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Abstract: Precise predictions are key to the successful operation and data interpretation at
collider experiments. While DIS is well understood and has reached very high accuracies,
the precision goals of the upcoming EIC motivate revisiting lepton-hadron collisions. In
this work, we implement photoproduction and diffraction which both make up significant
fractions of the total cross-section at these colliders.

In the case of photoproduction, we achieve the first matched NLO simulation including
beam remnants and multiple interaction modelling. Validating the calculation against
data from the OPAL and ZEUS collaborations, we see satisfactory agreement. We then
scrutinize the uncertainty associated with the photon PDFs by comparing eleven PDF
sets and find that deviations between sets are of similar size as the Leading Order scale
uncertainties. This leads to the conclusion that photon PDFs are the current bottleneck
for precision photoproduction phenomenology for the EIC. We present the first fully-
differential predictions for photoproduction at the EIC.

We furthermore conduct a comparative study of different implementations of photopro-
duction in general-purpose event generators and examine the differences between their
predictions. There remain some open questions in the modelling, e.g. the transition to
DIS, and future developments will benefit from past and future data from HERA and EIC,
respectively.

Diffraction is described in the DIS regime by means of factorisation into the so-called Dif-
fractive PDF and the matrix element. Implementing the corresponding terms, we again
arrive at matched NLO simulations and validate our implementation against data from
the H1 and ZEUS experiments and see excellent agreement. The underlying factorisation,
however, breaks down in the photoproduction regime resulting in the calculation over-
shooting the data by approximately a factor of 2. We argue for a necessary suppression



not only of the resolved but also the direct component and quantify these effects by a fit
to data. We present predictions for diffractive DIS and diffractive photoproduction at the
EIC where for the latter we apply the fitted suppression factors.



Contents

Abstract 3

List of Figures 9

List of Tables 17

1 Introduction 25

2 Background 27

2.1 The EIC and HERA . . . . . . . . . . . . . . . . . . . . . 27

2.2 Event classes in lepton-hadron colliders . . . . . . . . . . . . . 31

2.2.1 Deep-Inelastic Scattering . . . . . . . . . . . . . . . . 31

2.2.2 Photoproduction . . . . . . . . . . . . . . . . . . . 34

2.2.3 Parton distributions for the photon . . . . . . . . . . . . 37

2.2.4 Diffraction . . . . . . . . . . . . . . . . . . . . . 40

2.3 Monte Carlo event generation . . . . . . . . . . . . . . . . . 41

2.3.1 Hard scattering . . . . . . . . . . . . . . . . . . . 43

2.3.2 Parton showers . . . . . . . . . . . . . . . . . . . 43

2.3.3 Hadronisation . . . . . . . . . . . . . . . . . . . . 44

2.3.4 Multiple-parton interactions . . . . . . . . . . . . . . 45

2.3.5 Beam remnants . . . . . . . . . . . . . . . . . . . 46

2.4 Next-to-Leading Order and matching to the parton shower . . . . . 47



6 Contents

3 Photoproduction 51

3.1 Equivalent Photons and their PDFs . . . . . . . . . . . . . . . 51

3.1.1 Phase space handling . . . . . . . . . . . . . . . . . 51

3.1.2 Equivalent Photon Approximation . . . . . . . . . . . . 53

3.1.3 Photon PDFs . . . . . . . . . . . . . . . . . . . . 54

3.1.4 NLO and matching to the parton shower . . . . . . . . . . 56

3.1.5 Multiple-parton interactions in photons and the beam remnants . 57

3.2 Validation of the framework . . . . . . . . . . . . . . . . . 58

3.2.1 Comparison with LEP data . . . . . . . . . . . . . . . 58

3.2.2 Comparison with HERA data . . . . . . . . . . . . . . 64

3.2.3 Photon PDF for precision phenomenology . . . . . . . . . 71

3.3 Predictions for jet photoproduction at the EIC . . . . . . . . . . . 71

3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . 79

4 Comparison of photoproduction in event generators 81

4.1 Event Generators . . . . . . . . . . . . . . . . . . . . . 81

4.1.1 HERWIG . . . . . . . . . . . . . . . . . . . . . . 82

4.1.2 PYTHIA . . . . . . . . . . . . . . . . . . . . . . . 83

4.1.3 SHERPA . . . . . . . . . . . . . . . . . . . . . . . 84

4.1.4 Differences between generators . . . . . . . . . . . . . 85

4.2 Comparisons to LEP . . . . . . . . . . . . . . . . . . . . 88

4.3 Comparisons to HERA . . . . . . . . . . . . . . . . . . . . 89

4.4 Predictions for EIC . . . . . . . . . . . . . . . . . . . . . 93

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . 96



Contents 7

5 Diffraction 99

5.1 Theory framework for jet production in diffraction . . . . . . . . . 99

5.2 Validation: simulation and data . . . . . . . . . . . . . . . . 104

5.2.1 Event generation . . . . . . . . . . . . . . . . . . . 104

5.2.2 Experimental observables and datasets . . . . . . . . . . 105

5.3 Diffractive DIS . . . . . . . . . . . . . . . . . . . . . . 107

5.4 Diffractive photoproduction . . . . . . . . . . . . . . . . . 111

5.4.1 Diffractive photoproduction at MC@NLO accuracy . . . . . . 111

5.4.2 Reggeon contribution . . . . . . . . . . . . . . . . . 113

5.4.3 Modelling factorisation breaking in diffractive photoproduction . 113

5.5 Predictions for the EIC . . . . . . . . . . . . . . . . . . . . 119

5.5.1 Diffractive DIS . . . . . . . . . . . . . . . . . . . . 119

5.5.2 Diffractive photoproduction . . . . . . . . . . . . . . 124

5.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . 124

6 Conclusion 129

Bibliography 133





List of Figures

2.1 Sketch of the layout of the planned EIC, based upon the existing RHIC at
BNL. Taken from [8]. . . . . . . . . . . . . . . . . . . . . 28

2.2 Coverage in x and Q2 in neutral current DIS of HERA and the EIC for dif-
ferent beam energies as used in an analysis of the EIC’s data on PDF fitting.
Taken from [12]. The variables will be discussed in Section 2.2.1. . . . 30

2.3 Sketch of the kinematics for inclusive neutral current DIS, taken from [14]. 31

2.4 Differential distributions of thrust τC for different 〈Q〉 ∈ {15, 24, 58, 81} GeV

in deep-inelastic ep collisions as measured by H1 [20] compared to predic-
tions by SHERPA with MEPS@NLO accuracy. . . . . . . . . . . . 33

2.5 Differential distributions in virtuality Q2 (top left), Bjorken variable x (top
right), jet pseudorapidity η (bottom left), and jet transverse energy ET

(bottom right), comparing data from ZEUS [21] with N3LO Fixed Order
calculation by the NNLOJET collaboration [19], figures taken from the latter. 35

2.6 Sketch of an example Feynman diagram for a dijet event in DIS. . . . 36

2.7 Sketch of a tt̄H event in a hadron collider as simulated by an event gen-
erator. The dark red blob represents the hard interactions, the blue and
red emissions the initial and final state radiation, respectively, and green
blobs depict hadronisation and subsequent hadron decays. The purple blob
depicts secondary scatters, and yellow lines soft photon radiation. Taken
from [6]. . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.1 Schematic sketch of the phase space mappings between the different steps
in the initial states, i.e. the Equivalent Photon Approximation (EPA), the
Initial State Radiation (ISR), and the Matrix Element (ME). Each coordinate
pair of Mandelstam-s′(′) and rapidity y′(′) is randomly sampled and the
momenta are calculated as functions of these. Adapted from [90]. . . . 52



10 List of Figures

3.2 Spectrum of the photon flux at the Leading Logarithmic (LL) and Next to
Leading Logarithmic (NLL) accuracy (left) and the ratio between the two
(right). . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.3 Comparison of the gluon content of the photon for the SAS1M, SAS2M,
SAL and CJKLLO PDF sets at µ2F = 5 GeV2. The vertical dotted black lines
indicate the range of data, x ∈ [0.001, 0.9], that was used for the latest fit in
the SAL library. . . . . . . . . . . . . . . . . . . . . . . 55

3.4 Comparison of the light quarks and gluon contents for the SAS1M photon
PDF and the PDF4LHC21_40_pdfas proton PDF at µ2F = 5 GeV2. . . . 56

3.5 Differential dijet inclusive cross-section with respect to cos θ∗, defined in Eq. (3.2.4),
comparing results of our SHERPA MC@NLO simulation at hadron-level with
the LO simulation (top row) and with simulations at parton-level (bottom
row) and with data from OPAL at an e−e+ c.m.-energy of 198 GeV [34].
In the left and right panels the requirement x±γ < 0.75 and x±γ > 0.75 are
applied and enhance resolved and direct contributions, respectively. . . 60

3.6 Distributions x±γ , collectively denoted as xγ , in different bins of average
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Chapter 1

Introduction

The discovery of the quantum nature of elementary particles in the 20th century was one
of the turning points in the history of physics. It sparked an enormous effort and great
advances in the last century, with its tentative peak in the operation of the Large Hadron
Collider (LHC), which is one of the largest scientific projects in human history.

This era of discovery in the field of High Energy Physics has allowed the establishment of
the Standard Model (SM) of Particle Physics which successfully describes the data from
the LHC and previous experiments to very high precision. However, even if the model
is consistent with itself, there are underlying questions that remain unanswered. These
include, among others, the baryon asymmetry and phenomena like dark matter, which
would need to be embedded in some way in a complete theory.

Generally, this leads to the conclusion that the SM is only an effective theory, and that —
just like Newtonian mechanics has been superseded by General Relativity — it will need
to be extended into a greater theory.

There are two ways to look for this new theory, directly and indirectly. Ideally, physicists
can find direct signals which cannot be described by the SM, e.g. the production of non-SM
particles and observing these or their decay products. These SM extensions are commonly
called Beyond the Standard Model (BSM) models and the advantage of this approach is
the immediate confirmation of a specific model class; once the properties of a new particle
are established, a clear picture of the type of extension of the SM would become clear.
However, the plethora of potential signals to look out for combined with the limited
energy reach of experiments do not allow for quick advances with this approach, and
indeed no new signatures have been measured so far with the present machinery.
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That is why a lot of effort has also been put into indirect searches, i.e., the precise cal-
culation of predictions within the SM. While this would not immediately incorporate a
new observation into a new theory, it exploits the enormous amounts of data which are
seemingly in agreement with the SM, but which might exhibit small deviations due to
higher order effects stemming from BSM couplings. It is at this point where the field
of precision phenomenology comes into play. Collider experiments need simulations of
their measurements and by pushing for ever higher accuracy in both the experiments and
the predictions, the hope is to find hints of new theories in discrepancies between the data
and the calculations.

While the LHC is still running and will be upgraded to the HL-LHC in a few years [1],
there have been previous colliders like LEP and HERA, and in the next decade the electron-
ion collider (EIC) will be built. Collisions at these experiments differ significantly from
hadron-hadron colliders such as the LHC, and therefore need to be studied separately.
In this work we aim at achieving better description of the event classes seen at these
experiments, with a special focus on lepton-hadron colliders. To this end, we work in the
framework of the SHERPA event generator [2, 3].

This work is organised as follows: in Chapter 2 we familiarise the reader with the col-
lider experiments that will be most important in this context, and introduce different
event classes and their characterisation. We will then provide a quick introduction into
the field of Monte Carlo event generation, discussing how higher order corrections can
be computed within the frameworks and how they are matched to the parton shower.
Building upon that, in Chapter 3, we introduce the theory concepts relevant for photopro-
duction, validating their implementation in SHERPA against data from the OPAL and ZEUS

experiments; we also discuss the precision bottleneck, the photon PDFs. We complete the
chapter with predictions of jet photoproduction at the EIC. Photoproduction has, at Lead-
ing Order (LO), already been implemented in different event generators and in Chapter 4
we compare the photoproduction implementation among three general-purpose event
generators, PYTHIA, HERWIG and SHERPA. Moving on to Chapter 5, the theoretical frame-
work for diffractive events is introduced, validating the implementation against data
from the H1 and ZEUS experiments. We discuss the factorisation breaking observed in
diffractive photoproduction and complete the chapter by presenting predictions for the
EIC. We summarise the findings of this work in Chapter 6.



Chapter 2

Background

This chapter will provide an introduction to the field of collider experiments and event
generation as relevant for this work. We will assume that the reader is familiar with the
Standard Model of Particle Physics and perturbation theory, and otherwise refer to the
vast and extensive literature for an introduction into this field, e.g. [4–6].

2.1 The EIC and HERA

The Electron-Ion Collider (EIC) is a facility currently being commissioned in the USA [7,8].
It is a joint effort of the Nuclear Physics and High Energy Physics communities and will
be built at the Brookhaven National Laboratory (BNL), in collaboration with Thomas
Jefferson National Accelerator Facility (JLab). The operation will include different beam
setups: one beam will use electrons, with energies ranging from 2.5 to 18 GeV, and the
second beam will allow for different nuclei, ranging from protons to Uranium, with the
proton reaching the highest energies of up to 275 GeV. The design aims to achieve very
high luminosities, peaking at 1034cm−2s−1 for the highest beam energies [8]. The facility
builds up on the existing Relativistic Heavy Ion Collider (RHIC) and its schematic layout
is shown in Fig. 2.1.

The scientific programme of the collider [8] aims at precision measurements of a variety of
phenomena related to strong interactions and how a nuclear environment impacts them.
In the Yellow Report [8], four different themes were identified.

First, nucleon properties will be examined, specifically the spin and the mass compos-
itions. For the former, it has been found that the quarks and antiquarks only make up
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Figure 2.1: Sketch of the layout of the planned EIC, based upon the ex-
isting RHIC at BNL. Taken from [8].
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about 25% of the nucleon’s total spin [9, 10], and measurements of parton helicity distri-
butions down to very small momentum fractions x will allow for an improved analysis
of spin components. Similarly, the nucleon mass can only be partially explained by the
quark masses and the EIC will investigate this problem with dedicated studies.

Another main topic is the multi-dimensional imaging of the nucleons, most importantly
to examine the spatial distribution of partons in Generalized Parton Distributions (GPDs),
and their transverse momentum in Transverse Momentum Dependent PDFs (TMDs).
Going beyond traditional collinear PDFs, GPDs encode additionally the transverse spatial
distribution of partons, while TMDs encode the longitudinal and transverse momentum
distributions of partons. Key processes will be Deep-Virtual Compton Scattering (DVCS)
and Semi-Inclusive DIS (SIDIS), respectively.

The third theme at the EIC will be the study of nuclei, as it is the first dedicated electron-
nucleus collider. Open questions in this area are the effects of gluon saturation, nuclear
PDFs and particle propagation through nuclear medium.

Last but not least, the EIC will focus on hadronisation. The transition from the perturbative
regime to confined particles is one of the biggest open questions in QCD. Measurements of
jet substructure and fits of fragmentation functions will provide a deeper understanding
of the dynamics at the threshold of perturbation theory.

This ambitious programme rests, among others, on high-quality theory predictions, both
in the form of analytic calculations and of Monte Carlo simulations, also known as event
generators. While the former will typically provide higher accuracy for (semi-)exclusive
measurements, the latter are still key by providing a sound baseline for the interpretation
of global phenomena and inclusive measurements.

HERA is the only previous lepton-hadron collider, taking data from 1992 to 2007 [11].
Even though the LHC sparked a lot of progress in the measurement techniques and data
interpretation since the end of the HERA operation, it is still instructive to study the latter.
The asymmetric beam setup led to a few subtleties inherent to lepton-hadron colliders and
HERA allows us to study these, as a benchmark for the EIC. For example, it has become
customary to classify scattering events by the virtual mass squared, or virtuality, Q2, of
the photon exchanged between the incident electron and nucleon (or, in the case of the EIC,
nucleus). Broadly speaking, essential parts of the HERA scientific programme, namely the
determination of proton structure functions and PDFs, were nearly exclusively driven by
the regime of non-zero Q2 associated with deeply-inelastic scattering (DIS), also known
as — somewhat out of fashion — electroproduction. The same will certainly be true
for EIC-based efforts of improved PDF determination, too. For example, in [12] a study
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was conducted to examine the impact of the EIC on future PDF determination, with the
kinematic reach of the data shown in Fig. 2.2.

Figure 2.2: Coverage in x and Q2 in neutral current DIS of HERA and
the EIC for different beam energies as used in an analysis of
the EIC’s data on PDF fitting. Taken from [12]. The variables
will be discussed in Section 2.2.1.

As the spectrum of the exchanged photons scales like 1/Q4, however, it is clear that the
electron-proton cross-section is dominated by the photoproduction regime of relatively
lowQ2 ≈ 0. This necessitates the careful treatment of such photoproduction events, which
so far have not attracted the same attention as, for example, event generation for the LHC,
which has reached a very satisfying level of theoretical accuracy and maturity [13]. The
same can be said about diffractive events, which at HERA amounted to a significant 10%
of the total cross-section; we will review these three event classes more thoroughly in the
next section.
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2.2 Event classes in lepton-hadron colliders

Having two different beam particles, lepton-hadron colliders provide an interesting test-
ing ground of Quantum Field Theory. Measurements at these type of colliders (in the
limit of Q2 � 0, see below) do not suffer from the same complications as measurements
at hadron colliders, like Underlying Events, Pile-Up, etc., while still giving access to had-
ronic initial states. Therefore, to a large extent, the focus of their programmes has been the
measurement of the hadronic structure, making use of the precisely measurable lepton
and the inference of the underlying kinematics from it. This type of event is called DIS,
and even if it has not been the focus of this work, an introduction would not be complete
without it. These events provide important insights into hadronic structures, however,
they constitute only a minority of the overall activity in these experiments. We will in-
troduce DIS and the other two event categories, photoproduction and diffraction, in the
following subsections.

2.2.1 Deep-Inelastic Scattering

Figure 2.3: Sketch of the kinematics for inclusive neutral current DIS,
taken from [14].

