important consistency check.
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FIG. 3: Compassion of the gluon k? distributions obtained from the backward evolution approach with the numerical solutions
of the GLR equation at di↵erent rapidities. The left and right plots show the results for the standard GLR evolution and the
running coupling case respectively.

V. CONCLUSION

We have developed a Monte Carlo algorithm for simulating the initial state parton branching in the small x
region. The underlying parton branching equation employed in our formulation is the GLR equation. To the best
of our knowledge, this is the first time that a practical parton shower generator including saturation e↵ect has been
constructed. We first derived a folded form of the GLR equation and the associated non-Sudakov form factor which
is the starting point for the Monte Carlo implementation. With the derived non-Sudakov form factor, a forward
evolution scheme which can be viewed as a direct way of solving the evolution equation, is developed and is shown
to reproduce the numerical solutions of the GLR equation. As a more e�cient procedure, the backward evolution
approach is also presented. It yields the same results as the forward approach produces as expected.

To build a full hadron-level Monte Carlo generator for simulating events in eA collisions, the next step is to perform
the hadronization using multi-purpose generators such as PYTHIA [71] after parton-level events have been generated.
Such an event generator can be used for the description of fully exclusive observables in eA collisions or the forward
region of pA collisions, as well as for EIC impact studies. We leave this for future works. Apart from the studies of
exclusive events, another advantage of the Monte Carlo method over the conventional analytical approach is that four-
momentum conservation is explicitly imposed in each step of the parton branching. As pointed out in Refs. [57, 72–76],
it is crucial to take into account the exact kinematics e↵ect to correctly describe particle production near the threshold
region. As long as the momentum conservation is kept, the threshold resummation is automatically carried out in the
parton branching algorithm, whereas it is quite a nontrivial task to achieve in the analytical calculations.

There still remains much room for further theoretical progress in the development of a small x parton shower
generator. For example, it is important to investigate whether a Monte Carlo implementation of the BK equation
is possible or not. To this end, one has to go beyond the triple pomeron vertex approximation represented by the
non-linear term in the GLR equation. The multiple re-scattering between the emitted gluons and the dense medium
inside the large nucleus has to be properly treated in the parton shower generator. On the other hand, the linear
polarization of small x gluons [77] needs to be taken into account in future updates as well. Moreover, for the case
of the processes involving multiple well-separated hard scales, a joint small x and kt resummation [78–83] needs

• Both forward and backward evolution can be implemented 
• Matched to the numerical solution 
• Includes kinematical constraint

• Algorithm for joint small x and  
resummation constructed 

• Full final state generation: FSR and 
hadronization with PYTHIA (need to 
consider color flow)

kT

Jian Zhou
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eHIJING event generator for jet tomography in eA
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Weiyao Ke
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FIG. 1. (Color online) A schematic plot for the hard process,
jet evolution, target dynamics, Glauber gluon exchange, and
the hadronization in a semi-inclusive DIS process. eHIJING
focuses on the jet evolution and does not include Target dy-
namics.

tation function is only e↵ective and subject to a large
uncertainty. This is because one cannot precisely deter-
mine the initial jet energy in heavy-ion collisions even us-
ing the rare �/Z-tagged jets, due to initial state radiation
and complicated event activity. Furthermore, one must
know the space-time evolution of the hot QGP medium,
which is normally provided by hydrodynamic model sim-
ulations. Though these hydrodynamic models [21–23] are
constrained by experimental data on soft bulk hadron
spectra, uncertainties in the model parameters will also
propagate to the calculation of jet modifications. In addi-
tion, contributions to the final jet energy by soft hadrons
from the jet-induced medium response are non-negligible
and, therefore should also be considered [19]. Recent
Monte Carlo models for the study of jet quenching in
heavy-ion collisions [24–28] are designed to take into ac-
count these e↵ects.

In the semi-inclusive DIS process, the initial jet energy
can be determined from the scattered lepton. The cold
nuclear medium probed by the energetic partons from
the hard lepton-quark scattering is the ground state of an
atomic nucleus. Furthermore, in a collider experiment,
the medium is also highly boosted, which separates the
jet and target fragmentation in di↵erent phase-space re-
gions. Therefore, the semi-inclusive DIS (SIDIS) process
can provide highly di↵erential measurements of nuclear-
modified jet fragmentation processes and powerful tests
on various assumptions of parton-nuclear interactions.

