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Kurzfassung
In dieser Masterarbeit wird die Anpassung von Monte­Carlo Modellen an experimentelle Daten
durchgeführt, welche die Neuorientierung der QCD­Farbinteraktionen (”Colour Reconnection”)
in einem Event beschreiben. Hierzu werden neue Techniken zur Evaluation der Sensitivität
und der Umschließung der Referenzdaten erarbeitet und angewendet. Außerdem wird eine
Anpassung der Gewichtung einzelner Observablen zur Reduktion des Einflusses redundanter
Observablen untersucht. Die drei resultierenden ”Tunes” sind in Tabelle 1 dargestellt. Diese wer­
den in der Arbeit anhand ihres Beitrags zur Anpassungsgüte 𝜒2 verglichen. Zusätzlich wird ein
Vergleich zum verbreiteten A14­Tune vorgenommen. Die unter Verwendung der produzierten
Tunes rekonstruierten Top­ und𝑊­Massen werden mit dem A14­Tune verglichen.

Abstract
In this master thesis, Monte Carlo models describing the reorientation of QCD colour interactions
(”colour reconnection”) in an event are fitted to experimental data taken at ATLAS. For this pur­
pose, new techniques for evaluating the sensitivity and envelopment of the reference data are
developed and applied. Furthermore, an adjustment of the weighting of individual observables
to reduce the influence of redundant observables is investigated. The three resulting ”tunes” are
presented in Table 1. These are compared in the thesis on the basis of their contribution to the
goodness­of­fit 𝜒2. In addition, a comparison is made to the widely used A14 tune. The masses
of top quarks and W bosons reconstructed using the produced tunes are compared to A14.

Table 1: The three parameter tunes for CR2 achieved in this thesis.

Tune Naive Selected Reweighted

𝜒2/N.D.F. 25.5 16.3 18.3

MPI:pT0Ref 2.30 2.23 2.35
MPI:expPow 1.75 2.07 1.66

CR:m2Lambda 2.81 0.32 0.32
CR:fracGluon 1.00 0.78 0.82

CR:dLambdaCut 1.86 1.05 0.88
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1
Introduction

During all of documented history, man has wondered about the composition and underlying laws
of our universe. In the last century, our understanding of the world we find ourselves in has sky­
rocketed via the discovery of concepts like quantum mechanics, thermodynamics and quantum
field theory. Today, even though many questions remain unanswered, we possess a powerfully
predictive tool: The Standard Model (SM) of particle physics. It describes all constituents of mat­
ter known presently and their interactions. However powerful, we know the SM to be incomplete
at best. Effects like dark matter or gravity are beyond its scope. Additionally, it includes a set of
free parameters that cannot be inferred from first principle. As a result, the search for a “theory
of everything” continues, representing the holy grail of theoretical physics.
In the meantime, many unanswered questions within the SM have to be addressed as well, one
of which will be the topic of this thesis. In the SM there exists a set of particles that interact
via three different charges capable of mixing or neutralising. These particles, called “quarks”
and “gluons”, represent the constituents of the atomic nuclei of all elements of the periodic ta­
ble. Their interaction is described by a theory called Quantum Chromodynamics (QCD) and the
quarks exhibit behaviour that seems kind of odd when compared to other physical systems. The
strength of their interaction increases when they are pulled apart, to the point where new parti­
cles come into existence to ease the tension of this separation. QCD is very well understood at
high energies via a perturbative treatment, but low energy or “soft” QCD remains inaccessible for
now. Exactly this low energy QCD is required to describe many of the phenomena we observe
in the contemporary high energy experiments at the Large Hadron Collider (LHC). In the current
state of research, we need to compromise with phenomenological models that approximate the
behaviour of such systems. However, the problem with models that are not derived from first
principles is that they are always based on assumptions. Only comparisons to data can reveal
which models describe a given area of physics well and multiple free parameters have to be
determined. In this thesis, we will focus on models describing how different parts of a collision
event at LHC rearrange themselves under the influence of QCD. This process, called “Colour
Reconnection” (CR), is crucial for accurately modelling the entirety of the collision and therefore
allowing for precise measurements of other quantities. We will describe ways of fixing the free
parameters of such models in a process called “tuning” and introduce improvements to the pro­
cedures used in the past. In the end, we will arrive at parameter recommendations for a model
of colour reconnection and compare its performance to data gathered at the LHC.