As mentioned above, DIS has seen great interest on both the theoretical and experimental
sides. This is owed to the fact that the electron, in Neutral Current interactions, i.e. if
the interactions is mediated through either a γ or Z boson, can be measured in the final
state. Such an event is schematically depicted in Fig. 2.3. From the electron momentum
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alone one can already infer the kinematics for each event to a very high precision, where
typically the inelasticity y, the virtuality Q and the Bjorken scaling variable x are used,
defined as:

y =
P · q
P · p

, Q2 = −q2 , x =
Q2

2P · q
, s = (P + p)2 (2.2.1)

The following equations hold true between these variables:

syx = Q2 and M2
X = Q2 1− x

x
(2.2.2)

with s the electron and proton beams’ invariant mass squared and MX the invariant
mass of the system X , and therefore there are only two independent variables for a given
collider setup which describe the events.

Calculations at Next-to-Leading Order (NLO) [15–17] for DIS have been available for
some time now and many of the theory advances during the LHC era have already been
applied to DIS calculations, namely Leading Order merging [18], and the current state-of-
the-art being N3LO calculations [19] in Fixed Order and MEPS@NLO in general-purpose
event generation.

As an example of the currently available technology, we compare event shape distribu-
tions for different virtuality bins against MEPS@NLO predictions from SHERPA in Fig. 2.4.
The uncertainties shown here and throughout the thesis are obtained by varying factor-
isation and renormalisation scales, µF and µR, independently up and down by factors of
2, omitting the two extreme variations. The thrust variable τC was defined as

τC = 1−max~nT

∑
i |~pi · ~nT|∑

i ~pi
(2.2.3)

where the index i runs over all final state hadrons. H1 [20] used the measured data for a
fit of the strong coupling constant αS and similar studies will be possible at the EIC.

In terms of Fixed Order calculations, the highest accuracy to date is a N3LO in [19], which
is presented in Fig. 2.5. For most of the phase space, the calculation’s accuracy exceeds the
measurement’s, however, this is not true in other parts of the phase space. The factorisa-
tion of the cross-section into PDFs and the partonic cross-section introduces the artificial
factorisation scale µF into the equation. The boson exchange that needs to happen in a
lepton-hadron scattering allows us to choose the virtuality of the exchanged boson as a
generic scale. In certain parts of the phase space though, this is not the appropriate choice,
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Figure 2.4: Differential distributions of thrust τC for different 〈Q〉 ∈
{15, 24, 58, 81} GeV in deep-inelastic ep collisions as meas-
ured by H1 [20] compared to predictions by SHERPA with
MEPS@NLO accuracy.
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and using an inadequate scale deteriorates the convergence of the perturbative expansion
in the coupling. Looking at Fig. 2.5 we can identify these regions as the low-Q2, low-x,
low-ET and forward region.

It is precisely this part of the phase space for which the virtuality is not the largest scale in
the process. There are two ways to circumvent this problem to some extent. Firstly, one
can choose the scale according to

µ ∝
√
Q2 +H2 (2.2.4)

where H is a quantity calculated from the hadronic activity in the event, for example the
leading jet transverse energyE(1)

T or the scalar sum of the transverse momenta of hadronic
particles Hh,T . This approach works because part of the problem is that the problematic
regions can be associated with contributions of the form given in Fig. 2.6. If the virtuality
Q2 = −q2 is low, additional emissions can occur which stem from a propagator with
−k2 > Q2. In that case, the hadronic scale H provides the better description of the
underlying dynamics, and a scale choice as given in Eq. (2.2.4) interpolates between these
two regimes.

This leads to another way to improve the calculation which is multi-leg merging, as
proposed in [22] and applied to DIS in [18]. The parton shower in principle approximates
the NLO real emission, but can only fill phase space below the factorisation scale. If the
chosen scale is too low, the parton shower will not capture the correct correlation between
the final states due to the breakdown of the underlying approximation. Splitting the phase
space into a part filled by the parton shower and a complementary part filled by the matrix
element, by means of a jet criterion, allows us to consistently include higher-multiplicity
final states in the calculation. Additionally, employing a backwards clustering of the final
state allows for unambiguously determining the highest scale in the process; for example,
a trijet DIS process, ej → ejjj, might be clustered to either ej → ej, γ∗j → jj or jj → jj,
depending on which propagator has the hardest scale.

Ultimately though, at very low virtualities, splittings of the photon into partons have to
take into account non-perturbative effects and this is where photoproduction comes into
play.

2.2.2 Photoproduction

Photon-induced processes provide a rich testing ground for a wide range of physics
effects. This is, on the one hand, because photons will couple to any electromagnetically
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Figure 2.5: Differential distributions in virtuality Q2 (top left), Bjorken
variable x (top right), jet pseudorapidity η (bottom left), and
jet transverse energy ET (bottom right), comparing data
from ZEUS [21] with N3LO Fixed Order calculation by the
NNLOJET collaboration [19], figures taken from the latter.
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Figure 2.6: Sketch of an example Feynman diagram for a dijet event in
DIS.

charged particle, resulting in a wide spectrum of accessible final states. On the other
hand, photons have the quantum numbers of neutral vector mesons and their wave
functions therefore have a sizeable hadronic component which lets them interact strongly,
essentially fluctuating into states with quantum numbers of neutral vector mesons such
as the ρ0 or similar. At higher resolution scales, this non-perturbative component of the
photon structure is further augmented by perturbative splittings of the photon into quark–
anti-quark pairs — a feature that is not present in the more familiar proton PDFs. As a
consequence, the corresponding γp collisions will not be characterised by a point-like
photon interacting with partons, but rather look like hadron-hadron collisions involving
the PDFs of photons, with parametrisations usually dating back two decades. This in
itself suggests an interesting physics programme related to photoproduction, evidenced
by the breadth and number of published analyses by the HERA collaborations, which
cover a wide range of exclusive and inclusive final states [23–29].

The production of low-multiplicity final states in γγ collisions has been observed in many
experiments [30–33], and yields interesting insights into the physics of hadrons and had-
ron resonances described by effective theories of the strong interactions. At increasing
centre-of-mass energies of the colliding photons, new channels open up, and the pro-
duction of jets has been studied, for example, at LEP [34–39]. Similarly, the photopro-
duction of various final states, including jets, has been analysed by the HERA experi-
ments [23, 28, 40–44].
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While the flux of quasi-real photons from relativistic charged particles has been under-
stood for long time now, commonly known as the Equivalent Photon Approximation
(EPA) [45–47], the results obtained in these experiments have allowed parametrising
the parton content of the hadronic component of these photons in the form of parton
distribution functions (PDFs), for example in the GRV [48], CJK [49, 50], SAL [51], and
SaS [52, 53] sets. These PDF sets differ, for example, in the chosen parametrisation for
the non-perturbative component, the inclusion of perturbative splittings and the starting
scale.

In fact, based on these PDFs, satisfying agreement between data and calculations has been
achieved, and a complete model for photon structure functions and high-energy photon
interactions [54] has been encoded in PYTHIA [55]. There, the hard production of QCD
final states at large scales, i.e. jets, is simulated in the usual way by dressing the hard
parton-level matrix element with subsequent parton showers, the fragmentation of the
resulting partons into hadrons during hadronisation, possibly including an underlying
event. Recently, the model was extended to also include the perpendicular component of
the photon momentum [56].

Pushing for higher accuracy, there have been a few predictions for inclusive jet-production
at fixed-order at HERA [57–61] and the EIC [62], while recently a lot of attention has
been paid to exclusive meson production processes and photoproduction at heavy-ion
collisions (usually known as Ultra-Peripheral Collisions, or UPCs) [63–68].

Anticipation of increased precision requirements for successfully operating a possible
future lepton collider such as FCC-ee or the planned electron-ion collider, EIC, motivates
a revisit of the physics of photon-induced processes and to arrive at fully-differential
predictions at NLO in QCD perturbation theory.

2.2.3 Parton distributions for the photon

We now turn to a more detailed discussion of the parton content inside photons. In
this chapter and throughout this work we adopt the convention of writing f (H)

p for the
distribution function for parton p in particle H .

When it comes to jet production at low photon virtualities one can distinguish three ways
in which the photon can contribute to the scattering. For simplicity, we will focus on real
photons, the generalisation to virtual photons has been attempted, but data for these cases
is sparse. This section summarises the findings pioneered in [52, 54].
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The most naive way would be for the photon to not undergo any splittings or interactions
and interact in the hard process with the quarks; a second way would be for the photon
to undergo a splitting into two charged fermions as part of the initial state evolution,
i.e. at scales lower than probed by the hard process; and as a third and last way, by
mixing with neutral vector mesons it could become hadron-like and therefore a purely
non-perturbative QCD state. One can summarise the photon’s wave function as

|γ〉 = cdirect|γdirect〉+
∑
V

cV |V 〉+
∑
q

cq|qq̄〉+
∑
l

cl|ll̄〉 (2.2.5)

where V indicates appropriate vector mesons, and q and l quarks and leptons, respectively.
For the purpose of jet production, the lepton contribution can be disregarded as their
contribution will be negligible when compared to the other contributions. We will first
turn to the vector meson and qq̄ contributions. In line with the above equation the parton
content of the photon can be approached with the ansatz

f
(γ)
i (x, µ) = f

(γ,direct)
i (x, µ) + f

(γ,V)
i (x, µ;µ0) + f

(γ,qq̄)
i (x, µ;µ0) (2.2.6)

where the assumption has been made explicit that indeed the perturbative |qq̄〉 states
can be separated from the non-perturbative |V 〉 states unambiguously by some scale µ0.
This scale also determines which vector mesons have to be taken into account in the sum
in Eq. (2.2.5). We will call these two components the point-like and hadron-like component
for f (γ,qq̄)i and f (γ,V)

i , respectively. This ansatz extended the previous models, which only
took into account the direct component and one or more vector meson contributions, the
latter being commonly known as Vector Meson Dominance (VMD) models.

The first term in Eq. (2.2.6) is simply determined by

f
(γ,direct)
i (x, µ) = c2directδiγδ(1− x) with c2direct = 1−

∑
c2V −

∑
c2q −

∑
c2l (2.2.7)

imposed by the unitarity of the physical state in Eq. (2.2.5). For practical purposes cdirect
can be approximated by 1 [54].

The latter two terms in the decomposition constitute the contributions which typically
are called resolved. For the rest of this work, we therefore redefine the photon PDF
from Eq. (2.2.6) to the more common notion of

f
(γ)
i (x, µ) = f

(γ,V)
i (x, µ;µ0) + f

(γ,qq̄)
i (x, µ;µ0) (2.2.8)
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i.e. separating the direct interactions from the QCD-like ones. As mentioned before, the
point-like component is perturbatively calculable with the boundary condition

f
(γ,qq̄)
i (x, µ0;µ0) = 0 (2.2.9)

and the hadron-like component needs an ansatz which can be chosen as

f
(γ,V)
i (x, µ;µ0) =

∑
V

4παem

f2V
f
(V )
i (x, µ;µ0) (2.2.10)

where αem is the electromagnetic coupling. The vector mesons considered in the sum
are usually ρ, ω, φ and J/ψ, however, it depends on the parameters used for the fitting.
The coupling strengths fV can be measured from elastic processes like γp → V p. While
physically meaningful, this approach does suffer from the fact that there are no measure-
ments of the parton content of neutral vector mesons and therefore this ansatz still relies
on many unknown parameters. One way around this problem would be to assume that
the PDFs of these vector mesons can be approximated by the π+ PDF; another ansatz is
to assume a functional form and fit it to data.

At all scales, momentum must be conserved and hence the two components need to
separately fulfil the usual momentum sum rule

∑
i

∫ 1

0
dx x f

(γ,qq̄)
i (x, µ;µ0) = 1 and

∑
i

∫ 1

0
dx x f

(γ,V)
i (x, µ;µ0) = 1 (2.2.11)

and additionally for the hadron-like component

∫ 1

0
dx 2 vq(x) = 2 (2.2.12)

where vq(x) is the valence-like distribution and the equality is owed to the fact that the
photon only mixes with mesons. Furthermore, in the resulting distributions quarks and
antiquarks will always have the same PDFs as there is no term asymmetric with respect
to the flavour in the evolution.

The resolved parton distributions obey the DGLAP equation which, due to the additional
QED splitting, in this case reads

∂f
(γ)
i (x, µ)

∂ logµ
=
αem(µ)

2π
Pγi(x) +

αS(µ)

2π

∑
j

∫
dx′

x′
Pji

(
x

x′

)
f
(γ)
j

(
x′, µ

)
(2.2.13)
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with Pab being the DGLAP splitting kernels for a → bc. This equation is an inhomo-
geneous differential equation, and it is instructive to view the separation into the vector
meson and quark contribution, f (γ,V)

i and f (γ,qq̄)i , as the general and particular solutions
to the equation, respectively.

This model has been extended to virtual photons by means of a dispersion relation [54],
however, as we deal with real photons in our simulation we do not consider them here.

One major concern in this model is the dependence on the unphysical scale µ0; in the
final fit the distributions must not change with different choice of the cut-off between
perturbative and non-perturbative regions. The authors of [52] used two different values
of µ0 = 0.6GeV and 2GeV of opposite extremes and arrived at significantly different
distributions. A more diligent way would be to assume an interleaved evolution of the
perturbative contributions with the mesonic resonances, and therefore a smooth transition
between the two components instead of a hard cut-off at µ0. However, this would pose
additional mathematical hurdles in the fitting while still suffering from sparse data.

Given the kinematic ranges of the available data, especially the gluon content of the
photon remains largely unconstrained and therefore suffers from large variations between
different PDF fits. We will discuss this point and the phenomenology of photoproduction,
including the quality of the fits and their uncertainties, in Chapters 3 and 4.

2.2.4 Diffraction

Diffractive events constitute a significant part of the cross-section at electron-hadron col-
liders such as HERA and the upcoming EIC, and at hadron-hadron colliders such as the
currently operating LHC. They are characterised by the beam hadron scattering elastically
or producing low-mass excitations of it and hence often show large gaps in the rapidity
distribution of the overall activity. The production of jets in diffractive events offers addi-
tional insights into the dynamics of the strong interaction, more specifically its interplay
between the hard perturbative scales of jet production and the soft non-perturbative scales
of hadronic structures [69]. As before, the interaction of incident electrons and protons
is dominantly mediated by a virtual photon; depending on its virtual mass q2 = −Q2

the interaction will either be classified as DIS (at large Q2), or as photoproduction (at
small Q2). Just as explained in the previous section, the latter necessitates the inclusion of
photon PDFs.

In general, the description of hard processes involving incident hadrons relies on the
factorisation of the cross-section calculation into PDFs which encode the transition of the
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hadrons into the partons, i.e. quarks and gluons, and into the parton-level cross-sections.
This factorisation picture has been proven to hold true for DIS [70], and has been extended
for diffractive DIS [71], underpinning calculations for dijet production cross-sections at
next-to [72] and next-to-next-to leading order (NNLO) in QCD [73]. Diffractive PDFs were
extracted at NLO accuracy mainly from HERA data in [74]. It is customary to factorise
them into the flux of an intermediate state and a PDF of this "particle"; these states are
usually called pomerons and reggeons [75].

While successful for the description of diffractive DIS, it appears as if the factorisation
assumption does not extrapolate to the case of diffractive photoproduction events. There
are a number of underlying physics effects which may render factorisation invalid, includ-
ing, for example, (i) additional scattering between the hadronic structure of the photon
and the proton remnants, broadly speaking part of the unitarisation of the hard diffractive
cross-section [76, 77]; (ii) the impact of hadronisation effects on the emergence and sur-
vival of rapidity gaps necessary for the definition of diffractive events [78]. The apparent
breakdown of factorisation in diffractive photoproduction also led to approaches where
the different components of the cross-section, usually the resolved component where the
photon assumes a hadronic structure, are rescaled to fit the data [79, 80]. A similar rescal-
ing approach was also taken by the authors of [81] who analysed differences between H1
and ZEUS data as well. Generally speaking, the resolved components were found to need
a suppression by a factor of about 3, however, it remains unclear whether a rescaling of
only the resolved component correctly reflects the process of factorisation breaking. We
will turn to this problem and phenomenology of diffraction generally in Chapter 5.

2.3 Monte Carlo event generation

While collider experiments offer a plethora of data in the form of the detected particles,
this information is not easily comparable to theoretical calculations. That is why the field
of Monte Carlo event generation has seen extensive research and this brief introduction
will follow the lines of [6, 82].

Depending on the measurement and its observables, the comparison of theory and ex-
perimental data is complicated by various factors. First of all, the calculation of matrix
elements becomes virtually impossible to do beyond the first few orders of perturbation
theory in the strong coupling αS . The number of amplitudes that has to be considered
grows factorially with the order, immensely increasing the computational cost for their
calculation.
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Another major problem is the confinement of QCD. For hadrons in the initial state, it
can be overcome by factorisation, i.e. the fitting of PDFs and their convolution with the
matrix elements; in the final state, so-called fragmentation functions can be employed
for (semi-)exclusive measurements of identified hadrons, however, for inclusive meas-
urements it has not been solved from first principles. A third problem is the number of
dimensions that has to be integrated over in the phase space. For n particles, the number
of dimensions is 3n− 4 and as this quickly becomes unfeasible for analytical techniques
and even for numerical approaches like the trapezium rule or Simpson rule.

General purpose event generators aim to overcome all of these problems. A typical
example of an event as modelled by an event generator is sketched in Fig. 2.7, and we
will go through the main components in the following paragraphs.
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Figure 2.7: Sketch of a tt̄H event in a hadron collider as simulated by
an event generator. The dark red blob represents the hard
interactions, the blue and red emissions the initial and fi-
nal state radiation, respectively, and green blobs depict had-
ronisation and subsequent hadron decays. The purple blob
depicts secondary scatters, and yellow lines soft photon ra-
diation. Taken from [6].
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2.3.1 Hard scattering

Typically, the first and foremost step in the simulation is that of the signal, the hard
scattering process. Taking a process at the LHC as an example, the factorisation reads

σ (pp→ X) =
∑
a,b

∫
dx1f

(p)
a

(
x1, µ

2
F

)∫
dx2f

(p)
b

(
x2, µ

2
F

)
σ̂ (ab→ X) (2.3.1)

and the partonic cross-section σ̂ is computed by

σ̂ (ab→ X) =

∫
Φ(O)

[
N∏
i=1

d3qi

(2π)32Ei

]
δ4
(
p1 + p2 −

∑
i

qi

)∣∣Mab→{i}(p1, p2; {qi})
∣∣2 .
(2.3.2)

The computation can be split into two parts: the calculation of the phase space point,
including the evaluation of the PDFs and the multidimensional integration over the mo-
menta; and the computation of the matrix element squared, |M|2. The latter can get
prohibitively complicated at two fronts, the inclusion of more legs and the computation
of virtual corrections and the corresponding loops. The latter requires extensive algeb-
raic efforts to evaluate the appearing integrals and reduce their complexity, and typically
for fully-differential event generation, only one-loop amplitudes are considered through
dedicated libraries [83–86].