Consider a quark jet produced at large Bjorken xB

and hard scale Q in SIDIS with a nuclear target, it
acquires a large momentum in the nuclear rest frame
⌫ = Q2/(2xBMN ). Multiple collisions between the
large-momentum quark and the target are forward scat-
terings mediated by Glauber gluons. Glauber gluons
are o↵-shell and carry a fraction xg of the nucleon’s
light-cone momentum P�

N that is much smaller than

its transverse momentum xgP
�
N ⌧ k?. The collision

probability grows with the linear size of the nucleus
L ⇡ A1/3

⇥ 1.2 fm, leading to jet/hadron momentum
broadening �hq

2

?ieA / A1/3 as observed in experiments
[29, 30]. The momentum broadening can be related to
the nuclear transverse-momentum dependent gluon dis-
tribution function G(xg,k?) at small xg [31–35].
Multiple collisions will also modify the development

of the parton shower. The key theoretical inputs are
the medium-modified parton splitting functions induced
by multiple collisions, which can be calculated in pQCD
[4, 5, 36–39] within the higher-twist framework [3, 40,
41], soft-collinear e↵ective theory with Glauber gluons
[42, 43], as well as the most recent generalized higher-
twist approach [44, 45]. The modified parton shower ap-
proach has provided a good quantitative understanding
of the observed nuclear modification of the final fragmen-
tation functions in SIDIS o↵ nuclear targets [29, 46–48].
It may seem surprising that the problem can be treated in
a perturbative manner, considering the average momen-
tum broadening of a hadron in a nucleus is only a few
hundred MeV. Such concern has been addressed in a re-
cent study [49] where it is found that, with a large enough
⌫,

p
⌫/L emerges as a semi-hard scale of the medium-

induced parton splitting. This provides the foundation
of a perturbative treatment of the medium-modified par-
ton shower.
Eventually, the parton shower undergoes hadroniza-

tion. The formation time of a light hadron carrying
energy fraction zh of the parton is on the order ⌧h ⇠

zh⌫/⇤2

QCD
. If ⌫ is large such that for most hadrons

⌧h � L, then to leading power of L/⌧h, one can make
the approximation that the hadronization process hap-
pens outside the nuclear medium and is still dominated
by the fragmentation mechanism in the vacuum. In the
other limits ⌧h < L, hadrons will form inside the nucleus
and one has to consider hadron-level final-state interac-
tions. Non-perturbative dynamical models, such as the
hadronic transport approach with time-dependent pre-
hadron cross-section [50, 51] have been developed for this
purpose.
In this work, we will focus on SIDIS in the large ⌫ re-

gion and develop the eHIJING (electron-Heavy-Ion-Jet-
INteraction-Generator) event generator for simulations
of jet production in e+A collisions. Fig. 1 is a schematic
plot showing the physics included in eHIJING:

• The nuclear collinear or transverse momentum in-
tegrated PDFs will be given by the EPPS parame-
terization [8, 10].

• The distribution of Glauber gluons that collide with
jets is modeled by a TMD gluon distribution in the
small x region [31–33] as motivated by the gluon
saturation model [52, 53]. Note that this model
does not include the dynamical evolution on the
target side.

• Jet evolution is simulated within both the higher-

eHIJING focuses on details of 
jet dynamics

Ingredients in eHIJING: 

• Nuclear PDFs given by EPPS 

• Distribution of Glauber gluons 
between jet and target given by 
saturation inspired model 

• Jet evolution simulated within higher 
twist framework for medium 
modified splitting functions 
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Results from eHIJING
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Modifications of the collinear distribution of hadrons in eA

HERMES, NPB 780(2007)1-27 hQ2i ⇡ 2-2.5 GeV2.

• RA is suppressed at large zh as expected from the parton energy loss in matter.

• The systemic dependence on nuclear size is reproduced.

• With the same input on �g (xg , k), the HT formula in past literature X.-f. Guo, E. Wang,

X.-N. Wang, et al results in a larger suppression than the generalized HT (GHT) result Y.-Y.