1
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In this chapter, all fundamental principles are introduced. We start with a brief introduction
to the LHC and the ATLAS detector. Next, all SM interactions with their associated particles
are described and the processes relevant to this work are presented. Ultimately, the concept
of Monte Carlo (MC) event generators and their tuning is discussed. Chapter 2 focusses on
the concept of colour reconnection, the model under study and alternative models available in
the studied MC generator. In Chapter 3, all physics analyses used in the MC tuning efforts are
briefly presented. Chapter 4 introduces a new method of determining the sensitivity of MC ob­
servables to changes in input parameters. Comparisons between different observables of the
”CR2” model are included. The following Chapter 5 includes tunes for the CR2 model using
different approaches and compares their quality. Chapter 6 summarises the results of this work
and attempts to provide an outlook on what still needs to be done.

1.1. LHC and the ATLAS Detector
The study of subatomic particles and their characteristics can seem quite counterintuitive: To
study smaller and smaller systems, we need to build larger and larger accelerators. One can
explain this by looking at these systems not in units of size, but in units of energy. Only in
recent years have we been able to access center­of­mass energies of 𝒪(TeV). This allows us
to examine the high­energy frontier by using the largest machine ever built in human history: the
Large Hadron Collider.

1.1.1. The Large Hadron Collider
The Large Hadron Collider is a synchrotron in collider configuration with an unprecedented cir­
cumference of ∼ 27 km [1]. It is located at the European Organisation for Nuclear Research
(CERN) in Geneva and designed to reach center­of­mass energies of up to 14TeV for two col­
liding beams of protons. It features four collision points at which the main experiments ATLAS,
CMS, LHCb and ALICE are located. While ALICE is designed to examine the collision of heavy
lead ions and LHCb specialises in the physics of the bottom quark, ATLAS and CMS are mul­
tipurpose detectors for 𝑝𝑝 collisions. Protons enter the LHC in bunches of approximately 1011
particles each and collide at the interaction points at a rate of once per 25 ns. However, before
entering the main ring, particles are accelerated in several pre­accelerators since the main ring
is optimised for injection energies of around 450GeV. A schematic of the entire accelerator­
configuration is provided in Figure 1.1. A particle collider is characterised by its center­of­mass
energy and its luminosity ℒ. It measures the number of interactions occurring per unit of time
and area. Together with the cross section 𝜎, a specific measure for the probability of a particular
process occurring, the integrated luminosity allows for a prediction of the aggregate number of
events that have been measured in a given period of time

𝑁 = 𝜎∫ℒ𝑑𝑡.

As of now the LHC has delivered 189 fb−1 since its first physics run1 and is currently undergoing
a longer shutdown [3].

1.1.2. The ATLAS detector
ATLAS (A Toroidal LHC ApparatuS) [4] represents the largest experiment at the LHC. It was
constructed to allow for precise measurements of SM physics as well as searches for physics
1A "barn" is a unit of measurement for the cross sectional area of subatomic reactions. 1 fb ≡ 1 × 10−15 b
≡ 1 × 10−39 cm2



1.1. LHC and the ATLAS Detector 3

Figure 1.1: Schematic overview of the entire CERN accelerator complex [2].

beyond the Standard Model. The detector is laid out in a cylindrical shape with various subdetec­
tors arranged in layers around the central point of interaction. It weighs over 7000 t, occupies a
length of 46 m and is 25 m high. The innermost layer is responsible for tracking charged particles
immediately after their collision. It is immersed in a solenoid magnetic field, which allows for the
charge and also the type of particle to be determined. Around it, a calorimeter is placed allowing
the energy of the collision products to be measured. A muon spectrometer is mounted on the
very outside inside of a toroidal magnetic field. All of these components will be further discussed
shortly below. An overview over ATLAS and all of its subdetectors is given in Figure 1.2.