Regarding additional legs, the computational complexity grows factorially with the num-
ber of legs. Different approaches have been used to compute these in matrix-element
generators, for example COMIX [87], which relies on Berends-Giele recursion [88] to com-
pute the tree-level amplitudes. With this approach there is no inherent limit on the number
of legs, however, practically it is restricted by the increasing computational cost.

2.3.2 Parton showers

After yielding a parton-level matrix element, the parton shower is one of two essential
steps to arrive at hadron-level predictions. They are the subject of extensive research, but
for the purposes of this work we want to only give a brief summary of their properties.
Their task is to evolve the hard process, happening at very high scales µ, e.g. at µ = mZ =

91 GeV, down to the boundaries of the perturbative expansion and where hadronisation
then will provide a better description, µ = O(ΛQCD).
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To derive the correct evolution expressions, one assumes unitarity of the parton branching
and a Poissonian distribution of these; the latter has only one free parameter, the probab-
ility, which in case of a parton branching will not be constant but depend on kinematic
variables. Even though there are a few more subtleties, the elegance of parton showers
lies in the fact that they describe a wealth of data with only a few free parameters.

There are three main ingredients to describe a parton shower implementation:

First, the emission kernelsK have to be determined which must be derived from the single
emission matrix element, i.e. an approximation of the real correction to the Born matrix
element at leading colour, and the kernels must reproduce the correct soft and collinear
limits. For the latter, they will just reproduce the DGLAP splitting kernel, while for the
former some intricacies arise due to interferences from sub-leading colour configurations.

Second, an evolution variable t has to be chosen. There are different possibilities like the
invariant mass mij , the angle θij or the relative transverse momentum k⊥,ij of the pro-
duced parton pair. This choice may influence the logarithmic accuracy and the inclusion
of quantum coherence effects. This variable parametrises the evolution down to a given
cut-off scale tc which is free to choose and typically of the order of 1 GeV.

The third and last component are the kinematics of individual splittings. The incoming
parton is always on-shell, and after each step a physically meaningful configuration must
be obtained, i.e. the produced pair must be put on-shell as well. This necessitates the
inclusion of a so-called spectator in the splitting which is used to "borrow" momentum in
order to maintain overall momentum conservation.

The emission kernel can then be used to derive a no-emission probability, the so-called
Sudakov form factor ∆ which we will introduce in a more technical way in Section 2.4.
For the case of initial state evolution, the parton flux factor, given by a ratio of PDFs, must
also be included in the Sudakov form factor.

2.3.3 Hadronisation

After the parton-showering, the second step from parton-level fixed order computations
towards hadron-level event descriptions is the hadronisation. It takes over once the
evolution down to the cut-off scale in the parton shower has terminated and translates
the individual partons into hadrons. The exact process has not been understood from
first principles yet, and since it also violates, e.g., colour conservation one has to resort to
empirical models with many free parameters and fit them to data.
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Generally, the different models can be subdivided into two approaches, the Lund string
model and cluster fragmentation models.

The Lund string model is based on the picture of a quark–anti-quark pair being bound by
a colour-less "string", while gluons are kinks on these strings. Depending on the energy
in this system, they may either break up creating new colour-less quark–anti-quark pairs
or they fall into a stable "yo-yo" motion, which is then interpreted as a meson.

Cluster fragmentation is based on the principle of pre-confinement, which observes that at
each step the parton shower creates locally colour neutral parton pairs and that asymptot-
ically these have universal properties, depending only on the shower cut-off scale tc and
on ΛQCD. These systems form so-called primary clusters and "decay" non-perturbatively
into smaller clusters or directly into hadrons.

Typically, these models are fitted to data from LEP, the only high-energy e+e− collider
to date, due to the absence of other non-perturbative effects like beam remnants and
multiple interactions.

2.3.4 Multiple-parton interactions

Even though not strictly necessary for hadron-level calculations, multiple-parton interac-
tions (MPI) play a non-negligible role in the description of hadronic collisions.

If one applies the perturbative description to 2 → 2 scatterings in QCD, the partonic
cross-section will approximately scale like dp2T /p

4
T with pT the transverse momentum

of the final state partons. This behaviour is regulated by phase space cuts, in this case
some minimal transverse momentum pT,min. If this cut, however, is lowered to small
values of O(1 − 10GeV), the integral of the partonic cross-section will exceed the total
hadron-hadron cross-section σhh, i.e.

∫ µ
2

p
2
T,min

dp2T
dσ̂

dp2T
> σhh . (2.3.3)

This observation is then interpreted as indication of multiple parton interactions for the
given collisions, and after accounting for elastic and diffractive contributions to the total
hadronic cross-section, one can calculate the expected number of partonic interactions N
by

〈N〉 = 1

σhh,ND

∫ µ
2

p
2
T,min

dp2T
dσ̂

dp2T
(2.3.4)
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where σhh,ND is the non-diffractive hadron-hadron cross-section. This quantity can be
calculated from Regge theory, while the partonic 2 → 2 cross-section is known analytically.
Knowing the expectation value 〈N〉, one can assume Poissonian statistics for the partonic
interactions and therefore distribute individual scatters by their probability PMPI using

PMPI(pT ) = exp

(
− 1

σhh,ND

∫ µ
2

p
2
T

dp̃2T
dσ̂

dp̃2T

)
. (2.3.5)

This picture can be refined by the inclusion of an impact parameter b, i.e. the spatial trans-
verse distance between the colliding hadrons, which usually leads to a larger variation in
the distributions of the partonic activities.

To finish this discussion, we point out that multiple interactions inherently go beyond
the factorisation theorem and must therefore be considered as non-perturbative effects.
The models will depend on several free parameters and must be tuned to data. As the
scales involved in these interactions are rather small, the corresponding Bjorken-x extend
to very small values, too, making the whole procedure highly dependent on the PDF fit
which is used.

2.3.5 Beam remnants

As part of a complete event generation, the conservation of all quantum numbers has to
be ensured and furthermore, the valence content of the beam particles has to be respected.
We will outline the procedure for the proton in the following.

Given a list of partons extracted from the beam in the hard interaction and, potentially,
the MPI, flavour has to be compensated in two steps. If the list contains a valence quark,
e.g. the u quark, a corresponding diquark, e.g. a ud diquark, is created to arrive at the
correct valence content. If no such quark is present, both the quark and the diquark have
to be created. After this, so-called spectators have to be created which compensate the
flavour of any remaining (anti-)quarks. Once a full set of flavour-neutral sea quarks and
the correct valence content has been established, colour has to be compensated by creating
additional gluons.

After this, the momentum has to be distributed and the distribution must fulfil two
constraints: momentum must be conserved, i.e. the sum of parton momenta must add
up to the beam momentum pbeam; and each (anti-)quark must have enough energy to
be put on-shell later in the hadronisation, while for gluons we assume some minimal
energy as well, of the order of ΛQCD. For a given beam momentum and the momenta of
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extracted partons {pi}, the remaining momentum is given by prem = pbeam −
∑

i pi. If the
total mass of the spectators is larger than the remaining energy,

∑
sms > p0rem, then the

on-shell condition cannot be accommodated, and the event has to be rejected. Otherwise,
the momentum is distributed according to a power law, which approximates the small-x
behaviour of the PDF, again ensuring that each parton can be put on-shell and hadronised
later.

Additionally to the longitudinal momentum, transverse momentum has to be generated
for the remnants, the so-called primordial kT . This is randomly sampled from a Gaussian
and again must conserve momentum, i.e. the total transverse momentum has to add up
to ~0. The mean and the width of the kT distribution, as well as some other parameters
that can be introduced, are subject to tuning, usually to DIS data.

While the effects of the beam remnants are not generally visible in LHC analyses, they can
be detected in ep collisions. The modelling of these can lead to large effects in the photo-
production and diffraction regime, where the particles typically have very small energies.
There, the phase space rejection during the remnant creation does lead to sizeable effects,
as will be shown in Section 4.1.4.

2.4 Next-to-Leading Order and matching to the parton shower

A parton shower encodes the bremsstrahlung that scattered high energy particles ex-
hibit by means of approximative matrix elements, as sketched out previously. These
approximations are computed by expanding the emission of an additional particle in
the soft-collinear limit. By then allowing for multiple such emissions the parton shower
resums logarithms that appear in certain observables.

Additional emissions can also be accounted for by computing higher orders of the mat-
rix element, they are then captured in the real corrections. These emissions will cor-
rectly describe correlations between highly energetic particles at large angles, i.e. in phase
space complementary to the parton shower emissions, capturing potential interferences
between different amplitudes. Obviously, higher order computations also take into ac-
count corrections to the total cross-section, unlike the parton shower which by definition
leaves the total cross-section unchanged. Both procedures work by allowing an additional
parton emission off a given process, and therefore a double-counting would be introduced
when combining these two approaches in a naive way.

At LO, the cross-section is given by the Born contribution B, σ(LO) =
∫
dΦBB(ΦB), and

the parton shower generates an emission according to
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σ(LO+PS) =

∫
dΦBB (ΦB)

[
∆(t0, µ

2
F ) +

∫ µ
2
F

t0

dΦ1K (Φ1)∆(t, µ2F )

]
(2.4.1)

where the Sudakov form factor ∆ has been introduced, defined as

∆
(
t, t′
)
= exp

[
−
∫ t

′

t
dΦ1K (Φ1)

]
(2.4.2)

and where K (Φ1) is the shower emission kernel. Here and throughout we ignore other
dependencies like flavour for clarity.

At NLO though, infrared divergences in the real and the virtual correction have to be
cancelled, and the cross-section is therefore given by

σ(NLO) =

∫
dΦB

[
B (ΦB) + Ṽ (ΦB) + I(S) (ΦB)

]
+

∫
dΦR

[
R (ΦR)−D(S) (ΦR)

]
(2.4.3)

where B (ΦB), Ṽ (ΦB) and R (ΦR) are the Born, virtual and real matrix elements, respect-
ively; and D(S) (ΦR) and I(S) (ΦB) are the subtraction terms and their integrated terms.
For the latter, a subtraction technique needs to define an appropriate single-emission
phase space Φ1 to allow for the integration of the subtraction terms, i.e. it must fulfil
ΦR = ΦB ⊗ Φ1.

The difficulty now is to appropriately redefine the quantities in Eq. (2.4.1) such that the
total cross-section is not changed, and the parton shower emission respects the kinematic
pattern as given by the real correction R.

We start by splitting the real emission into two parts, a regular (hard) and singular (soft)
part, H and S. This allows us to redefine Eq. (2.4.3) as

σ(NLO) =

∫
dΦB

[
B (ΦB) + Ṽ (ΦB) + I(S) (ΦB)

]
+

+

∫
dΦR

[
S (ΦR)−D(S) (ΦR)

]
+

∫
dΦRH (ΦR) . (2.4.4)

As the last term is completely regular it can be treated as a N + 1 leading order matrix
element. So far we are NLO accurate but have not yet included a parton shower emission.
Because S captures the singular phase space, it is defined in the correct limits to allow a
redefinition of the shower emission kernel as
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K (Φ1) →
S (ΦB,Φ1)

B (ΦB)
(2.4.5)

and correspondingly the Sudakov form factor as

∆
(
t, t′
)
→ ∆̄

(
t, t′
)
= exp

[
−
∫ t

′

t
dΦ1

S (ΦB,Φ1)

B (ΦB)

]
. (2.4.6)

The separation of the regular and singular parts of the real correction is somewhat arbit-
rary, but it has been found to be particularly useful to identify the singular part with the
subtraction term, i.e. to equate S (ΦR) = D(S) (ΦR)Θ

(
µ2F − t

)
. This allows the redefini-

tion of the cross-section:

B (ΦB) → B̄ (ΦB) =B (ΦB) + Ṽ (ΦB) + I(S) (ΦB) +

∫
dΦ1

[
S (ΦB,Φ1)−D(S) (ΦB,Φ1)

]
.

(2.4.7)

Taking together all these substitutions, the matching can be achieved according to

σ
(NLO+PS)
MC@NLO =

∫
dΦBB̄ (ΦB)

[
∆̄(t0, µ

2
F ) +

∫ µ
2
F

t0

dΦ1
S (ΦB,Φ1)

B (ΦB)
∆̄(t, µ2F )

]
+

∫
dΦRH (ΦR) .

(2.4.8)

One can see this method as using the shower emission kernel for the subtraction, or,
conversely, the subtraction terms for the shower evolution. The technique introduced
here is commonly known as the MC@NLO matching, and it is used throughout this work;
other methods exist with POWHEG [89] being the most common alternative to MC@NLO.





Chapter 3

Photoproduction

After a general introduction to photoproduction in Section 2.2.2 we will in this chapter
turn to a more technical discussion of the calculation and the phenomenology at different
colliders.

3.1 Equivalent Photons and their PDFs

For the simulation of photoproduction events in SHERPA, we use its existing EPA interface
for the photon flux, with improved phase space handling for the initial states for a more
efficient integration, and added relevant photon PDFs to SHERPA’s internal PDF interface.
The resulting code has been made publicly available as part of the release of SHERPA 3.0.

3.1.1 Phase space handling

In the following we detail the structures for efficient phase space sampling, using the
most involved example of doubly resolved photon-photon collisions at lepton colliders,
schematically depicted in Fig. 3.1. In the cases of direct photons, the corresponding ISR
terms do not need to be taken into account and the corresponding phase space integration
is simplified.

The two incoming leptons have momenta p1 and p2, and a (beam) c.m.-system character-
ised by the c.m.-energy squared s12 and its rapidity y12 in the lab system. The momenta
of the photons emitted by the leptons, p′1 and p′2, create a (photon) c.m.-system charac-
terised by its c.m.-energy squared s′12 and rapidity y′12 with respect to the beam system.
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EPA ISR

ME

ISREPA

(s12, y12) → (s′12, y
′
12) → (s′′12, y
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12) . . .

p1 p′1

p′′1

p′′2

p′2
p2

q′′1

q′′2

q′′n−1

q′′n

Figure 3.1: Schematic sketch of the phase space mappings between
the different steps in the initial states, i.e. the Equivalent
Photon Approximation (EPA), the Initial State Radiation
(ISR), and the Matrix Element (ME). Each coordinate pair
of Mandelstam-s′(′) and rapidity y′(′) is randomly sampled
and the momenta are calculated as functions of these. Adap-
ted from [90].

The partonic structure of the photons, as described by the PDFs, results in two partons
with momenta p′′1 and p′′2 to finally enter the hard process which will result in final state
particles with momenta q′′i . The hard scattering is characterised by a c.m.-energy of s′′12
and a rapidity y′′12 with respect to the photon system. This structure requires two nested
integrations for the two successive "initial states" (photons and partons): first an integra-
tion over s′12 and y′12, with factors given by the EPA spectra, and then an integration over
s′′12 and y′′12, with factors given by the PDFs, before adding the integration over the final
state phase space over the outgoing momenta q′′i . Efficient integration over this complex
phase space in SHERPA is facilitated through the multichannel method [91] with automat-
ically generated integration channels that map out intrinsic structures such as s-channel
resonances etc.

For each generation of a phase space point, the generated variables
(
s′12, y

′
12

)
are then

transformed according to

x1,2 =

√
s′12
s12

exp(±y′12) and dx1dx2 =
1

2s12
ds′12dy . (3.1.1)
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Accordingly, the full integral of the double-resolved component as exemplified in Fig. 3.1
reads

σ (ee→ eeX) =
∑
i,j

∫ 1

0
dx1f

(e)
γ (x1)

∫ 1

0
dx2f

(e)
γ (x2)∫ 1

0
dx′1f

(γ)
i

(
x′1, µF

) ∫ 1

0
dx′2f

(γ)
j

(
x′2, µF

)
σ̂ (ji→ X)

=
∑
i,j

∫
ds′12
2s12

∫
dy′12 f

(e)
γ

(
x1
(
s′12, y

′
12

))
f (e)γ

(
x2
(
s′12, y

′
12

))
∫

ds′′12
2s′12

∫
dy′′12 f

(γ)
i

(
x′1
(
s′′12, y

′′
12

)
, µF

)
f
(γ)
j

(
x′2
(
s′′12, y

′′
12

)
, µF

)
σ̂ (ji→ X) .

(3.1.2)

It is important to remember that as explained in Section 2.2.3 the direct components are
separately computed by replacing f

(γ)
i (x, µF ) → δ(1 − x). Furthermore, we point out

that the only physically meaningful quantity is the sum of all these contributions, i.e. only
after taking into account every term as laid out in Eq. (2.2.6).

3.1.2 Equivalent Photon Approximation

The equivalent photon approximation encoded in the Weizsäcker-Williams formula [45–
47] is based on the observation that quasi-virtual photons can be approximated through
real photons for small virtualitiesQ2 < Λ2

cut. As photoproduction events are dominated by
the interaction of low-virtuality photons, the differential cross-section can be substituted
by dσeX = σγX(Q2 = 0)f (e)γ (x)dx. SHERPA uses an improved version of the spectrum,
following [92], which introduces the term proportional to m2

e to the spectrum, and the
photons are assumed to be collinear to the electron beam. The dependence of the photon
spectrum on the photon virtuality is integrated out. This results in the following spectrum
for electrons:

f (e)γ (x) =
αem

2π

dx

x

[(
1 + (1− x)2

)
log

(
Q2

max

Q2
min

)
− 2m2

ex
2

(
1

Q2
min

− 1

Q2
max

)]
. (3.1.3)

Here, x denotes the ratio of photon to electron energy, Eγ

Ee
, and αem is the electromagnetic

coupling constant and the term proportional to log
(
Q

2
max

Q
2
min

)
will be called Leading Logar-
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ithmic (LL) and the full formulate Next-to-Leading Logarithmic (NLL). Q2
max and Q2

min

denote the maximal and minimal photon virtuality, where the latter can be calculated
from kinematic restrictions and is given by

Q2
min =

m2
ex

2

1− x
. (3.1.4)

The maximal virtuality is given by the experimental setup and the maximal deflection
angle of the electron, θmax, below which the hard process is still considered to be photon-
induced. It is given by

Q2
max = min

(
Q2

min + E2
e (1− x)θ2max, Q

2
max,fixed

)
. (3.1.5)

The default choices are θmax = 0.3 and Q2
max,fixed = 3 GeV2, but they can be overwritten

by the user, c.f. the SHERPA manual [93].