Zhang, G.-Y. Qin, X.-N. Wang. Cause of difference is also well understood now 2304.10779.

13

Modifications of the collinear distribution of hadrons in eA

CLAS PRC105(2022)015201
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13

Weiyao Ke
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Exclusive VM production in collinear factorization
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GPD definition.
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I Factorization scale dependance,
I Three variables x, ⇠, t .

3 / 24

Gluon GPDs in the exclusive production of heavy mesons

D. Yu. Ivanov , A. Schafer , L. Szymanowski and G. Krasnikov - Eur.Phys.J. C34 (2004)
297-316

The amplitude M is given by factorization formula:

M ⇠
✓ hO1iV

m3

◆1/2
1Z

�1

dx

h
Tg(x, ⇠)F

g(x, ⇠, t) + Tq(x, ⇠)F
q,S(x, ⇠, t)

i
,

F
q,S(x, ⇠, t) =

X

q=u,d,s

F
q(x, ⇠, t) .

where m is a pole mass of heavy quark, hO1iV is given by NRQCD through leptonic meson
decay rate.

12 / 24

Jakub Wagner

Heavy VM exclusive 
production: troubles in 
collinear factorization 

At LO only gluons contribute



Report from the Theory Working Group, Electron-Ion Collider User Group Meeting, Lehigh U., July 23, 2024

Troubles of collinear  factorization: need of resummation
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Photoproduction amplitude and cross section - LO and NLO.
NLO/LO for large W :

⇠
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Figure: Photoproduction cross section as a function of W =
p
s�p for

µ2
F = M2

J/ ⇥ {0.5, 1, 2}- LO and NLO
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Jakub Wagner

• Large scale dependence 
• Instability when going from LO to NLO 
• Large logs of ξ

Resummation
D.Yu. Ivanov, Blois 2007 Conference arXiv:0712.3193

At higher orders powers of energy log are generated

ImA
g
⇠ H

g(⇠, ⇠) +

1Z

⇠

dx

x
H

g(x, ⇠)
X

n=1

Cn(L)
↵̄
n
s

(n� 1)!
logn�1 x

⇠

Cn(L) - polynomials of L = log Q2

µ2
F

, maximum power is L
n

I for DIS a technique suggested by Catani, Ciafaloni and Hautmann;
[Catani, Hautmann ’94]

I One can calculate Cn(L) in D = 4 + 2✏ dimensions.
I Consistently with collinear factorization, in terms of corrections to coeff.

functions and anomalous dimensions, in MS scheme
I The method used in DIS can be generalized to exclusive, nonforward

processes.

20 / 24

LO

NLO
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Resummation in collinear framework
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Resummed cross section for J/ 

Ivanov, Pire, Szymanowski, Wagner, EPJ Web Conf. 112 (2016) 01020, arXiv:1601.07338
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NLO Resumed
Photoproduction cross section as a function of W =

p
s�p for µ

2
F = M

2
J/ ⇥ {0.5, 1, 2}

Remarks: only forward evolution, µR = Q.
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Jakub Wagner

• Limit of collinear approach for low scales and high energy 

• Small x logs resummation stabilizes the result
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Exclusive VM on nuclei
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Kong Tu

EIC Theory WG Meeting

Kong Tu (BNL)

Reality check: can we really measure the 
exclusive VM in eA at the EIC?

EIC Theory WG Meeting
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EIC White paper

EIC Yellow Report
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ECCE 1.5T 
+EMCal (Fun4all)

ATHENA 3T + 1% 
E reso. EMCal
(DELPHES)

5

Shown DIS 
2022

• Measuring coherent can provide insight into spatial distribution in nuclei 
• Distinguish impact of saturation 
• Two problems: 

• Resolution in t, bottleneck from scattered electron 
• Rejection of huge incoherent background
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Scattered electron resolution problem
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EIC Theory WG Meeting

Results  

9
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No background, neither machine nor physics Resolution is 200% at low t and 20% at high t

EIC Theory WG Meeting

The problem

11

EMCal Tracking

electron

Solenoid B-field 

VM decay

The key issue:

Scattered electron smearing of its 
energy and pT becomes the bottle 
neck at such low t.