ATLAS Coordinate System
The basic coordinate system used within ATLAS is a right handed Cartesian system originating
in the interaction point (IP), in the middle of the detector. The x­axis points from the IP into the
middle of the LHC while the y­axis points upwards into the sky. Therefore, the z­axis is directed
along the direction of the beamline. One very important measure is the transverse momentum
𝑝⃗𝑇 of a particle, which represents the projection of its momentum vector onto the x­y­plane. It is
invariant under a Lorentz boost in the z­direction. An alternative cylindrical coordinate system
(𝑧, 𝑟, 𝜙) can be defined, where 𝜙 is the angle between the x­axis and transverse momentum
vector of a particle. The polar angle 𝜃 of a particle is defined as the angle between momentum
vector and beam­axis. The pseudorapidity makes use of this angle via

𝜂 = − ln(tan 𝜃2) .

This expression is zero for particles traversing the detector volume outwards with no longitudinal
momentum 𝑝𝑧 and gets arbitrarily large for particles flying in the direction of the beam. An angular
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Figure 1.2: A complete overview of the ATLAS detector and all of its subdetectors [5].

distance between two particles is thus defined as

Δ𝑅 = √(Δ𝜂)2 + (Δ𝜙)2.

The Inner Detektor
Embedded in a solenoidal magnetic field of 2 T, the Inner Detector (ID) is the part of the ATLAS
detector closest to the beam pipe. It consists of the innermost pixel­detector, a silicon microstrip
detector and a transition radiation detector. These work together to track the movement of
charged particles and determine their momentum and charge via the curvature of their paths.
In addition, electron/pion separation is performed by the transition radiation detector. Since the
pixel­detector is extremely close to the interaction point, it also allows for the identification of jets
originating from a 𝑏­quark in a process called “𝑏­tagging” (more on that in Section 1.3.1).

Calorimeters
The calorimeter section aims at measuring the energy of outgoing particles and jets. It subdi­
vides into an electromagnetic section on the inside, and an outer hadronic section. The elec­
tromagnetic (EM) calorimeter is built as a sampling calorimeter with liquid argon as the active
material. Lead and stainless steel is placed between the sampling layers as an absorber, op­
timised for the measurement of electrons and photons. The hadronic section is optimised to
absorb particles that interact via the strong force and passed through the EM calorimeter. While
the forward­regions are also built using liquid argon sampling layers, but with copper and tung­
sten in between, the main “barrel” part of this calorimeter comprises scintillating sampling layers
with steel absorbers.
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Muon Chambers
Due to their larger mass compared to electrons, muons are able to pass the calorimeter section
with minimal bremsstrahlung loss. As not much energy is deposited in the inner layers, the
outermost subdetectors of the ATLAS detector are dedicated to identifying and characterising
muons. Enveloped in a toroidal magnetic field, 1200 muon chambers measure the tracks of
traversing particles. In addition, a set of timing chambers are installed to allow for precisely
timed selection of events containing muons.

1.2. The Standard Model of Particle Physics
Currently, there are four known fundamental forces which mediate all interactions between par­
ticles. Gravity represents the fundamental force giving rise to the large­scale structure of our
universe. It affects all particles according to their mass and is always attractive, therefore lead­
ing to the formation of solar systems, galaxies and clusters. While the interaction of largemasses
is sufficiently described by the general theory of relativity, a theory of quantum gravity is still an
active area of research.
Matter we encounter in our day­to­day lives is made up of atoms, which consist of a positively
charged nucleus and negatively charged electrons that are bound to their nucleus by the elec­
tromagnetic interaction. The fundamental theory describing the electromagnetic interaction is
called Quantum Electrodynamics (QED). The atomic nucleus itself is a compound system of
positively charged protons and neutral neutrons. They are bound together by the strong nuclear
force that only manifests itself on very short scales of a few fm. This allows for stable elements
to exist despite the electromagnetic repulsion of the protons. Fundamentally, the strong nuclear
interaction is described by the theory of Quantum Chromodynamics. While the proton as a par­
ticle has so far been observed to be completely stable, the neutron on the other hand is not. It
decays by emission of an electron and a neutrino into a proton. This is conducted via a weak
force which can change the type of a particle, also called “flavour”. As it turns out, QED and weak
interactions can be viewed as results from the same force described by the Electroweak Theory
(EWT). This “unification” of forces remains an ultimate goal of theoretical particle physics. A
potential combination of EWT with QCD is referred to as a Grand Unified Theory (GUT), while
the unification of all four fundamental forces is called a “theory of everything” (TOE). A TOE is
considered the “holy grail” of modern physics.