As shown in Fig. 3.2, the NLL correction accounts for approximately a 4% decrease in the
flux.

10−3 10−2 10−1 100

x

10−2

10−1

100

101

102

f(e
)

γ
(x

)

∝ 1/x
NLL
LL

10−3 10−2 10−1 100

x

0.94
0.95
0.96
0.97
0.98
0.99
1.00

N
LL

/L
L

Figure 3.2: Spectrum of the photon flux at the Leading Logarithmic (LL)
and Next to Leading Logarithmic (NLL) accuracy (left) and
the ratio between the two (right).

3.1.3 Photon PDFs

To facilitate a comparison over different parametrisations, four PDF libraries have been
included in SHERPA, see Table 3.1 for a summary. Currently, all PDFs are evaluated at
virtuality Q2 = 0. The extension to virtual photons, taking also into account longitudinal
polarisations, will be introduced in a later release.
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Table 3.1: Photon PDF libraries included in SHERPA and their properties.

Name # sets Virtual? NLO? # flavours x-range µ2F -range

GRV [48] 2 No Yes 5 [10−5, 1] [0.25, 106]

SAL [51] 1 No Yes 6 [10−5, 0.9999] [2, 8 · 104]

SaS [52, 53] 4 Yes Yes 6 [10−5, 1] [0.25, 106]

CJK [49, 50] 4 No Yes 5 [10−5, 1] [0.25, 2 · 105]

Fig. 3.3 shows the gluon PDF for different sets. The gluon has the largest PDF within
the photon, but the exact content is largely unconstrained as can be seen by the large
differences between the different sets spanning up to an order of magnitude for small x
values. Additionally, we show a comparison between photon and proton PDFs in Fig. 3.4.
Apart from the much lower values in the photon, the biggest difference is the quark
content at large values of x; while the proton exhibits a valence structure, the photon has
equal distributions for quarks and antiquarks, resembling the sea quark distributions in
the proton.
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f(γ

)
g
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CJKLLO

Figure 3.3: Comparison of the gluon content of the photon for the
SAS1M, SAS2M, SAL and CJKLLO PDF sets at µ2F = 5 GeV2.
The vertical dotted black lines indicate the range of data,
x ∈ [0.001, 0.9], that was used for the latest fit in the SAL
library.
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Figure 3.4: Comparison of the light quarks and gluon contents for the
SAS1M photon PDF and the PDF4LHC21_40_pdfas proton
PDF at µ2F = 5 GeV2.

3.1.4 NLO and matching to the parton shower

The procedure for a NLO calculation in photoproduction has been presented in [94]. We
will follow the same line of arguments for the matching to the parton shower, and start
by recalling (c.f. Section 2.2.3) the DGLAP evolution for the photon PDF to be

∂f
(γ)
i

∂logµ2
=
αem

2π
Piγ +

αS

2π

∑
j

Pij ⊗ f
(γ)
j . (3.1.6)

At Next-to-Leading-Order, there will be additional collinear divergences in the real-
corrections, stemming from the photon splitting. These divergences appear only in the
direct-photon component, but they can be subtracted using the splitting kernel as the
corresponding term in the photon PDF evolution, Piγ , has the same behaviour in the
limit.

To ensure an exact cancellation between these terms, the PDF has to use the same factor-
isation scheme as the subtraction scheme, which in the case of SHERPA is the MS scheme.
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This reduces the number of possible PDF sets directly available for the NLO calculation in
SHERPA down to SAS1M and SAS2M from the SaS library. We note that additional PDFs
can be made available easily by adding the respective factorisation scheme dependent
correction terms [95]. Apart from this subtlety in the choice of PDFs, both NLO calcu-
lations and full simulations proceed in full analogy to the more familiar case of, e.g.,
proton-proton collisions.

3.1.5 Multiple-parton interactions in photons and the beam remnants

To model multiple interactions with hadron-like photons, one has to extend the model
sketched in Section 2.3.4 in two ways. Firstly, due to the variable photon energy, the
computation of the partonic and the total hadronic cross-section becomes dependent on
the c.m.s.-energy of the system and has to be recalculated for each event. And secondly,
one has to arrive at a parametrisation in Regge theory of the total hadronic cross-section of
the photon. The former is a technicality and has been generalised in our model, while the
latter needs data from experiments. Parameters have been extracted as a superposition of
different neutral vector meson states, in analogy with the VMD model for the PDF, in [54].

Another ingredient in an accurate event simulation is the question of beam remnants. The
photon does not have the typical notion of sea quarks and valence quarks; one could
either see all quarks as sea quarks, as the quarks and anti-quarks come with the same
distributions as is typical for sea quarks. Or one could see all quarks as valence partons,
as a photon must contain at least one light quark–anti-quark pair.

In the implementation we use therefore a similar procedure is applied as in the remnant
construction for a hadron, c.f. Section 2.3.5, however, with a few simplifications: given a
number of partons extracted from the photon in the hard process and the MPI, we create
a set of so-called spectators to compensate for flavour. During this process we ensure that
at least one quark–anti-quark pair is present in the list of partons, i.e. we prohibit pure
gluon states. In the latter case, a quark-antiquark pair is constructed from one of the light
quark generations, i.e. any light-flavour quark pair can be "valence content". Once flavour
has been compensated, we distribute the remaining beam momentum prem = pbeam −∑

i∈hard pi according to a power law which has been fitted to the small-x behaviour of the
photon PDFs; we use exponents of -1 for (anti-)quarks and -1.2 for gluons. Following that,
the photon remnants are given — analogously to a hadron remnant — a small transverse
momentum each, given by some non-perturbative intrinsic kT distribution, ensuring
overall momentum conservation.
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3.2 Validation of the framework

We will now turn to the validation of our implementation, comparing results at MC@NLO

precision with photoproduction data from the OPAL and ZEUS experiments. For each col-
lider set-up and energy we generated samples of 5 ·106 events per component at MC@NLO

accuracy. For the calculation of matrix elements we used AMEGIC [96] and COMIX [87] for
the tree-level matrix elements and subtraction terms [97] and OPENLOOPS [98] for the one-
loop matrix elements. We added the CSSHOWER parton shower [99] for the jet evolution,
matched with the MC@NLO method [100, 101] as implemented in SHERPA [102]. Underly-
ing event effects have been included through an implementation of the Sjostrand-van Zijl
model [103, 104], adapted as sketched in Section 3.1.5, within SHERPA1, and the partons
were hadronised with the cluster fragmentation of AHADIC [105]. We consistently used
the current default value for αS(MZ) = 0.118 with three-loop running. As described in
Section 3.1.4, the event generation must currently use PDFs based on the MS scheme, so
the resolved-photon predictions were generated with, and averaged over, the SAS1M and
SAS2M PDF sets. The factorisation scale and the renormalisation scale were both set to
µF = µR = HT /2, and we kept the 7-point variation for the scale uncertainty estimate.

We used the RIVET [106] framework with existing analyses implementing [34–36, 40, 41].
For each experiment, different components of the cross-section have to be summed over,
for example,

σtot = σγγ + σjγ + σγj + σjj (3.2.1)

for LEP and

σtot = σγj + σjj (3.2.2)

for HERA, where in both cases j denotes a photon or proton resolved through a PDF.

3.2.1 Comparison with LEP data

The OPAL analysis of photon-induced dijet production at 198 GeV c.m.-energy [34] offers
the most differential observables, and we use it as the primary reference for our validation
of photoproduction at LEP 2. To comply with experimental cuts, the kT algorithm with a

1For details and a future tune to data we refer the reader to a forthcoming SHERPA manual.
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jet radius of R = 1.0 is used and cuts of ET > 4.5 (2.5) GeV for the leading (subleading)
jet are imposed.

x±γ =

∑
j=1,2

E(j) ± p(j)z∑
i∈hfs

E(i) ± p(i)z

, (3.2.3)

are used in this analysis to disentangle direct, singly, and doubly resolved production.
In their definition, the sum in the numerator is over the two jets, and the sum in the
denominator is over all hadronic final state particles, thereby distilling the energy-fraction
the jets have with respect to the overall photon energies.

This is exemplified by, e.g., the distribution of events in

cosΘ∗ = tanh
η1 − η2

2
, (3.2.4)

an approximation of the angle between the two jets, and exhibited in Fig. 3.5. Apart
from satisfying agreement with data, a few things are worth noticing here, which we will
continue to observe also in the following: For x±γ > 0.75 the direct component dominates
by about 1.5 orders of magnitude, with only small scale uncertainties, indicated by the
light red band. Conversely, for x±γ < 0.75 the doubly-resolved component dominates with
a significantly larger scale uncertainty, which, in this case, also includes factorisation scale
uncertainties. Intuitively, the singly-resolved component in both cases ranges between
the two other components. In addition, we observe that hadronisation effects reduce
the cross-section in the unresolved domain, while the combination of hadronisation and
multiple parton scattering increases it in the doubly-resolved regime. The visible effect
in the latter suggests that a careful retuning of the MPI may further improve agreement
with data.

We report that distributions in x±γ for three different average dijet transverse energies
ĒT =

∑
j=1,2E

(j)
T /2 experience a significant improvement in shape when going from

Leading to Next-to-Leading Order, c.f. Fig. 3.6. However, in the transition region between
doubly resolved to unresolved events, we notice a clear difference in shape: While for
x±γ < 0.6 − 0.7 the prediction is relatively flat below the data, the underprediction at
around x±γ ≈ 0.8 persists at NLO. Apart from possibly insufficient photon PDFs — a
point we will elucidate below — there are a number of possible explanations: First of all,
as before, a retuning of MPI may come to the rescue and fill up the gap.
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Figure 3.5: Differential dijet inclusive cross-section with respect to
cos θ∗, defined in Eq. (3.2.4), comparing results of our SHERPA

MC@NLO simulation at hadron-level with the LO simula-
tion (top row) and with simulations at parton-level (bottom
row) and with data from OPAL at an e−e+ c.m.-energy of
198 GeV [34]. In the left and right panels the requirement
x±γ < 0.75 and x±γ > 0.75 are applied and enhance resolved
and direct contributions, respectively.
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Figure 3.6: Distributions x±γ , collectively denoted as xγ , in different
bins of average transverse jet energy: ĒT ∈ [5GeV, 7GeV]
(top left), ĒT ∈ [7GeV, 11GeV] (top right), ĒT ∈
[11GeV, 25GeV] (bottom). Results of the SHERPA simulation
with MC@NLO accuracy are compared with results at LO and
with data from OPAL at an e−e+ c.m.-energy of 198 GeV [34].
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Figure 3.7: Distributions of |∆η| (top row), |ηcntr| (middle row), and
|ηfwd| (bottom row) for requiring xγ < 0.75 for exactly one
(left column) or both (right column), comparing MC@NLO

and LO. Results of the SHERPA simulation are compared with
results from OPAL at an e−e+ c.m.-energy of 198 GeV [34].
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Figure 3.8: Distributions of |∆η| (top left), |ηcntr| (top right), and |ηfwd|
(bottom) with the requirement x±γ < 0.75, comparing
MC@NLO with and without MPI. Results of the SHERPA sim-
ulation are compared with results from OPAL at an e−e+ c.m.-
energy of 198 GeV [34].
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Secondly, this drop around x±γ ≈ 0.7 could be attributed to the missing QED splitting
kernel in the evolution of the parton shower. Including this term would impact the
backwards evolution of the photonic initial state radiation leading to a photon being
reconstructed as the initial state also in the case of a resolved process. This in turn would
lead to less radiation being generated, therefore shifting the distribution of the resolved
process towards larger x±γ values. This splitting is included in PYTHIA and is part of the
comparison in Section 4.2, but does not seem to improve the shape. The inclusion of this
term in the evolution of the initial state showering in SHERPA is left for future work.

Finally, we should stress that our singly resolved events are described by the 2 → 2 scatter-
ing of on-shell photons with partons from the resolved photons, an approximation which
is probably not entirely correct as virtual photons would lead to a DIS-like scattering of
the resolved photon, thereby inducing somewhat different kinematics and scale choices.

Fig. 3.7 shows distributions of jet pseudorapidities and their differences. Again, the over-
all shape of the prediction is improved and the lowered NLO cross-section is countered
by the inclusion of Multiple-Parton Interactions (MPI). In Fig. 3.8 we show a dedicated
comparison of the effect of MPI in jet pseudorapidities which suggests that a tuning might
at least partially fill the gap between the data and the simulation. As a last observable,
we compare the distributions in average transverse jet energies in Fig. 3.9 and see overall
good agreement for the different phase space, dominated by direct, single-resolved and
double-resolved processes, respectively.

3.2.2 Comparison with HERA data

For the further validation of our implementation in electron-proton collisions we mainly
rely on ZEUS data [41] taken at HERA Run 2. The kinematic cuts on the final states in
the hard matrix element calculation are chosen to be a minimal transverse momentum of
pT > 11(8) GeV for the (sub-)leading jets using the kT clustering algorithm with radius
R = 1.0 to safely capture the phase space cuts of p(1)T > 14 GeV and p(2)T > 11 GeV used in
the analysis of the ZEUS Run 1 data [40], even after taking into account MPI. For the ZEUS

Run 2 data [41], we choose pT > 13 GeV to comply with the experimental cut of ET > 17

GeV on the leading jet, with otherwise identical settings.

We use the same scale setting algorithm as before, and we also evaluate the theory un-
certainties as a combination of scale and PDF uncertainties like in the case of electron-
positron colliders in the section above. Defining, in analogy to the case at lepton colliders
above, Eqs. (3.2.3) and (3.2.4), respectively,
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Ē
T

[p
b

/
G

eV
]

b b b b b b

5 10 15 20 25
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
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Ē
T

[p
b

/
G

eV
]

b b b b b

6 8 10 12 14 16 18
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
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Ē
T

[p
b

/
G

eV
]

b b b b

5 6 7 8 9 10 11 12 13 14
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
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Figure 3.9: Distributions ĒT for all values of x±γ (top left), requiring x+γ
or x−γ < 0.75 (top right), and requiring x±γ < 0.75 (bottom).
Results of the SHERPA simulation with MC@NLO accuracy
are compared with results at LO and with data from OPAL at
an e−e+ c.m.-energy of 198 GeV [34].
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Figure 3.10: Differential dijet inclusive cross-section with respect to
cos θ∗ for xobsγ < 0.75 (left) and xobsγ > 0.75 (right), compar-
ing results of our SHERPA MC@NLO simulation with ZEUS

Run 1 data [40].

xobsγ =
E

(1)
T e−η

(1)

+ E
(2)
T e−η

(2)

2yEe
, and cos θ∗ = tanh

η(1) − η(2)

2
. (3.2.5)

Here (1,2) labels the leading and sub-leading jet,Ee is the lepton energy, and y is the energy
fraction of the photon with respect to the lepton. As before we observe that xγ is excel-
lently suited to disentangle unresolved and resolved photon interactions, c.f. Fig. 3.10. In
the resolved regime we again observe satisfactory agreement with data, indicating that
the summation over the different components is correct. Interestingly, as suggested by
the right panel of the figure, it appears as if the direct component is not sufficient to fully
recover the experimental cross-section.

We study this effect double-differentially in Fig. 3.11. While the calculation undershoots
the highest xobsγ bin in every bin of Ejet1

T , the discrepancy is less pronounced for high jet
energies.

Possible explanations, as before, are related to the missing "anomalous" γ → qq̄ splitting in
the backwards evolution, or, possibly more relevant here, a failure of the strictly on-shell
approximation of the incident photons inherent to the treatment through EPA.

With this caveat in mind we will now turn to a more differential analysis of QCD final
states in photoproduction at HERA. In Fig. 3.12 we compare the parton- against the hadron-
level results and as previously observed, the shape improves significantly through the
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Figure 3.11: Differential dijet inclusive cross-section with respect to
xobsγ , in different bins of leading jet transverse energy:
ET ∈ [14GeV, 17GeV] (top left), ET ∈ [17GeV, 25GeV]
(top right), ET ∈ [25GeV, 35GeV] (bottom left), ET ∈
[35GeV, 90GeV] (bottom right), comparing results of our
SHERPA MC@NLO simulation with ZEUS Run 1 data [40].
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Figure 3.12: Differential single-jet inclusive photoproduction cross-
section with respect to the pseudorapidity of the leading jet,
dσ
dη , comparing results of our SHERPA simulation at parton
(left) and hadron-level (right) with ZEUS Run 2 data [41].

combined effect of hadronisation and MPI. This is most visible in the phase space of
η < 0, rendering the distribution of the simulation data flat compared to the experimental
data. While there remains a discrepancy between simulation and data of around 10-20%,
it might be explained by three observations. First, this analysis’ cuts require only one
jet in the final state which allows for contributions from the DIS region to leak into this
measurement, for example if the scattered beam electron has not been correctly detected
or identified; however, this should have been taken care of in the experimental analysis
of the backgrounds. Secondly, the precise value of the strong coupling in the fit of the
photon PDFs is not explicitly mentioned in the corresponding publications [52, 53]. An
updated photon PDF fit would be performed with the current world average of αS and
might further reduce the discrepancy.