Kong Tu

The bottleneck: scattered 
electron resolution which 
affects t distribution
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Incoherent background

17

EIC Theory WG Meeting

Tagging the nuclear breakup and veto the event

17

Phys. Rev. D 104 (2021) 11, 114030

• No neutrons in ZDC (veto 2)
• No proton in any forward detectors (veto 3-5)
• No photon > 50 MeV in B0 or ZDC (veto 6-7)
• Minima (1st min. 2nd min. 3rd min.) are from Sartre MC 

generator (slide 4-5). Only 5% resolution assumed.

Study from Michael Pitt, Eden Mautner
(very fresh result) 

Study from Michael Pitt, Eden MautnerKong Tu

Rejection of incoherent enough for 1st 
but not 2nd or 3rd minimum 

IP8 seems to be more promising for the 
rejection of incoherent 
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Odderon 

18

Odderon in hadronic collisions

. suggested 50+ years ago – colorless C-odd
exchange to govern the pp vs pp cross section 
difference 

TOTEM, D0 (2021)

_

2

-> elusive for decades, discovered at last by the TOTEM and D0

Lukaszuk, Nicolescu (1973)
Ewerz (2003)

-> the story featured 
in media outlets

Sanjin Benić

Potential signal at ISR

TOTEM OP and extrapolated dσ=dt values are rescaled by
0.954! 0.071 (consistent with the OP uncertainties),
where this uncertainty is due to that on the TOTEM
extrapolated OP. We do not claim that we have performed
a measurement of dσ=dt at the OP at t ¼ 0 since this would
require additional measurements of the elastic cross section
closer to t ¼ 0, but we require equal OPs simply to obtain a
common and somewhat arbitrary normalization for the two
data sets.
The assumption of the equality of the pp and pp̄ elastic

cross sections at the OP could be modified if an odderon
exists [8,16]. A reduction of the significance of a difference
between pp and pp̄ cross sections would only occur if the
pp total cross section were larger than the pp̄ total cross
section at 1.96 TeV. This is the case only in maximal
odderon scenarios [37], in which a 1.19 mb difference of
the pp and pp̄ total cross sections at 1.96 TeV would
correspond to a 2.9% effect for the OP. This is taken as an
additional systematic uncertainty and added in quadrature
to the quoted OP uncertainty estimated from the TOTEM
total cross section fit. The effect of additional (Reggeon)
exchanges [45–47], different methods for extrapolation to
the OP, and potential differences in ρ for pp and pp̄
scattering are negligible compared with the uncertainties in
the experimental normalization. The comparison between
the extrapolated and rescaled TOTEM pp cross section at
1.96 TeV and the D0 pp̄ measurement is shown in Fig. 4
over the interval 0.50 ≤ jtj ≤ 0.96 GeV2.
We perform a χ2 test to examine the probability for the

D0 and TOTEM differential elastic cross sections to agree.
The test compares the measured pp̄ data points to the
rescaled pp data points shown in Fig. 4, normalized to
the integral cross section of the pp̄ measurement in the
examined jtj range, with their covariance matrices. The

fully correlated OP normalization and logarithmic slope of
the elastic cross section are added as separate terms to the
χ2 sum. The correlations for the D0 measurements at
different t values are small, but the correlations between
the eight TOTEM extrapolated data points are large due to
the fit using Eq. (1), particularly for neighboring points.
Given the constraints on the normalization and logarithmic
slopes, the χ2 test with six degrees of freedom yields the p
value of 0.000 61, corresponding to a significance of 3.4σ.
We make a cross check of this result using an adaptation

of the Kolmogorov-Smirnov test in which correlations in
uncertainties are taken into account using simulated data
sets [48,49]. This cross check, including the effect of the
difference in the integrated cross section in the examined jtj
range via the Stouffer method [50], gives a p value for the
agreement of the pp and pp̄ cross sections that is
equivalent to the χ2 test.
We interpret this difference in the pp and pp̄ elastic

differential cross sections as evidence that two scattering
amplitudes are present and that their relative sign differs for
pp and pp̄ scattering. These two processes are even and
odd under crossing (or C parity), respectively, and are
identified as Pomeron and odderon exchanges. The dip in
the elastic cross section is generally associated with the t
value where the Pomeron-dominated imaginary part of the
amplitude vanishes. Therefore the odderon, believed to
constitute a significant fraction of the real part of the
amplitude, is expected to play a large role at the dip. In
agreement with predictions [37,51], the pp cross section
exhibits a deeper dip and stays below the pp̄ cross section
at least until the bump region.
We combine the present analysis result with independent