As of today, the most comprehensive description of fundamental interactions is the Standard
Model of particle physics. It combines electroweak and strong interactions and their associated
particles with the Higgs mechanism and a Yukawa interaction sector2 to construct an incredibly
effective theory that is capable of explaining most observations made by today’s high­energy
experiments. The model, however, does not include effects like neutrino oscillations. Also, it
has 19 free parameters and is therefore considered more of an ad hoc model than a unified field
theory. A comprehensive and in­depth introduction into SM physics is provided in [6], which this
section is loosely based upon.

1.2.1. Fundamental particles
As of now, a total of 17 types of fundamental particles have been discovered. They can be
divided into two categories: fermions and bosons, as presented below. A graphical overview
with masses, spin and electric charges of the particles is provided in Figure 1.3.

2The Yukawa interaction of the SM describes the coupling between the Higgs-field and the massless quark and
lepton fields.
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Standard Model of Elementary Particles
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Figure 1.3: All elementary particles included in the SM with their masses, electric charges and spin values [7].

Fermions
Fermions are massive particles with a half integer spin (1∕2 , 3∕2 , ...). As such they obey the
Pauli exclusion principle, which says that in a quantum system, a quantum state can solely be
occupied by a single fermion. This gives rise to effects like the atomic spectrum or the band
structure of semiconductors. For each elementary SM fermion, there exists a corresponding an­
tiparticle with opposing charges and otherwise identical properties. They subdivide into quarks
and leptons. There are three families of leptons, each consisting of a charged lepton and a cor­
responding chargeless neutrino. The charged leptons are subject to both the electromagnetic
and the weak interaction while the neutrinos can only interact weakly. In SM interactions, the
number of leptons per family are always conserved (particles count as 1, antiparticles as ­1).
Quarks are electrically charged particles that interact with each other via the strong, the weak
and the electromagnetic interaction. As with leptons, three families of quarks are known as of
now. Each family contains a particle with a positive 2∕3 charge and a counterpart with an electric
charge of ­1∕3.

Bosons
Bosons represent particles with integer spin. When two elementary particles interact with each
other via one of the fundamental interactions, they do so via the exchange of a gauge boson.
All five types of SM gauge bosons have a spin of one. While gauge bosons are fundamentally
massless, the Z and W bosons of the weak interaction are massive particles due to the Higgs
mechanism. While a comprehensive description of the mechanism is beyond the scope of this
thesis and can be found in [6], it is at least useful to know the Higgs mechanism gives rise to
the Higgs particle as an additional spin zero boson. The Higgs boson has been successfully
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discovered by both ATLAS and CMS [8, 9] and therefore further justifies the inclusion of the
Higgs mechanism in the SM .

Photons The photon (𝛾) is the neutral gauge boson of the electromagnetic interaction. It cou­
ples to any particle with an electric charge including other charged bosons, is massless and
stable. QED has only one fundamental vertex, the corresponding Feynman diagram can be
found in Figure A.1 along with example QED processes.

W and Z bosons The weak interaction is mediated by W and Z bosons. While the W bosons
possess either a positive or negative charge of 1, the Z boson represents a neutral particle. W
bosons in particular couple to fermions and their corresponding neutrinos and are also able to
change a quarks flavour. For example, a𝑊− being emmited by a d­quark is responsible for the
𝛽−­decay of the neutron. For the relevant fundamental vertices and an example diagram for a
𝛽­decay, refer to Figure 1.4.

𝑍0

𝑓𝑓

(a) A 𝑍0 interacting with
any fermion 𝑓.