Lastly, the modelling of multiple-parton interactions for photon-proton interactions needs
a fitting to the data for both proton-proton and photon-proton data. As neither have
been tuned to data yet it can be suspected that the MPI will receive larger contributions,
thereby improving overall agreement of simulation and data. We compare pseudorapidity
distributions with and without MPI in Fig. 3.13; for rather central jets, the simulation
agrees well with the data after the inclusion of MPI, while for forward jets the agreement
deteriorates. The spectrum of the jet transverse energiesET , displayed in Fig. 3.14 exhibits
a slight shape in the distribution for forward jets and smallET . The same effect can be seen
in Fig. 3.15, where the simulation describes data well for central leading jets, but worsens



3.2. Validation of the framework 69

b

b

b

b

b

b

b ZEUS

SHERPA-MC@NLO, no MPI

SHERPA-MC@NLO with MPI

x
obs
γ < 0.75

−1 < ηjet1
< 0

0

10

20

30

40

50

60

70

80

90

d
σ

/
d

η
je

t2
[p

b
]

b b b b b b

-0.5 0 0.5 1 1.5 2
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

ηjet2

M
C

/
D

a
ta

b

b

b

b

b

b

b

b ZEUS

SHERPA-MC@NLO, no MPI

SHERPA-MC@NLO with MPI

x
obs
γ < 0.75

0 < ηjet1
< 1

0

50

100

150

200

250

300

d
σ

/
d

η
je

t2
[p

b
]

b b b b b b b

-1 -0.5 0 0.5 1 1.5 2
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

ηjet2

M
C

/
D

a
ta

b

b

b

b b

b

b

b ZEUS

SHERPA-MC@NLO, no MPI

SHERPA-MC@NLO with MPI

x
obs
γ < 0.75

1 < ηjet1
< 2.4

0

50

100

150

200

250

300

350

400

450

d
σ

/
d

η
je

t2
[p

b
]

b b b b b b b

-1 -0.5 0 0.5 1 1.5 2
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

ηjet2

M
C

/
D

a
ta

Figure 3.13: Distributions of the subleading jet pseudorapidity ηjet2

with the requirement xobsγ < 0.75 in three bins of leading jet
pseudorapidity, −1 < ηjet1 < 0 (top left), 0 < ηjet1 < 1 (top
right) and 1 < ηjet1 < 2.4 (bottom), comparing MC@NLO

with and without MPI. Results of the SHERPA simulation
are compared with results from ZEUS [40].
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Figure 3.14: Single-jet inclusive transverse energy spectra for the lead-
ing jet in different pseudorapidity bins of the kT -jets: 0 <
η < 1 (top left), 1 < η < 1.5 (top right), 1.5 < η < 2 (bottom
left), and 2 < η < 2.5 (bottom right), comparing SHERPA

MC@NLO results with ZEUS Run 2 data [41].
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as both go more forward. As this part of the phase space receives contributions from
the MPI, we again suspect that the naive parameter choice underestimate the amount
of additionally generated radiation and, probably more importantly, that merging of
additional jets would improve the agreement as well.

3.2.3 Photon PDF for precision phenomenology

The predictions of photoproduction cross-sections and distributions in low-xγ space ex-
hibit large variations depending on the used photon PDF. In fact, these deviations can be
as large or even larger in value than the estimate of higher-order corrections through the
scale variations, especially for the simulation of photoproduction at lepton colliders, see
Fig. 3.16. There we show the very inclusive cosΘ∗ and cos θ∗ distributions, obtained at
leading order, at LEP and HERA, respectively., indicating LO scale and PDF uncertainties
separately. For the latter we present the full range of results from all available leading
order PDFs, and we observe that the PDF uncertainties alone are of equal size as the LO
scale uncertainties. This underlines the need for a comprehensive retuning of the photon
PDFs with available data, and including higher-order calculations and simulations.

It is also worth noting that a consistent simulation of photoproduction at hadron-lepton
colliders necessitates a combined fit of the photon and proton PDFs. Depending on the
proton PDF and its value for αS the inclusive cross-section in a HERA Run 2 simulation
gives deviations of about 20%, as can be seen in Table 3.2. This underlines the necessity
for a systematic refit of photon PDFs to use in conjunction with modern proton PDFs.
While no new data has been taken since the retiring of the HERA collider, a consistent fit to
all the data with the updated values for αS and including error estimates should increase
the confidence in precision phenomenology for photoproduction.

3.3 Predictions for jet photoproduction at the EIC

Using our implementation we apply the calculation to the EIC. The beam setup is chosen
to be an electron and a proton beam with energies of 18 and 275 GeV, respectively, in
accordance with the highest energy scenario at the planned EIC facilities [8]. Similarly
to studies in [109], particles are analysed in the laboratory frame using the anti-kT jet
algorithm with R = 1.0 and a minimum transverse energy of ET > 6 GeV and a pseudo-
rapidity |η| < 4, demanding one jet in the event.
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Figure 3.15: Differential dijet inclusive cross-section with respect to the
transverse momentum of the leading jet, with 0 < η(1) < 1

(left column) and 1 < η(1) < 2.4 (right column) and in differ-
ent bins for η(2), comparing results of our SHERPA MC@NLO

simulation at hadron-level including MPI effects with the
LO simulation and with data [40] taken by ZEUS at HERA

Run 1.
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Figure 3.16: Distributions for cosΘ∗ at LEP (left) and for cos θ∗ at HERA

(right), comparing SHERPA’s LO simulations with data from
OPAL [34] and ZEUS [40]. Scale uncertainties at LO are indic-
ated by the pink band, while PDF uncertainties are shown
with the blue hatched area.

Table 3.2: Inclusive cross-sections for one million events in a HERA Run
1 dijet photoproduction setup with two different proton PDFs
and the same PDF for the photon.

PDF NNPDF23_lo_as_0130_qed [107] PDF4LHC21_40_pdfas [108]

αS 0.13 0.118

Order 1 3

σ(γj → jj) / nb 2.85± 0.02 2.303± 0.016

σ(jj → jj) / nb 2.151± 0.002 1.997± 0.002
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Figure 3.17: Distributions of inclusive jet transverse energyET (top left),
the xγ (top right), inclusive jet pseudorapidity η (bottom
left), and cos(θ∗) (bottom right) of the SHERPA simulation
with MC@NLO accuracy, compared with results at LO.
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In Fig. 3.17, we present the inclusive jet transverse momentum distribution, inclusive jet
pseudorapidity, and the observables xγ and cos(θ∗) where the latter are defined in Eq. (3.2.5).
It had previously been observed that the xγ observable is especially suitable to distinguish
different photon PDF parametrisations [40]. The spectrum of the jet transverse energies
is driven by the resolved component at ET < 10 GeV, with the direct component taking
over with increasing jet ET . In the xγ-distribution the two components are more clearly
separated: for low values of xγ . 0.6 the resolved component dominates, however at
xγ > 0.6 the cross-section of the direct component exceeds the resolved one. This is signi-
ficantly lower than the value of xγ > 0.75 that had been used as a cut at HERA [40,41] and
is a consequence of the lower collision energy, decreasing the contribution of the resolved
component relative to the direct cross-section.

Overall we see a large K factor in these two observables of about 60%. This can be
attributed to the asymmetric jet cuts which leads to a large part of the phase space being
left unfilled in the Leading Order calculation. By means of the real correction this part of
the phase space is filled up, however, owing to the low ET cut on the jets and the Born-
level order of these corrections, the cross-section does not receive a significant reduction
of its scale uncertainty bands.

Moving on to event shapes, we looked at similar variables as in [69], studying distribu-
tions of transverse thrust and transverse thrust minor in the upper panel of Fig. 3.18. In
both observables, the direct and the resolved component contribute approximately equal
amounts throughout the whole parameter space. This is in contrast to the C-parameter
distribution, depicted in Fig. 3.18 (lower left panel), where we can identify distinct regions
where one of the two components dominates. While the direct component contributes
mostly at the lowest value and in the tail of the distribution, the resolved component
contribution reaches up to about 60% near the global maximum of C ≈ 0.1. Looking
at the hadron multiplicity distribution in Fig. 3.18 (lower right), we see — in agreement
with expectations — that the low-multiplicity states are dominantly produced by direct
photoproduction, while the high-multiplicity tail is determined by the resolved compon-
ent. It is worth noting here that the effect of multiple-parton interactions is generally
mostly negligible at the EIC collision energies; it does, however, play a significant role in
high-multiplicity states, therefore still necessitating a tuning of the modelling.

As another typical event shape observable we present jet rates in Fig. 3.19 with the anti-kT
algorithm which have previously been used for fits of the strong coupling. As a last pair
of observables, we look at the ratio of c- and b-quark jets to light-quark jets in transverse
momentum and pseudorapidity distributions in Fig. 3.20. Heavy-quark jets are almost
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Figure 3.18: Event shapes observables: Transverse thrust major (upper
left) and minor (upper right) distributions, C parameter
(lower left) and charged particle multiplicity distribution
Ncharged inside the detector acceptance of |η| < 4 (lower
right), all obtained with the SHERPA simulation at MC@NLO

accuracy, compared with results at LO.
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Figure 3.19: Distributions of 2 → 1 and 3 → 2 jet rates using the anti-kT
algorithm of the SHERPA simulation with MC@NLO accur-
acy, compared with results at LO.
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Figure 3.20: Distributions of heavy quark jet transverse momentum pT
(left) and pseudorapidity η (right) of the SHERPA simulation
with MC@NLO accuracy, compared with results at LO.
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exclusively produced through the direct process and in the region η < 0, where they
make up almost a third of the overall activity. As expected, the heavy-quark jets are
predominantly c-quark jets and their tagging will benefit from a cut on the xγ value.
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Figure 3.21: Distributions of xγ of the SHERPA simulation at parton-level
with LO accuracy and without MPI effects, averaged over
11 photon PDF sets. The PDF envelope shows the per-bin
variation among the PDF sets.

As indicated above, the xγ distribution is particularly important for tagging and distin-
guishing different event types, acting as an excellent discriminator of resolved and unre-
solved photon interactions. Given the relative cross-sections, it is also clearly important to
improve the theoretical predictions obtained in resolved photoproduction. However, at
the moment, this domain suffers from large uncertainties due to the somewhat outdated
photon PDFs, obtained about 2 decades ago, and with proton PDFs from the same period
for the description of photoproduction at HERA as we already discussed in Section 3.2.3.
Similar to there, we estimate the uncertainty by averaging over 11 photon PDF sets each,
including a 7-point scale variation, using the same settings as before in Fig. 3.21. Creating
an envelope from the minimal/maximal values per bin among the different PDF sets, we
find that the variations are of similar size as the scale uncertainties and reach up to 50%
of the binned cross-section. This finding also suggests that a renewed fitting exercise of
photon PDFs is of great importance for the upcoming EIC and the full exploitation and
understanding of its data.
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3.4 Summary

In this chapter we report on developments of the SHERPA event generator towards the first
hadron-level simulation of photoproduction at NLO accuracy which have been published
in the SHERPA 3.0 public release. We describe how the initial state phase space is treated
to allow for a flexible yet efficient integration of different spectra and distributions, based
on the equivalent photon approximation and the inclusion of a broad range of photon
PDFs. We validate our model by comparison to data from the LEP and HERA experi-
ments and find satisfactory agreement between the data and the simulation, noting that
the non-perturbative aspects of the simulation, in particular intrinsic kT and multiple-
parton interactions, still require a comprehensive tuning to data. Apart from possible
improvement in this sector of the simulation, our analysis of uncertainties underline the
necessity for a refitting of the photon PDFs, especially in view of the anticipated precision
of the planned electron-ion collider. We believe that this step – a first refitting of photon
PDFs after 20 years – based on higher-order calculations, modern simulation tools at least
at NLO accuracy, and recent proton PDFs will significantly improve the quality of our
theoretical preparations for this new collider experiment

We also present the first fully differential hadron-level study at Next-to-Leading order
accuracy for the photoproduction of inclusive QCD final states at the EIC. For our predic-
tions, obtained with SHERPA, we assume beam energies of 18 (275) GeV for the electron
(proton) beam and analyse the events with inclusive-jet as well as event-shape and heavy-
jet observables. Photoproduction represents an interesting laboratory to study a large
variety of sometimes subtle QCD effects, by providing access to a wide range of exclusive
and inclusive production channels. Our results will also be instrumental for renewed
efforts to fit PDFs for the photon in collinear factorisation.

We reiterate the importance of renewed analyses of the parton content of the photon for
phenomenology at the EIC, arguing that an updated fit based on modern methodology
including error estimates is urgently needed: a coherent and qualitatively satisfying the-
oretical description of resolved photoproduction necessitates a PDF fit based on modern
proton PDFs, with consistent settings, for example for αS .





Chapter 4

Comparison of photoproduction in
event generators

In this chapter we present how photoproduction is simulated in the three main general-
purpose event generators, scrutinising the implementations and comparing predictions.

4.1 Event Generators

To scrutinise the difference between different calculations of photoproduction, we focus
first on the factorisation which for ep collisions is given by

dσ(ep→ eX) = f (e)γ (x,Q2)⊗ f
(γ)
i (xγ , µ

2
F)⊗ f

(p)
j (xp, µ

2
F)⊗ dσ̂ij , (4.1.1)

where f (e)γ (x,Q2) is the photon flux from an electron at a given momentum fraction x

and photon virtuality Q2, f (γ)i (xγ , µ
2
F) the photon PDF which for direct interactions is a

Delta distribution, and σ̂ij perturbatively calculable hard coefficient function for a given
hard process with initiating particles i and j. The photon flux can be computed using the
equivalent photon approximation (EPA) [110]. For photons from a charged lepton l the
leading-log (LL) approximation gives (c.f. Section 3.1.2)

f (l)γ (x) =
αem

2π

1 + (1− x)2

x
log

[
Q2

max

Q2
min(x,ml)

]
. (4.1.2)

The lower limit for the virtuality follows from kinematics and the upper limit is adjusted
according to the experimental configuration.
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In the case of γγ collisions in e+e− the corresponding factorisation reads (c.f. Section 3.1.1
and Fig. 3.1)

σ(ee→ eeX) = f (e)γ (x1, Q
2
1)⊗ f

(γ)
i (x+γ , µ

2
F)⊗ f (e)γ (x2, Q

2
2)⊗ f

(γ)
j (x−γ , µ

2
F)⊗ dσ̂ij . (4.1.3)

In this case there are four different contributions, direct-direct, direct-resolved, resolved-
direct and resolved-resolved, that need to be accounted for. This factorised approach
provides the starting point for all considered event generators over which further mod-
elling of parton showers, beam remnants, MPI and hadronisation are included. Thus,
even though the starting point is the same for all generators, the results will depend on
the applied inputs and particular choices made in this modelling. Before comparing the
different event generators to data, we will therefore describe the main features of the gen-
erators and the default inputs, and highlight some significant differences in the following
subsections.

4.1.1 HERWIG

HERWIG [111–113] is a multi-purpose event generator, which has traditionally focused on
accurate QCD simulations. It includes two parton shower modules, an angular ordered
one based on coherent branching [114], and more recently a dipole parton shower [115,
116]. Both parton shower modules include full mass effects, spin correlations, and initial
and final state radiation [117, 118].

Hard processes can be simulated using a wide range of built-in matrix elements at leading
and next to leading order, and via the Matchbox module [112, 116] using external matrix
element providers and an automated matching to NLO QCD either within the MC@NLO

or POWHEG approaches. Multi-jet merging [119, 120] is available using the dipole shower.
Photoproduction processes can be simulated in e+e−, ep and pp collisions including all
direct and resolved components. The PDF sets and fluxes we currently provide are the
SaS photon PDFs [121] with the 1D, 1M, 2D and 2M schemes, and photon fluxes following
a Weizsäcker-Williams parametrization for electrons, and the Budnev approach [47] for
protons. Hadronisation is modelled using the cluster hadronisation model [111], and
we provide an eikonal MPI model, which currently however is limited to pp collisions
and unfortunately cannot yet treat resolved photons due to technical issues. Similar
restrictions currently apply to NLO matching using Matchbox, though both of these issues
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are currently being worked on and should be available with one of the next HERWIG

releases.

To assess uncertainties, we can vary the scales of the hard process as well as the hard veto
scales of the parton showers, which we perform in this study, additionally to varying the
photon PDF sets. All of these variations turn out not to be significant, with the PDF set
variation contributing the biggest uncertainty. The HERWIG parton showers always need
to terminate on a valence quark of the incoming parton, and thus create a remnant which
complements the parton which had been extracted. In case of the photon we will therefore
always generate an anti-quark remnant, which might cause additional (collinear) shower
activity even if radiation in the showers is switched off entirely.

4.1.2 PYTHIA

Simulations for photoproduction in ep and γγ collisions in e+e− have been fully enabled
from release 8.226 onwards and the current setup is described in the 8.3 manual [56]. Both
hard and soft QCD processes can be generated, the former including processes like inclus-
ive and diffractive jet production, and the latter non-diffractive and diffractive events and
also elastic scattering. The implementation of resolved processes is based on the CJKL
photon PDFs [49] which includes a hadron-like part with non-perturbative input separ-
ately from the perturbatively calculated anomalous contribution. In the generation of
resolved processes these are not considered separately but the parton-shower algorithm
includes the γ → qq splitting that may collapse the resolved photon into an unresolved
state at a perturbative scale corresponding to the anomalous part of the evolution equa-
tion.

The simulations include generation of MPI as long as the photons are in a resolved
state and the MPI framework, where the QCD cross-sections are regulated with the
screening parameter pT,0, can be applied also for non-diffractive soft QCD processes
without any phase-space cuts. The cross-section for the different soft processes are
obtained from the SaS parametrizations in [121]. For proton PDFs the current default
NNPDF23_lo_as_0130_qed has been applied and the value of αS has been fixed accord-
ingly to 0.130 at µ2R = M2

Z. Here we have used PYTHIA version 8.310 released in July
2023.

In this study we have applied the default setup for photoproduction in PYTHIA 8.3. In
the case of γγ, a specific tune for pT,0 has been applied based on single-inclusive charged-
particle production data from OPAL at LEP [122]; in the case of γp, the prefT,0 in the standard
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parametrization has been adjusted to 3.0 GeV based on comparisons to single-inclusive
charged particle production in photoproduction at HERA [123] which is in line also with
the multiplicity distributions measured recently by ZEUS in [124]. Heavy quark masses
are included apart from the gQ → gQ subprocess where massless expressions for the
matrix element are applied also for charm and bottom quarks. The remnants are con-
structed by adding a minimal number of partons such that momentum and colour are
conserved. In the case of resolved photons the flavour for a “valence” quark-antiquark
pair is sampled according to relative fractions of the PDFs at the specific kinematics and
part of the phase-space is cut out to allow room for the remnant partons. The scale
variations have been performed by varying renormalisation and factorisation scales in-
dependently in the hard process generation by a factor of two, excluding the variations
where the relative difference would be 4.

4.1.3 SHERPA

In the SHERPA event generator [2, 3], photoproduction of jets at MC@NLO accuracy has
been recently implemented and validated against data [90] and has been published under
version 3.0. Resolved processes can be calculated through interfaces to various different
photon PDFs, where the default is the SaS PDF library [121].