TOTEM odderon evidence based on the measurements of ρ
and σtot for pp interaction at different

ffiffiffi
s

p
. These variables

are sensitive to differences in pp and pp̄ scattering. The ρ
and σtot results are incompatible with models with Pomeron
exchange only and provide independent evidence of odd-
eron exchange effects [26], based on observations in
completely different jtj domains and TOTEM data sets.
The significances of the different measurements are

combined using the Stouffer method [50]. The χ2 for the
total cross section measurements at 2.76, 7, 8, and 13 TeV
is computed with respect to the predictions given from
models without odderon exchange [44,51] including also
model uncertainties when specified. The same is done
separately for the TOTEM ρ measurement at 13 TeV [52].
Unlike the models of Ref. [44], the model of Ref. [51]
provides the predicted differential cross section without an
odderon contribution, so we choose to use the χ2 com-
parison of the model cross section at 1.96 TeV with D0 data
instead of the D0-TOTEM comparison [53].
When a partial combination of the TOTEM ρ and total

cross section measurements is done, the combined signifi-
cance ranges between 3.4 and 4.6σ for the different models.
The full combination leads to total significances ranging

FIG. 4. Comparison between the D0 pp̄ measurement at
1.96 TeVand the extrapolated TOTEM pp cross section, rescaled
to match the OP of the D0 measurement. The dashed lines show
the 1σ uncertainty band on the extrapolated pp cross section.
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Odderon in DIS

19

Odderon in the DIS?
. for pp it is difficult to make perturbative QCD computation  
. DIS offers more theoretical control

3

a direct discovery of the (hard) odderon 
in DIS? 

. in DIS C=+1 light meson/quarkonia in the final state

. exclusive reactions that tag onto the 
negative C-parity in the target Schaefer, Mankiewicz, Nachtmann (1991)

Barahovsky, Zhitnitsky, Shelkovenko (1991)
Killian, Nachtmann (1998)
Berger (1999)
Czyzewski, Kwiecinski, Motyka, Sadzikowski
(1997)
Bartels, Braun, Colferai, Vacca (2001)

Sanjin Benić Need 3 gluons in QCD 
to have color singlet 
C - odd exchange
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Odderon searches at HERA

20

Odderon searches in DIS: light mesons
. First searches conducted at HERA for light mesons:

σ(γ*p->π0N*)<49 nb
σ(γ*p-> f2 X)<16 nb
σ(γ*p-> a2 X)<96 nb

H1 collaboration (2001,2002)

HERA kinematics:
0.02<|t|< 0.3 GeV2

Q2 < 0.01 GeV2

<W>~200 GeV

about order of magnitude 
lower than the theory 
predictions at the time..

Berger (1999)

Odderon not discussed in the 
EIC white paper 

1212.1701 (EIC white paper)

Sanjin Benić
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Predictions for exclusive χc

21

t-distributions
. Odderon important after |t|~ 1 GeV2 , low t-region 
dominated by Primakoff (photon exchange)

SB, Dumitru, Kaushik, Motyka, Stebel (2024)

12

weak t-dependence

photon and Odderon
interfere constructively

Odderon drops with x->0 (saturation corrections)

Sanjin Benić Amplitude

. reduced amplitude

10

(spin-independent) Odderon amplitude: three-
quark model of the proton LCWF a la Brodsky-
Schlumpf as initial condition + small-x evolution

χcJ quarkonia LCWF (model)
photon LCWF (perturbative)

Brodsky, Schlumpf (1994)
Dumitru, Miller, Venugopalan (2018)
SB, Horvatić, Kaushik, Vivoda (2023) 

SB, Dumitru, Kaushik, Motyka, Stebel (2024)

Amplitude

. reduced amplitude

10

(spin-independent) Odderon amplitude: three-
quark model of the proton LCWF a la Brodsky-
Schlumpf as initial condition + small-x evolution