We generated events at Leading Order and MC@NLO accuracy as described in [90]. We
used AMEGIC [96] and COMIX [87] for tree-level matrix elements and subtraction terms [97],
and OPENLOOPS [98] for one-loop matrix elements. For the calculation of the matrix
element, we treated the b-quarks for ZEUS, and additionally the c-quark for OPAL and EIC

runs, as massive and included them in the final state. While at LO all subprocesses are
available, the initial state subtraction for massive quarks has not been implemented yet.
The CSSHOWER parton shower [99] was used, combined with the MC@NLO method [100,
101] as implemented in SHERPA [102].

Multiple-parton interactions were modelled through an implementation of the Sjostrand-
van Zijl model [103, 104] in which the total hadronic cross-section is calculated using
Regge theory and the parametrizations for the photon are obtained as a superposition
of light neutral vector mesons as proposed and parametrised in [104]. The tuning of the
rewritten MPI modelling is currently work-in-progress as part of the new release. Particles
were hadronised through the cluster fragmentation model in AHADIC [105] and this has
already been tuned against data. The photon flux was modelled as computed in [92],
which includes a correction for x→ 1 relevant for lepton-hadron colliders. For the PDFs,
we used the SAS2M [52,53] set for the photon and the PDF4LHC21_40_pdfas [108] set for
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the proton, and the value of αS(MZ) was kept at its default value of 0.118 with three-loop
running. Factorisation and renormalisation scales were set to µF = µR = HT/2 and a
7-point scale variation in the matrix element and the shower was done as an uncertainty
estimation.

4.1.4 Differences between generators

As a baseline for a broader comparison between the generators, we compared events
of LEP-like setups with beam energies of 99 GeV from PYTHIA and SHERPA at the bare
cross-section-level for each of the components. Due to technical limitations at the inter-
play between beam remnants, parton shower and hadronisation, this bare parton-level
simulation was not possible within HERWIG.

As a first step we used the same photon flux, PDF, setting to αS(MZ) = 0.130 with
1-loop running and computed only processes including light partons. In Fig. 4.1 we
can see that indeed the results are, up to statistical fluctuations, in a perfect agreement.
The considered observables include the energy and pseudorapidity distribution, and
transverse momentum spectra of the outgoing partons for direct, single-resolved and
double resolved contributions separately. In the case of the single-resolved contribution
the direct photon has a positive pz .

Based on this, we changed the beam configuration in the previous setup to an EIC-like
setup with electron-proton beams with 18 and 275 GeV beam energies, respectively, and
looked at photoproduction events with only resolved photons in Fig. 4.2. We used the
same settings as before, however, now also modelling the initial state radiation and the
beam remnants, including charm and bottom quarks in the processes and using the
NNPDF23_lo_as_0130_qed PDF for the proton. The inclusion of beam remnants necessit-
ates initial state radiation for the evolution down to small scales, hence these two cannot
be further decomposed. The total cross-section in PYTHIA is larger than in SHERPA due to
the way the remnants are created: in PYTHIA, forced splittings are combined with phase
space rejection to ensure the correct creation of the valence quark content of the beam
particle, which allows for an iterative procedure. In SHERPA, the remnant creation is purely
based on phase space rejection which naturally will lead to more events being rejected, es-
pecially for charm and bottom quarks. In the subsequent modelling of the beam breakup,
we can see that SHERPA creates more activity in the low-ET and low-pT region, whereas
PYTHIA tends to have higher transverse momenta and energies in its particle spectrum.

In Table 4.1, we summarise the differences between the generators with respect to the
simulation of photoproduction. Other differences are for example the fragmentation
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Figure 4.1: Comparison of fixed-order parton level events between
PYTHIA and SHERPA for a LEP-like setup.
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model and QED corrections, however, these will not be discussed here and can be found
in the manuals [56, 93, 111].

Table 4.1: Differences between the generators of default settings, spe-
cifically for photoproduction.

Property PYTHIA SHERPA HERWIG

Flux LL NLL LL
αS(M

2
Z) 0.130, 1-loop 0.118, 3-loop 0.118, 2-loop

PDFs CJKL SAS2M SAS2M
Remnants forced splittings and

PS rejection
PS rejection forced splitting

Photon Splitting yes no no
MPI tuning preliminary tune untuned untuned

In terms of the perturbative part, the event generators model the flux to different ac-
curacies where the difference is given by

fNLL(x)− fLL(x) = −αem

π
m2

ex

(
1

Q2
min

− 1

Q2
max

)
. (4.1.4)

The correction comes with an overall negative sign and hence will lead to smaller total
cross-sections. In differential observables, the correction will however only be sizeable
in regions where x → 1, c.f. Section 3.1.2 and Fig. 3.2 therein. Even though not specific
to photoproduction we point out that the settings of αS are different: while in SHERPA

the current default is set according to the default proton PDF set and is close to the PDG
world average [125], in PYTHIA it is used as a dynamical K factor, also in accordance with
its default proton PDF set. Photon PDFs do not allow the modern standard procedure of
setting αS in accordance with the fit as this information is often not given in the corres-
ponding publication and would in any case be in conflict with settings of modern proton
PDFs. Hence, strictly speaking the factorisation of the cross-section is not fully consistent
due to the different values of αS used throughout event generation.

As a last point, we plot the parton distributions of the light partons for the two PDF
libraries SAS2M and CJKL in Fig. 4.3. The two fits come to vastly different behaviour at
small x, where the SAS2M sets reach an almost constant value and the CJKL sets behave
like a power-law, with the most pronounced difference in the gluon distribution.

It is also worth pointing out that unlike the settings for αS and the flux, which cover the
perturbative region and are independent of any fitting, the remnant creation and the MPI
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Figure 4.3: Comparison of the CJKLLO and SAS2M PDF sets for light
quarks and the gluon at µ2F = 5 GeV2.

interplay with non-perturbative effects and rely on precise data by experiments like HERA

and LEP. We also point out that all differences of PYTHIA with respect to SHERPA lead to an
increase in the cross-section which will be a common observation in the following section.

4.2 Comparisons to LEP

For the comparison to LEP data, we used a dijet measurement from the OPAL collabor-
ation [34]. At lepton colliders, the cross-section for photoproduction can be separated
into σ = σγγ→X + σγj→X + σjγ→X + σjj→X , where j denotes a photon being resolved
into partons. The analysis used data taken at

√
s = 198 GeV and clustered jets with the

kT algorithm with R = 1 demanding ET > 3 GeV and |η| < 2 with at least two jets. To
separate resolved from direct photoproduction processes, the analysis defined

x±γ =

∑
j=1,2E

(j) ± p(j)z∑
i∈hfsE

(i) ± p(i)z

(4.2.1)

and associated values x±γ < 0.75 with resolved processes. For a parton-level 2 → 2 scat-
tering these definitions would match with the momentum fractions in photons going
positive and negative pz in Eq. (4.1.3) but adding parton showers, MPI and hadronisa-
tion will smear the kinematics such that the division will be only approximative. In the
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numerator the sum runs over the two jets with the highest transverse momentum, pT,
and in the denominator over the complete hadronic final state. In Fig. 4.4 we present
the average transverse energy of the dijets for different bins in xγ . The LO prediction
from SHERPA undershoots the total cross-section, however, the effect is more pronounced
for resolved photons than for unresolved ones. Going to NLO accuracy, the simulation
describes the data well within the errors. The large K factors hint at the real corrections
and the filled-up phase space as the drivers of the improved description. PYTHIA tends to
overshoot the data for regions dominated by the direct contribution but agrees well with
the data for the resolved-resolved case. The HERWIG simulation typically lies between
the SHERPA and PYTHIA results. In all cases the data is within the large uncertainties from
scale variations. As discussed in Section 4.1.4, the large difference between the LO results
from HERWIG, PYTHIA and SHERPA builds up from varying inputs.

The distributions in pseudorapidity η in Fig. 4.5 show a similar picture, however for
double-resolved processes, i.e. x±γ < 0.75, all predictions have a slightly steeper fall-off as
a function of η than seen in the data, leaning towards undershooting the forward region.
One potential reason could be the weakly constrained gluon-content of the photon, which
should be the leading contribution at low-ET and forward jets.

Fig. 4.6 shows distributions of xγ for low and high average jet transverse energies ĒT ,
respectively. We see good agreement for both the PYTHIA and the SHERPA-MC@NLO sim-
ulations; however, the transition from the resolved to the direct processes seems to be
poorly modelled, as can be seen by the consistent undershoot at around xγ ≈ 0.8 for all
predictions. Unlike HERWIG and SHERPA, the PYTHIA simulation does include the correct
evolution of the photon PDF, i.e. the photon splitting γ → qq̄ is taken into account. The
distribution still shows this shape in that case too, though. Potential reasons could be the
poor quality of the photon PDF or insufficient tuning of the fragmentation and multiple-
parton interactions modelling. Combined with the overshoot in the largest-x bin, we
would expect these effects to increase the multiplicity of direct processes, hence shifting
cross-section towards lower values of x.

4.3 Comparisons to HERA

For this comparison we used data taken by the ZEUS collaboration [40] during HERA Run 1.
Here, the photoproduction cross-section can be decomposed into two parts, σ = σγj +σjj ,
where again j denotes a parton resolved from within the photon or the proton. Similar
to the previous analysis, jets were clustered with the kT algorithm with R = 1 with
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Figure 4.4: Distribution of average transverse energy of dijets, ĒT , from
OPAL [34] for all x±γ (top left), x+γ or x−γ < 0.75 (top right) and
x±γ < 0.75 (bottom), compared to Leading Order simulations
by HERWIG, PYTHIA and SHERPA and MC@NLO-accurate sim-
ulations by SHERPA.
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Figure 4.5: Distribution of pseudorapidity η of dijets from OPAL [34] for
x+γ or x−γ < 0.75 (left) and x±γ < 0.75 (right), compared to
Leading Order simulations by HERWIG, PYTHIA and SHERPA

and MC@NLO-accurate simulations by SHERPA.
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Figure 4.6: Distribution of xγ of dijets from OPAL [34] for bins of av-
erage jet transverse energy ĒT ∈ [5GeV, 7GeV] (left) and
ĒT ∈ [11GeV, 25GeV] (right), compared to Leading Order
simulations by HERWIG, PYTHIA and SHERPA and MC@NLO-
accurate simulations by SHERPA.
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acceptance cuts requiring η ∈ [−1, 2.4] and ET > 14 (11) GeV for the (sub-)leading
jet, respectively. The analysis used a similar discriminant for the tagging of direct and
resolved processes, defined as

xobsγ =

∑
j=1,2E

(j)
T e−η

(j)

2yEe
, (4.3.1)

where the sum runs over the two highestET jets, Ee is the energy of the incoming electron
and y the inelasticity.
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Figure 4.7: Distributions of leading jet transverse energy Ejet1
T for xγ >

0.75 (left) and xγ < 0.75 (right) with jet pseudorapidities for
the two leading jets in 1 < ηjet1 < 2.4 and 0 < ηjet2 < 1
from ZEUS [40], compared to Leading Order simulations by
HERWIG, PYTHIA and SHERPA and MC@NLO-accurate simula-
tions by SHERPA.

In Fig. 4.7 we show the leading jet transverse energy Ejet1
T for direct and resolved pro-

cesses. While the SHERPA-LO prediction stays below the data, the PYTHIA predictions
agree within the error bars; the SHERPA-MC@NLO predictions describe the data well with
the exception of the low-ET phase space in the direct process, where it undershoots by
about 20%. As the cuts on the pseudorapidity select the forward region, this observable
is probably sensitive to additional radiation from underlying events, the used PDFs, and
to the photon splitting in the parton shower. Fig. 4.8 shows a similar situation for the
η-dependence, where for the resolved processes both PYTHIA and SHERPA-MC@NLO, agree
with data but for direct processes SHERPA undershoots slightly.

We finish this section with the distributions in xγ for low and high leading jet transverse
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Figure 4.8: Distributions of sub-leading jet pseudorapidity ηjet2 for xγ >
0.75 (left) and xγ < 0.75 (right) with leading jet pseudorapid-
ity in 0 < ηjet1 < 1 from ZEUS [40], compared to Lead-
ing Order simulations by HERWIG, PYTHIA and SHERPA and
MC@NLO-accurate simulations by SHERPA.

energy in Fig. 4.9. Unlike the modelling for LEP, there is no undershoot visible at the
transition from direct to resolved processes. SHERPA undershoots the data in the region
where both xγ and ET are small, however this can be attributed to the missing tuning of
the MPI as the same region is fairly well described by PYTHIA. HERWIG is again compatible
with the leading order simulation from SHERPA.

4.4 Predictions for EIC

For the planned EIC we present predictions for electron-proton beams with 18 and 275
GeV beam energies, respectively, similar to the study in [126]. We cluster jets with the
anti-kT algorithm with R = 1.0 and demand at least one jet with ET > 6 GeV. Looking at
inclusive (di-)jet observables in Fig. 4.10, we see a similar behaviour in the comparison
between the generators, where SHERPA-LO yields the smallest cross-section and PYTHIA-
LO the largest, while HERWIG delivers a significantly different shape of the xγ distribution.
The K factor in these observables is roughly 50%, again hinting at the real correction and
the phase space driving the correction at NLO. The PYTHIA LO prediction deviates another
50% from the NLO-accurate prediction, which can partially be explained by the different
PDF sets, αS values and the other differences as pointed out in Section 4.1.4. This means
that, going towards the highest possible precision, the perturbative accuracy needs to
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Figure 4.9: Distributions of xγ for leading jet transverse energies in
14 < Ejet1

T < 17 GeV (left) and 25 < Ejet1
T < 90 GeV (right)

from ZEUS [40], compared to Leading Order simulations by
HERWIG, PYTHIA and SHERPA and MC@NLO-accurate simula-
tions by SHERPA.

be improved further and the non-perturbative effects need to be constrained by data.
Publicly available RIVET analyses for the relevant data from HERA and LEP are crucial to
reach the latter goal. While there has been some recent progress on porting the existing
analyses to the RIVET framework, there still are some shortages related to MPI constraints
and virtuality modelling.

To study the event shapes in more detail, we present predictions for transverse thrust T⊥
and transverse sphericity S⊥, defined as

T⊥ = max~nT

∑
i

∣∣~pT,i · ~nT
∣∣∑

i ~pT,i
and (4.4.1)

S⊥ =
2λ2

λ1 + λ2
(4.4.2)

in Fig. 4.11. Here nT is the transverse-thrust axis that maximizes the quantity and λ1,2 are
the eigenvalues of the transverse linearised sphericity tensor Sαβ defined as

Sαβ =
1∑

i

∣∣~pT,i

∣∣ ∑
i

1∣∣~pT,i

∣∣
(

p2i,x pi,xpi,y

pi,ypi,x p2i,y

)
(4.4.3)

with i summing over the momenta in the final state and α, β over 1, 2. In both observables,
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Figure 4.10: Predictions of transverse jet energy ET (left) and xγ (right)
for jet production at the EIC, comparing to Leading Order
simulations by HERWIG, PYTHIA and SHERPA and MC@NLO-
accurate simulations by SHERPA.

PYTHIA predicts slightly more isotropic events than SHERPA, which might again be caused
by a larger number of MPI modelled within PYTHIA. Comparing the two SHERPA predic-
tions, we again observe a sizeable K factor and a shift towards more isotropic events.
While using a higher value for αS(MZ) in PYTHIA as a proxy for the K factor seems to
work quite well and gives similar cross-sections, the uncertainties from scale variations
are considerably smaller at NLO.
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Figure 4.11: Predictions of transverse thrust T⊥ (left) and transverse
sphericity S⊥ (right), for jet production at the EIC, compar-
ing to Leading Order simulations by HERWIG, PYTHIA and
SHERPA and MC@NLO-accurate simulations by SHERPA.

As a last observable, in Fig. 4.12 we look at the charged particle multiplicity in the detector
acceptance range |η| < 4 again for events that contain at least one jet with ET > 6 GeV
and see a large disagreement between PYTHIA and SHERPA. Even though MPI do not
play a huge role when studying high-pT observables, such as jets, they do come into play
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when studying event structure in more detail. The result shows fewer hadrons being
generated in SHERPA than in PYTHIA or HERWIG, and it means that a careful study of MPI
and hadronisation is necessary to correctly simulate these observables. As discussed
before, while the perturbative accuracy is under good control, corrections due to non-
perturbative effects rely on data being made available.
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Figure 4.12: Predictions of charged particle multiplicity Ncharged for
events with a jet with ET < 6 GeV at the EIC, comparing to
Leading Order simulations by HERWIG, PYTHIA and SHERPA

and MC@NLO-accurate simulations by SHERPA.

4.5 Summary

We present a comparison of the three general purpose event generators, HERWIG, PYTHIA,
and SHERPA, and contrast the results against experimental data from LEP and HERA col-
liders. While the starting point and theoretical ingredients are similar for each generator,
the default inputs and differences in phenomenological modelling do result in significant
differences for the considered observables. In particular, we compare to data for dijet
photoproduction analysed by the OPAL and ZEUS collaborations, seeing an overall good
agreement with the data for the SHERPA-MC@NLO and the PYTHIA simulations. At leading
order, to which the HERWIG and PYTHIA simulations are currently limited, and consist-
ent with SHERPA at leading order, shapes are roughly consistent with the data, however
normalizations lack a significantK-factor for HERWIG while PYTHIA compensates with set-
ting a higher value for αS . Furthermore, we present predictions for the upcoming EIC for
inclusive QCD observables and event shapes for events containing at least one high-pT jet.
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We find significant differences in observables sensitive to the underlying event modelling
and conclude that having more experimental data in the RIVET framework would allow
for further tuning of the parameters related to MPI generation such that discrepancies
could be largely resolved.

Being the dominant production mechanism for hadronic final states, more work is needed
in preparation for precision phenomenology for the EIC to understand the different re-
gimes and a coherent modelling of these, including development of the relevant infra-
structure in all general purpose event generators. Open questions remain such as the
transition region between DIS and photoproduction at virtualities of Q2 ≈ 1 GeV2 or the
direct and resolved regimes of the photon.





Chapter 5

Diffraction

Building on the more general introduction to diffraction in Section 2.2.4, we introduce in
this chapter the theoretical description of diffraction as well as different measurements at
HERA with which we validate the implementation. We also present a phenomenological
study for diffraction at the EIC.