χcJ quarkonia LCWF (model)
photon LCWF (perturbative)

Brodsky, Schlumpf (1994)
Dumitru, Miller, Venugopalan (2018)
SB, Horvatić, Kaushik, Vivoda (2023) 

SB, Dumitru, Kaushik, Motyka, Stebel (2024)
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Cross section and rates at the EIC

22

Expected number of events at the EIC

SB, Dumitru, Kaushik, Motyka, Stebel (2024)

15

. for χc1 (34% BR to J/ψ + γ): with the EIC design luminosity 1034 cm-2 s-1

expect ~20 events/month (only Primakoff~5 events/month)

. detection channel: χcJ -> J/ψγ, J/ψ->l+l-

. we predict excess in Odderon events over Primakoff background

. detector efficiency 
not taken into account!

Lower energies also 
studied

Total electroproduction cross section

SB, Dumitru, Kaushik, Motyka, Stebel (2024)

14

Is this enough for the EIC?

Sanjin Benić

number of events 
per month
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Experimental perspective on exclusive χc

23

Spencer Klein
cc properties

 3 cc  states

 Two classes of  useful decays: hadronic final states or gJ/y
 Br (cc1-> gJ/y) = 34.3% (19.5% for cc2 state,1.4% for cc0)
 Specific hadronic final states have Br of at most a few percent.

 Tedious to add up enough different hadronic states to achieve a 
reasonable efficiency.

 Mass separation ~ 50-100 MeV
 Tough, but ~ within ePIC capabilities for all-charged final states

 cc0 - cc1 has similar DM/M as U(2S) - U(3S)
 May be challenging for states containing neutrals

2

State Mass Width
cc0 3415 MeV 10.7 MeV
cc1 3511 MeV 0.84 MeV

cc2 3556 MeV 1.98 MeV

 largest cross section but smallest Br to  

Mass separation not large, may worry abut beam energy spread

χc0 γ J/Ψ
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Background from decays of higher state

24

Another background
 Vector meson dominance à large Y(2S) production rate

 s(ep-> Y(2S)p) = 1.4 nb for 18 GeV e on 275 GeV p
 30,000 times larger than for cc0

 Br (Y(2S)-> gcc0) = 9.8 ± 0.2%
 3,000 times larger than direct cc0 production
 In Y(2S)  rest frame photon energy = 260 MeV

 Good energy for calorimetry, but solid angle < 100%
 If ~95% coverage, then missed-photon background is 150 times 

larger than direct cc0 production
 Also, some photons may be Lorentz downshifted below threshold

 Missing energy/momentum cuts could eliminate some background
 Missing photons with low pT probably cannot be adequately rejected

 cc from U(2S) probably have similar pT spectrum to cc from pO

6
Concept: SK, Phys. Rev. D 98, 118501 (2018)
s: SK and M. Lomnitz, Phys. Rev. C 99, 015203 (2019)

Process dominated by  except at large t, hence rates small, few 
events after cuts on t, ( , efficiency 70%, Br=2% for )

γγ
ℒ = 100 fb−1 χc0Spencer Klein

γO
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Background from decays of higher state

25

Spencer Klein

Conclusions
 The cc states are interesting to study as possible channels to 

detect the Odderon.
 However, the rates are low, and there are many possible final 

states
 The cc0 is most copiously produced, so may be the most attractive 

experimental target
 Backgrounds are large

 gg->   dominates over g + Odderon, except at large |t|
 gP -> Y(2S)->gcc dominates over direct cc production mechanisms

 Vector meson dominance strikes again!

9
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Outlook

26

INT Workshop : Bridging Theory and Experiment at the Electron-Ion Collider

https://wiki.bnl.gov/eicug/index.php/Theory

If you think there is some topic worth of discussing in TH group please submit  suggestions through:

Organizers: Alessandro Bacchetta, Wim Cosyn, Felix Ringer, Anna Staśto
Tentative dates: June 2-6, 2025

Topics: diffraction, Monte Carlo generators, radiative corrections,…

Workshop embedded in an INT program: 

Precision QCD with the Electron - Ion Collider

Organizers: Renee Fatemi, Huey-Wen Lin, Werner Vogelsang

…or send us an email