5.1 Theory framework for jet production in diffraction

Diffractive events are characterised by the presence of an intact beam proton, or a low-
mass excitation thereof in the final state. In [71], factorisation has been shown to hold
for these type of processes with the introduction of so-called Diffractive PDFs (DPDF),
fDi (x, µF , xIP , t). In this factorised approach, the cross-section for the process ep→ eXY ,
where Y denotes the elastically scattered proton or its excitation, can be calculated through

dσep→eXY (xIP , t) =
∑
i

fDi (x, µF , xIP , t)⊗ σ̂ei→eX(x, µF ) . (5.1.1)

The kinematic variables, are defined as momentum transfer t = (pp − pp′)
2 and light-

cone momentum fractions xIP = p+IP /p
+
p and x = p+i /p

+
IP [127], c.f. Fig. 5.1 for a sketch

of the kinematics. Due to the colour-disconnection of the final state systems X and Y ,
the events typically show a large rapidity gap (LRG). The tagging of such events can be
experimentally achieved either through dedicated detection of the system Y or by vetoing
activity in certain rapidity regions, hence selecting events with LRGs.
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f
(p)
IP

f
(IP )
i

Figure 5.1: Sketch of an diffractive DIS event for the production of two
jets, j1 and j2, together with the remnants forming system
X and p′ forming the system Y .
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Such event topologies are usually attributed to the exchange of pomeron (and sublead-
ingly a reggeon); motivated by this physics model the factorisation picture has been
extended [75], to separate the DPDF further into products of flux factors and PDFs:

fDi (x, µF , xIP , t) = f
(p)
IP (xIP , t) f

(IP )
i (x, µF ) + nIRf

(p)
IR (xIP , t) f

(IR)
i (x, µF ) (5.1.2)

Inspired by Regge theory, the flux factors assume the form

f
(p)
IP ,IR (xIP , t) = AIP ,IR

eBIP ,IRt

x
2αIP ,IR(t)−1

IP ,IR

(5.1.3)
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Figure 5.2: Pomeron (left) and reggeon (right) fluxes as functions of xIP
and t.

with the parameters describing the trajectories αIP ,IR(t) = αIP ,IR(0) + α′
IP ,IR t fitted to data.

In a naive picture, the pomeron can be interpreted as a colour-neutral two-gluon state
and the reggeon as a colour-neutral quark–anti-quark state. In Fig. 5.2 we plot the fluxes
double-differentially in xIP and t. Integrating over t in the interval [tmin, tcut] yields

f
(p)
IP ,IR (xIP ) =

AIP ,IRx
1.−2.αIP ,IR(0)

IP

BIP ,IR − 2.α′
IP ,IR log(xIP )

(
eBIP ,IRtminx−2.α

′
IP ,IRtmin − eBIP ,IRtcutx−2.α

′
IP ,IRtcut

)
.

(5.1.4)

The integration boundaries are given by tmin = −m
2
px

2
IP

1−xIP
, with mp the proton mass, and tcut
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the experimental boundary of the momentum transfer of the proton. We plot the corres-
ponding integrated fluxes in Fig. 5.3, which shows that indeed the dominant contribution
in the relevant phase space is the pomeron, exceeding the reggeon flux by up to almost
four orders of magnitude. Furthermore, the pomeron flux can be approximated quite well
by a function proportional to x−1.222

IP .

10−3 10−2 10−1

xP

10−1

100

101

102

103

104

f(P
)

P
,R

(x
P

)

P flux
R flux

∝ x−1.222
P

Figure 5.3: Integrated pomeron, IP , and reggeon, IR, fluxes with tcut =
−1.6GeV2 as a function of xIP ,IR.

While the PDF for the pomeron f
(IP )
i (x, µF ) must be fitted to data, the reggeon PDF is

usually approximated by the pion PDF, f (IR)
i (x, µF ) ≈ f

(π
0
)

i (x, µF ) [128]. In Fig. 5.4 we
show the PDFs used for our study for the pomeron and the reggeon; the former clearly
shows a dominant gluon contribution up to high values of xwhile the quark contributions
are about an order of magnitude smaller. In both fits, the same distributions describe the
u- and the d-quark content. To quantify the dominating contribution, we convolve the
pomeron flux with its gluon PDF and plot it double-differentially in x and xIP in Fig. 5.5.
We see that the product depends more strongly on xIP than on x.

Depending on the virtuality of the exchanged photon, events can be further differenti-
ated into the deep-inelastic scattering (DIS) or the photoproduction regime. In the latter
case, the factorisation includes a photon flux and, in the resolved case, a photon PDF.
The overall phase space setup and the implementation of the photoproduction events
follows Section 3.1.

This results in the following factorisation formula for the cross-section for diffractive DIS
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Figure 5.4: The H1 Fit B pomeron PDF and the GRVPI0 used for the
reggeon at µ2F = 10 GeV2.
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Figure 5.5: Convolution of the pomeron flux with the dominant gluon
PDF from H1 Fit B at µ2F = 10 GeV2.
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σ(DDIS) (ep→ eXY ) =

∫ xIP ,max

0
dxIP

∫ tmin

tcut

dt

∫ 1

0
dxif

D
i (xi, µF , xIP , t) σ̂ (ei→ eXY )

(5.1.5)

and for diffractive photoproduction

σ(DPHO) (ep→ eXY ) =

∫ 1

0
dxf (e)γ (x)

∫ xIP ,max

0
dxIP

∫ tmin

tcut

dt∫ 1

0
dxjf

(γ)
j

(
xj , µF

)
dxif

D
i (xi, µF , xIP , t) σ̂ (ji→ XY ) (5.1.6)

where, as in Chapter 3, in the latter case f (γ)j is replaced by a Delta distribution for direct
photoproduction.

5.2 Validation: simulation and data

5.2.1 Event generation

Events are generated based on a pre-release of SHERPA [2, 129] v3.1; the code will be
made available in a future release. The matrix element part of the simulation used
AMEGIC [96, 97] and COMIX [87] for tree-level matrix elements, OPENLOOPS [83, 130–132]
for loop matrix elements, and Catani-Seymour dipole subtraction [95, 133] automated
in [97] for the treatment of infrared divergences. The matching to the parton shower [99] is
achieved through the MC@NLO formalism [100] in its implementation presented in [102].
For the PDFs we used built-in interfaces to the SAS1M set [52, 53] for the photon and
the H1 2007 Fit B set [74] for the pomeron. For the reggeon and the proton, we used
the sets GRVPI0 [128] and PDF4LHC21_40_pdfas [108], respectively, interfaced through
LHAPDF [134]. The parameters of the pomeron flux were taken from the fit in [74]. We
calculated in the 3-flavour scheme in accordance with the PDF and additionally allowed
for massive c-quarks at NLO and massive b-quarks at LO in the final state. We consistently
used the current default value for αS(MZ) = 0.118 with three-loop running, which is also
in-line with the H1 2006 PDF. The factorisation scale and the renormalisation scale were
set to µF = µR = HT /2 for photoproduction events and to µ2F = µ2R = 1

4(Q
2+H2

T,hadr) for
DIS events, with HT,hadr as the scalar sum over the transverse momenta of all hadronic
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particles, and were varied by factors of 2 in a 7-point scale variation to estimate the uncer-
tainties. The partonic final states were hadronised with the cluster fragmentation model
of AHADIC [105], tuned to LEP data. To conserve quantum numbers, remnants are created
similarly to the description in Section 2.3.5; the only difference is that the valence content
of the pomeron is assumed to be a two-gluon state and of the reggeon any two-quark
state.

Diffractive events are simulated with an assumed intact beam proton. Low-mass ex-
citations have been seen to account for an additional 20% in cross-section flat in phase
space and can therefore be taken into account with an overall scaling of 0.83 [135]. Dif-
fractive photoproduction is composed of two components, the direct and the resolved
photon contributions, with the latter simulated through a photon PDF. However appeal-
ing this picture of combining two PDFs is — one for the photon, one for the pomeron or
reggeon — the assumed factorisation underpinning it is expected to break down [71] as
a consequence of additional soft interactions between the photon and the proton beam.
To account for the suppression of these events, we generalised the multiple-interactions
modelling in SHERPA to allow for this kind of interaction. Naturally, this argument can
only be applied to the resolved component, and therefore it has been conjectured that
factorisation might still hold for the direct component [77]. We will study this ansatz in
Section 5.4.3.

5.2.2 Experimental observables and datasets

Our implementation of diffractive events in DIS and photoproduction was validated with
data from the H1 [72, 136] and ZEUS [137] collaborations.

H1, JHEP05 (2015) 056 The data from the H1 collaboration in [136] detected the out-
going proton in the Very Forward Proton Spectrometer (VFPS) and measured dijet pro-
duction in both the DIS, 4GeV2 < Q2 < 80GeV2, and photoproduction, Q2 < 2GeV2,
regime. To describe the kinematics of the diffractive exchange, the variable xIP was
defined as

xIP = 1−
E′

p

Ep
(5.2.1)

withE(′)
p the energy of the incoming (outgoing) proton; the acceptance of the VFPS yielded

a range of 0.010 < xIP < 0.024. The partonic momentum fractions with respect to the
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diffractive exchange and, in the case of photoproduction, with respect to the electron and
the photon have been defined as

zIP =
Q2 +M2

12

Q2 +M2
X

(5.2.2)

for diffractive DIS events and

zIP =

∑
j=1,2 (E + pz)j∑
i∈X (E + pz)i

, y =

∑
i∈X (E − pz)i

2Ee
, and xγ =

∑
j=1,2 (E − pz)j∑
i∈X (E − pz)i

(5.2.3)

for diffractive photoproduction events, where M12 denotes the dijet invariant mass, MX

the invariant mass of X defined below; the index j runs over the leading jets and the
index i over the final state particles in X . The momentum transfer t from the proton
was required to be |t| < 0.6GeV2. The leading and subleading jets were clustered with
the kT -algorithm with R = 1 in the photon-proton rest frame and were required to have
transverse energies of E∗

T > 5.5GeV and 4.0GeV2, respectively, and lie within the pseu-
dorapidity range of −1 < η < 2.5 in the laboratory frame. The inelasticity y was required
to be within 0.2 < y < 0.7. The invariant mass of the system X was calculated as

M2
X =

(∑
i∈X

Ei

)2

−

(∑
i∈X

~pi

)2

. (5.2.4)

H1, EPJC51 (2007) 549 A similar measurement was undertaken in [72], where the mass
of the system Y was restricted to M2

Y < 1.6GeV2. For the tagging of diffractive events the
LRG method was used. Similarly to before, dijets were measured in the DIS, 4GeV2 <

Q2 < 80GeV2, and photoproduction, Q2 < 0.01GeV2, regimes and jets were clustered as
before, demanding E∗

T > 5(4)GeV for the (sub)leading jet within pseudorapidity −1 <

ηlab < 2. The photon-proton c.m.s.-energy W was restricted to 165GeV < W < 242GeV,
the proton momentum transfer to |t| < 1GeV2 and the longitudinal momentum ratio to
xIP < 0.03. The kinematical variables were defined as

xIP =
Q2 +M2

X

Q2 +W 2 , and zIP =
Q2 +M2

12

Q2 +M2
X

, (5.2.5)

2By the superscript ‘∗’ we denote quantities measured in the photon-proton rest frame.
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with M12 the dijet mass, for diffractive DIS events and

xIP =

∑
i∈X (E + pz)i

2Ep
, zIP =

∑
j=1,2 (E + pz)j

2xIPEp
, y = 1−E′

e

Ee
, and xγ =

∑
j=1,2 (E − pz)j

2yEe

(5.2.6)

for diffractive photoproduction events, whereE(′)
e denotes the incoming (outgoing) lepton’s

energy; MX was defined as in the previous analysis, c.f. Eq. (5.2.4).

ZEUS, EPJC55 (2008) 177 The ZEUS collaboration measured dijet production in diffract-
ive photoproduction [137] with photon virtualities of Q2 < 1GeV2 and an inelasticity of
0.20 < y < 0.85. The out-going proton was not detected, instead diffractive events were
selected by requiring LRGs. To correct for proton-dissociative events, a fraction of 16%
had been subtracted from the total cross-section. The following variables were defined:

xIP =

∑
h (E + pz)h

2Ep
, zIP =

∑
j E

(j)
T eη

(j)

2xIPEp
, y =

∑
h (E − pz)h

2Ee
, xγ =

∑
j E

(j)
T e−η

(j)

2yEe
,

(5.2.7)

and

M2
X =

∑
h

(E − pz)h (E + pz)h , (5.2.8)

where the index h runs over reconstructed Energy Flow Objects in the main detectors,
and it was required xIP < 0.025. Jets were clustered with the kT algorithm using R = 1 in
the laboratory frame, with cuts of ET > 7.5(6.5)GeV for the (sub)leading jet and within
pseudorapidity −1.5 < η < 1.5.

5.3 Diffractive DIS

Turning first to the Diffractive DIS measurements, we compare the SHERPA results, ob-
tained at MC@NLO accuracy with dijet production data from two publications by the H1
collaboration [72, 136].

In Fig. 5.6 we focus on fairly inclusive observables that describe the overall kinematics of
the events. They include very general observables such as the centre-of-mass energy of
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Figure 5.6: Differential DDIS cross-sections with respect to the photon-
proton centre-of-mass energy W (top left), the photon vir-
tuality Q2 (top right), the leading jet transverse momentum
E∗jet1

T (bottom left), and average jet pseudorapidity 〈ηlabjet 〉
(bottom right) from [72].
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Figure 5.7: Differential DDIS cross-sections with respect to the average
pseudorapidity 〈η〉 (top left) and the pseudorapidity differ-
ence |∆η| (top right) of the jets as well as the virtuality Q2

(bottom left) and the diffractive system’s mass MX (bottom
right) from [136].
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Figure 5.8: Differential DDIS cross-sections with respect to momentum
ratios xIP (top left), zIP (top right), the inelasticity y (bottom
left), and the transverse momentum of the leading jet Ejet1

T
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the photon-proton system W , the photon virtuality Q2, the transverse momentum of the
leading jetE∗jet1

T and the average jet pseudorapidity 〈ηlabjet 〉, all taken from [72]. Comparing
against data from [136], we extend to similar inclusive observables in Fig. 5.7 such as
pseudorapidity average and difference, 〈η〉 and |∆η|, virtuality Q2 and the diffractive
mass MX ; and observables that expose more of the underlying parton-level dynamics
such as the momentum fractions xIP and zIP and the inelasticity y alongside the leading
jet transverse momentum Ejet1

T in Fig. 5.8. We consistently observe excellent agreement
of the simulation at MC@NLO accuracy with data, with K-factors ranging from about 1.5
up to 2-3 depending on the observable and the associated phase space region. With the
exception of the W and y distributions, the K-factors are relatively flat and do not overly
change the shape of the distributions. This confirms other findings which established
good agreement of data and fixed-order calculations at NLO [73] and the corresponding
K-factors. The increasing size of K-factors is readily understood and associated with the
additional phase space made available due to the asymmetric cuts and additional parton-
level channels with the largest enhancement of the cross-section seen in the forward
region, as expected.

5.4 Diffractive photoproduction

5.4.1 Diffractive photoproduction at MC@NLO accuracy

Turning now to the description of diffractive photoproduction of dijets, we observe that
the convincing agreement of simulation and data does not hold true anymore, support-
ing statements about the possible breakdown of factorisation in such processes [71]. To
highlight this, let us first take a look at the momentum ratios xIP , zIP , y and xγ . They
have been analysed by both the H1 and the ZEUS collaboration in [136] and [137], respect-
ively, and we display the results in the left and right column of Fig. 5.9. As already seen
in previous NLO calculations [79], the calculation of the cross-section in our MC@NLO

samples severely overestimates the data in diffractive photoproduction, by a factor of up
to 2-3, while the LO predictions are in somewhat better agreement overall. In addition,
we observe a sharp increase, amounting to a visible shape distortion, of the MC@NLO sim-
ulation with respect to the experiment, particularly at large values of xγ & 0.75, a regime
usually associated with "direct" photoproduction, i.e. the photon acting as a point-like
particle. By and large, however, the MC@NLO simulation describes data reasonably well
in the "resolved" photoproduction regime of small xγ . 0.5.
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Figure 5.9: Differential diffractive photoproduction cross-sections with
respect to momentum ratios xIP , zIP , y and xγ (top to bot-
tom), obtained by H1 (left column, data from [136]) and ZEUS

(right column, data from [137]).
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We note that differences in the shape and normalisation between the two different sets of
data - and therefore between the two simulations - stem from the different phase spaces
populated by the H1 and ZEUS analyses, mainly related to the difference in the range of
Q2 and the definition of the diffractively scattered proton.

Our findings so far of NLO predictions overshooting data by large factors, are in agree-
ment also with an analysis of final state observables, such as the leading jet transverse
energy, Ejet1

T , the diffractive invariant mass MX , and the average pseudorapidity of jets
〈η〉 and the pseudorapidity difference between the two leading jets |∆η|, which we show
in Fig. 5.10. Again the MC@NLO predictions have a K-factor of about 2 with respect to
their leading-order counterparts, and they exceed data (taken from H1 [136]), again, by
a factor of about 2. We observe that the shapes of the distributions do not agree between
data and theory, especially in the pseudorapidity distributions and the momentum frac-
tions.

To compensate for the massive difference in measured and calculated cross-sections, H1
applied a global factor of about 0.5 to the calculation [72,136,138], improving its agreement
with the data. This rescaling does not improve the theory agreement with the ZEUS

data, where the calculation even slightly undershoots the data for low xγ ; therefore a
global scaling can not adequately be used to describe the factorisation breaking. We will
turn to this problem in more detail in Section 5.4.3 by further examining the interplay
seen in this observable. We conclude that a naive perturbative expansion without an
appropriate modelling of factorisation breaking does not seem to converge for diffractive
photoproduction.

5.4.2 Reggeon contribution

To further elucidate the components of the cross-section, we show in Fig. 5.11 the leading
jet transverse energy, comparing the calculation with and without the reggeon contribu-
tion, in three different definitions of phase space. Depending on it, we find a sizeable
positive contribution for the full range of the observable.

5.4.3 Modelling factorisation breaking in diffractive photoproduction

The overshoot of the cross-section hints at the breakdown of the factorisation and different
models have been brought forward to explain the discrepancies, which we will review
in the following. The variable xγ has been used by the experiments as a discriminator
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Figure 5.10: Differential dijet Diffractive Photoproduction cross-
sections with respect to leading jet transverse energy E jet1

T ,
invariant mass MX , difference in dijet pseudorapidity
|∆η| and average dijet pseudorapidity 〈η〉. Results of the
SHERPA simulation with MC@NLO accuracy are compared
with results at LO and with data from H1 [136].
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Figure 5.11: Distributions of leading jet transverse energy E
jet1
T (left

column) and xγ (right column) with and without reggeon
contribution, compared to data by H1 from [72] (top)
and [136] (middle) and from ZEUS [137] (bottom) in their
respective definitions of fiducial phase space.
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between the direct and resolved photon components and our calculation confirms that it
indeed works well to discern the different contributions. Generally, a small value of xγ
will correspond to a dominant contribution by the resolved photon and its PDF, while
values close to unity will mostly stem from direct contributions, i.e. the photon acting
as a point-like particle. In this section we use the handle this observable provides on
the dynamics of factorisation breaking and its interplay with the direct and/or resolved
components.

In [78] it was argued that the factorisation breaking is a consequence of hadronisation,
bin migration and NLO effects, which we exemplify in the distribution of xγ in Fig. 5.12.
While hadronisation certainly plays a big role in the bin migration between the two largest
xγ bins and the total cross-section is decreased, the overall overestimation of the total
cross-section is still present after taking these effects into account. In fact, hadronisation
is essential for the reconstruction of xγ in the ZEUS analysis, as a significant number of
events in the parton-level simulation end up in the region xγ > 1. It is also somewhat
amusing to note that hadronisation effects tend to reduce the overshoot of the simulation
in the highest xγ bins for the H1 analyses, while they tend to actually create it for the ZEUS

analysis.

As mentioned previously, it has also been argued that the decrease of the cross-section is
due to soft interactions between the resolved photon and the proton [71]. We implemented
a simplistic generalised multiple-parton interactions modelling in SHERPA to veto events,
which have an additional scattering between the photon and the proton and would thus
destroy the rapidity gap. In Fig. 5.13 we show the effect of this rejection. Naturally this
mechanism only applies to the resolved component and thus affects only those regions of
the phase space where the resolved component dominates. We also recall that the resolved
component can be further decomposed into the point- and hadron-like component, where
the difference is that the backwards evolution would collapse the former to a photon and
the latter to a meson-like state. Furthermore, it has been pointed out in [78] that the
so-called anomalous component, i.e. splittings of γ → qq̄, would not exhibit further
interactions with the proton. This would lead to a smaller suppression in the resolved
component, depending on the size of these splittings in the radiation off these quarks1.
We therefore expect that the generalised MPI modelling would only apply to meson-like
states, whereas the point-like contribution would see a suppression mechanism similar to
the direct component. A comprehensive study of the suppression mechanism will have
to disentangle these two components; while the hadron-like states will undergo the MPI-

1These splittings are currently not included in the simulation in SHERPA and, as indicated, we leave the
study of this effect to future work.
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Figure 5.12: Differential distribution of xγ in diffractive photoproduc-
tion. Results of the SHERPA simulation at parton- and
hadron-level (p.l. and h.l. respectively) with MC@NLO

accuracy are compared with results at LO and with data
by H1 from [72] (top) and [136] (middle) and ZEUS [137]
(bottom); with 7-point scale variations, and on linear scale
in the left column and on logarithmic scale on the right
column.
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based breaking of the factorisation, the point-like state will have to interpolate between the
direct and the hadron-like regimes. The implementation of this modelling and the details
of the suppression of the point-like resolved component are left for future work. However,
while our naive model depends on some assumptions about the impact parameter and
other unconstrained parameters and some additional simplifications, which certainly
deserve further investigation, it does not appear as if these effects alone can accommodate
the observed large discrepancy of simulation and data.
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Figure 5.13: Differential diffractive photoproduction cross-sections with
respect to momentum ratio xγ as measured by H1 in [72]
(top left) and [136] (top right) and xobsγ as measured by
ZEUS [137] (bottom), compared to results of the SHERPA sim-
ulation at MC@NLO accuracy with and without a veto on
γp interactions.

The authors of [81] conducted a study which found that, even though there is a slight
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dependence, the different phase space cuts are not the cause of the discrepancy in the
suppression between the H1 and ZEUS measurements.

Table 5.1: Scaling factors for the direct,Rdir, and resolved,Rres, compon-
ent in diffractive photoproduction for the respective experi-
mental data.

H1, EPJC51 (2007) 549 H1, JHEP05 (2015) 056 ZEUS, EPJC55 (2008) 177
[72] [136] [137]

Rres 0.4± 0.1 0.6± 0.3 1.3± 0.1
Rdir 0.4± 0.1 0.3± 0.2 0.5± 0.1

Turning back to the xγ distributions, we point out that, while the data from ZEUS and
H1 do not agree with each other on the overall size of the necessary suppression, they
both show an overshoot for large xγ values. This hints at factorisation breaking in the
direct component too. In fact, the distinction between direct and resolved components
of photoproduction cannot be maintained at NLO as the real correction to "direct" pho-
toproduction, γj → jjj, cannot be distinguished from contributions of photon splitting
combined with a two-jet matrix element, (γ → qq̄)PDF ⊗ (qj → jj)ME, where j denotes
any parton. This leads us to revisit the logic outlined in [72], to further elucidate the
impact of factorisation breaking on the different photonic components. We fit two pre-
factors, one each for direct and resolved components in the simulation, to the data to
quantify the effect of the suppression in the two components separately, with results
shown in Table 5.1. While the scaling of the resolved component does vary among the
different measurements, the direct component seems to support a somewhat universal
suppression by a factor of 0.5. The data covers different cuts on the photon virtuality,
hence the suppression seems to be independent of the kinematics at the electron-photon
vertex.

In Fig. 5.14 we exhibit the results of the fit; we also did not observe any significant dis-
crepancies between simulation and data in other distributions as a result of the rescaling.

5.5 Predictions for the EIC

5.5.1 Diffractive DIS

For the analysis of diffractive DIS events we implemented a routine for RIVET [106], loosely
based on the measurement in [136], with the following phase space: The photon virtuality
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Figure 5.14: Differential diffractive photoproduction cross-sections with
respect to momentum ratio xγ as measured by H1 in [72]
(top left) and [136] (top right) and xobsγ as measured by
ZEUS [137] (bottom), compared to results of the SHERPA sim-
ulation at MC@NLO accuracy with the direct and resolved
component scaled separately.
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was restricted to 4GeV2 < Q2 < 110GeV2, and we clustered jets in the lab frame using the
kT algorithm with R = 1 within pseudorapidity |η| < 4, demanding at least two jets with
transverse energy ET of at least 5.5 and 4 GeV, respectively. We assumed proton-tagging
and reconstructed the xIP as

xIP = 1−
E′

p

Ep
(5.5.1)

which had to satisfy xIP < 0.1, to allow for more phase space for jet production compensat-
ing for the lower beam energies. The momentum transfer was restricted to |t| < 0.6GeV2,
and we defined

zIP =
Q2 +M2

12

Q2 +M2
X

. (5.5.2)

In Fig. 5.15, we present inclusive observables like the leading jet transverse energy E(1)
T ,

the average jet rapidity 〈η〉, diffractive mass MX , and dijet mass Mjj . We note, again,
significantK-factors between LO and MC@NLO predictions ranging up to values of about
5 in the forward regime, testaments to the lower energy scales of the processes we study
here.

In addition to these observables we also display in Fig. 5.16 the distributions in the mo-
mentum fractions xIP and zIP and the inelasticity y as well as event shape distributions,
namely transverse thrust T⊥, transverse thrust minor T⊥m and transverse sphericity S⊥.
These observables are defined by

T⊥ = max~nT

∑
i

∣∣~pT,i · ~nT
∣∣∑

i ~pT,i
, T⊥,m = max~nT

∑
i

∣∣~pT,i × ~nT
∣∣∑

i ~pT,i
, S⊥ =

2λ2
λ1 + λ2

, (5.5.3)

and nT is the transverse-thrust axis that maximises the T⊥ and λ1,2 are the eigenvalues of
the transverse linearised sphericity tensor Sαβ

Sαβ =
1∑

i

∣∣~pT,i

∣∣ ∑
i

1∣∣~pT,i

∣∣
(

p2i,x pi,xpi,y

pi,ypi,x p2i,y

)
. (5.5.4)

While the events are broadly dominated by dijet kinematics, the event shape distributions
indicate a non-negligible contribution from three-jet events. Clearly, the data taken at
the EIC will complement the HERA data in the high-x region [139] in updated fits to the
DPDFs.
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Figure 5.15: Predictions at LO and MC@NLO accuracy of SHERPA for dif-
fractive DIS at the EIC for the leading jet transverse mo-
mentum E

(1)
T (top left), average jet rapidity 〈η〉 (top right),

diffractive mass MX (bottom left), and dijet mass Mjj (bot-
tom right). Phase space regions below the kinematic cuts
are populated by the parton shower.
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Figure 5.16: Predictions at LO and MC@NLO accuracy of SHERPA for dif-
fractive DIS at the EIC for the momentum ratios xIP , zIP
(top row), inelasticity y, transverse thrust T⊥ (middle row),
thrust minor T⊥,m and transverse sphericity S⊥ (bottom
row).
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5.5.2 Diffractive photoproduction

Measuring diffractive photoproduction at the EIC will shed new light on factorisation
breaking, and expand on some of the findings highlighted in Section 5.4.3. To obtain
predictions for this process, we calculated an average over the suppression factors for
direct and resolved photon processes from Table 5.1: R(EIC)

res = 0.8 ± 0.2 and R
(EIC)
dir =

0.4 ± 0.1 for the resolved and direct component, respectively. Additionally to the scale
uncertainty, we obtained envelopes for the uncertainties from the suppression factors. We
used the same cuts and settings as for the predictions for diffractive DIS, see the previous
subsection Section 5.5.1, restricting the virtuality to Q2 < 4GeV2 and defined different
momentum fractions as

xIP = 1−
E′

p

Ep
, zIP =

∑
j E

(j)
T eη

(j)

2xIPEp
, y = 1− E′

e

Ee
, xγ =

∑
j E

(j)
T e−η

(j)

2yEe
(5.5.5)

In Fig. 5.17, we display the momentum fractions xIP , zIP and xγ and inelasticity y and
observe K factors of about 2.5 for all these variables, approximately constant throughout.
We complement these by jet observables as well as event shapes in diffractive photopro-
duction in Fig. 5.18. Uncertainties due to the fitting to factorisation breaking and due to
scale choices are of comparable size, and the K factors between the MC@NLO and LO
accuracy again reach values of about 5. This is a consequence of low scales present in the
process and new channels opening up. The theoretical description hinges on the under-
standing of the factorisation breaking mechanism and MC@NLO predictions will provide
a baseline for the data taken at the EIC. The event shapes exhibit an anticipated effect,
namely that the limited phase space leads to lower multiplicities and an even stronger
dominance of dijet events compared to the DDIS events in the previous chapter, manifest
in the sharper peak at low values of 1− T⊥, T⊥m, and S⊥.

5.6 Summary

Diffraction played an important role at HERA, making up 10% of the total cross-section.
We simulate (hard) diffractive jet production at Next-to-Leading-Order in SHERPA for
electron-proton collision in both the DIS and photoproduction regimes, matching our
calculation to the parton shower. This results in the first fully differential hadron-level
calculation of hard diffraction at MC@NLO accuracy and provides an important accuracy
standard for future EIC predictions.
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Figure 5.17: Predictions at LO and MC@NLO accuracy of SHERPA of mo-
mentum ratio xIP , zIP and xγ (upper row, left to right), of
inelasticity y in diffractive photoproduction at the EIC.
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Figure 5.18: Predictions at LO and MC@NLO accuracy of SHERPA of
event shapes transverse thrust T⊥ and transverse thrust
minor T⊥m (top row), transverse sphericity S⊥ and diffract-
ive mass MX (middle row) and leading jet transverse mo-
mentum Ejet1

T and average jet pseudorapidity 〈η〉 (botto
row) in diffractive photoproduction at the EIC. Phase space
regions below the kinematic cuts are populated by the par-
ton shower.
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Validating our simulation against data from the H1 and ZEUS collaborations we see ex-
cellent agreement for Diffractive DIS setups. In the Diffractive Photoproduction regime,
we observe significant discrepancies compared to the data, confirming the findings in
previous Fixed Order calculations. We review and discuss different ansätze to explain the
differences in view of our hadron-level simulations and conclude that none of the pro-
posed solutions suffices to conclusively clarify the mechanism of factorisation breaking in
this regime. We argue that the factorisation breaking happens in fact in both the direct and
the resolved component in diffractive photoproduction. A coherent mechanism would
need to take into account the suppression of the real correction to the "direct" component
at NLO. We quantify the suppression in this component by fitting the two components to
the data.

Lastly, we present predictions for Diffractive DIS and Diffractive Photoproduction at the
EIC, where for the latter we estimated the suppression due to factorisation breaking by
means of the fits to the H1 and ZEUS data. Data taking at the EIC will provide more
insights into the exact mechanism of factorisation breaking and a thorough comparison to
theory predictions will determine the exact nature of the corresponding mechanism. With
this understanding it should be possible to apply this to hadron colliders, hence allowing
to study this phenomenon on the basis of the vast data taken at the LHC.





Chapter 6

Conclusion

Lepton-hadron colliders provide invaluable insights into the partonic content of the
probed hadron. As a result, Deep-Inelastic Scattering has seen large interest in the High
Energy Physics community. In the collider experiments, these events are subdominant,
with most hadronic activity stemming from photoproduction events. A third event class
is constituted by diffractive events, which are defined as scatterings in which the proton
stays intact.

The construction of the Electron-Ion Collider in the US and its ambitious precision targets
make it necessary to revisit these phenomena and provide state-of-the-art simulations
for them. In this work, the latter two event classes, photoproduction and diffraction, are
implemented in the SHERPA event generator.

In Chapter 3 we present phenomenology of photoproduction. Jet photoproduction ne-
cessitates the inclusion of the hadronic component of the photon that comes into play at
low virtualities. Photon Parton Distribution Functions must therefore be included in the
calculation of the cross-section and are interfaced to SHERPA. We generalize the multiple-
interactions model to allow for additional interactions with these resolved photons. We
extend the calculation to NLO and are able to produce the first hadron-level matched
NLO simulation of photoproduction, which we validate against data from the OPAL and
ZEUS experiments at LEP and HERA, respectively.

Comparing the LO and NLO simulation, we see a large improvement with respect to
the data in the shape and the overall cross-section. While the agreement of the NLO

simulation with the OPAL data is excellent, the ZEUS data is somewhat undershot in
double-differential distributions of xγ and η. We attribute this to the missing tune of
MPI, the correct treatment of photon splittings in the initial-state shower and — most
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importantly — to the parton content of the photon and potential associated systematic
errors. Our study is complemented with an examination of the photon PDF uncertainties
at LO, comparing all available PDF sets in SHERPA, where we find uncertainties of similar
size as the scale uncertainties at LO. We point out that new fits will be crucial to photo-
production phenomenology at the EIC. Following that we provide predictions for the EIC

for jet photoproduction and analyse the events with inclusive-jet as well as event-shape
and heavy-jet observables.

Moving on, in Chapter 4 we compare three general-purpose event generators, HERWIG,
PYTHIA and SHERPA, with respect to photoproduction. Between PYTHIA and SHERPA dif-
ferences are scrutinised and attributed to the differing treatments of beam remnants, the
value used for αS , the flux, the photon splittings in the initial-state shower and the choice
of photon PDF. We compare the three generators for LEP, HERA and EIC setups, and there-
fore see significant differences between them. In view of the EIC, we argue that more work
is needed to properly understand the different regimes, like the transition region between
photo- and electroproduction and the interplay of direct and resolved processes. Making
the data from past colliders accessible in the RIVET framework would expedite the studies
of these effects and the comparison of different approaches.

Last but not least, in Chapter 5 we study diffraction by implementing the relevant flux
and PDFs in SHERPA. While diffractive DIS has been well understood, the factorisation
of the cross-section breaks down in diffractive photoproduction. With matched NLO

accuracy, we again are able to provide the first hadron-level simulations of this event class.
Validating the simulation against data measured at HERA, we see excellent agreement
between theory and experiment.

In diffractive Photoproduction, the breakdown of factorisation is usually suspected to be
caused by additional scatterings between the resolved photon and the proton. We there-
fore extend the MPI modelling to supplement the NLO accurate simulation, by allowing
interactions between the resolved photons and the original proton and using these interac-
tions to veto events that do not leave the proton intact. We also summarise findings from
other studies and argue that contrary to some other attempts, the factorisation breaking
has to be assumed to happen in both the resolved and the direct component. Essentially,
the two modes are indistinguishable at NLO and therefore the direct component must
also be rescaled. To arrive at the exact mechanism, one relies on experimental data which
the EIC will hopefully provide in the next decades.

The simulation is then applied to an EIC setup in both diffractive DIS and diffractive pho-
toproduction regimes. For the latter, we rescaled the direct and resolved component based
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on a fit of suppression factors to the HERA data. We examined inclusive jet observables,
event shapes, and momentum ratios used in previous studies.

Going beyond the work presented here, the phenomenology of lepton-hadron colliders
can be improved further in several regards. One of the most interesting questions will
be understanding the parton content of virtual photons, and connected to that, the trans-
ition between the electroproduction (i.e. DIS) and the photoproduction regime. For this
purpose, the picture of the parton content in the photon must be extended, with the
primary obstacle being the presence of an additional scale, the photon virtuality, and its
interference with the factorisation scale in the evolution equations.

However, as a first step, the phenomenology of photoproduction currently suffers from
outdated PDF fits, meaning that a new parametrisation using up-to-date techniques will
significantly improve the quality of any theoretical calculation and allow for a better
estimation of PDF uncertainty. Our studies showed that the currently available fits are
somewhat disparate, making any theory calculation highly dependent on the chosen PDF
set.

Lastly, diffraction is an interesting phenomenon at hadron colliders as well and under-
standing the factorisation breaking in diffractive photoproduction at the EIC will allow
also for more informed studies at the LHC.

In summary, while hadron-level predictions are an important baseline for the interpret-
ation of data taken at the EIC and potentially other future experiments, the theoretical
description of both diffraction and photoproduction has to be improved in the future.
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