𝛾, 𝑍0

𝑊−𝑊+

(b) Two 𝑊± interacting
with a 𝛾 or a 𝑍0.

𝑌𝑋

𝑊+ 𝑊−
(c) Two 𝑊± interacting
with any two electroweak
bosons 𝑋, 𝑌 such that
electric charge is con-
served.

𝑊±

𝜈𝓁/𝓁−

𝓁+/𝜈̄𝓁
(d) A 𝑊± decaying
into any (anti-)lepton
and the appropriate
(anti-)neutrino.

𝑊±

𝑑/𝑢

𝑢̄/𝑑̄
(e) 𝑊± decaying into an
up-type (anti-)quark 𝑢
and a down-type (anti-
)quark 𝑑.

𝑑 𝑢
𝑊−

𝑒−

𝜈̄𝑒

(f) 𝛽 decay of a neutron
(ddu) into a proton (udu)
via a 𝑊− particle.

Figure 1.4: Fundamental weak vertices and an example process. Note that all interactions conserve electric charge
and lepton family numbers.

Gluons Unlike the other gauge bosons, gluons transport more complex “colour” ­ charges
(three colours and anti­colours). A fundamental property of the underlying QCD theory (dis­
cussed further in [6, Chapter 10.4]) is that coloured particles cannot be observed in nature on
their own, all QCD systems are therefore of neutral colour. The “colour singlet” state (𝑟𝑟̄ +
𝑏𝑏̄ + 𝑔𝑔̄)/√3 cannot exist in a single gluon, since the strong interaction is observed to be short
ranged. This leaves a set of eight possible gluon states, which are referred to as the “colour
octet”. Gluons can interact not only with quarks, but also with other gluons. All fundamental
QCD Feynman diagram vertices are shown in Figure 1.5.
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𝑔

𝑞𝑞

(a) A Gluon 𝑔 interacting
with any (anti-)quark 𝑞.

𝑔𝑔

𝑔

(b) Interaction of three
gluons.

𝑔𝑔

𝑔 𝑔

(c) Interaction of four glu-
ons.

Z/𝛾∗

𝑒−

𝑒+

𝑞̄

𝑔

𝑞

(d) Example of gluon bremsstrahlung in a
quark pair production event, as observed
by TASSO [10].

Figure 1.5: Fundamental QCD vertices and an example process.

Higgs boson Even though beyond the scope of this work, it is worth mentioning the Higgs boson
for completeness. Since the gauge bosons of the electroweak interaction are not massless,
the underlying gauge symmetry is broken. The introduction of the Higgs mechanism allows
for preservation of local gauge invariance, making the SM a consistent theory. For a proper
explanation of this mechanism, refer to [6]. The SM Higgs boson is uncharged and can interact
with massive fermions and the intermediate massive vector bosons. Its discovery is remarkably
compelling evidence for the Higgs mechanism and one of the most noteworthy successes of SM
physics to date. The fundamental vertices and two dominant production processes of the Higgs
boson are shown in Figure A.2

1.2.2. Hadrons and jet formation
Quarks have so far never been observed as singular stable particles, but only in bound hadronic
states of two or three called “mesons” or “baryons”. While protons are (as observed until now)
stable on their own, all other known hadrons are not. The leading explanation for this structure
is the hypothesis of “colour confinement”. It states that only colour singlets can exist as free
particles, believed to originate from gluons being able to interact with one another via the three­
gluon and four­gluon vertices. At larger distances, the energy required to separate two quarks
increases linearly with about 1GeV fm−1. Two quarks rearranging into a colourless state there­
fore becomes more energetically favourable with increasing distance between them. When two
quarks are drifting apart with sufficient kinetic energy, the potential energy of the string of gluons
holding them together will at some distance be greater than the mass of a quark­antiquark pair.
At this point, a pair will be produced from the vacuum and the string splits. Now two colourless
mesons exist instead of one as illustrated in Figure 1.6. This process continues until the remain­
ing kinetic energy of the “jet” of hadrons is no longer sufficient to produce more quark­antiquark
combinations. Jet formation, also known as “hadronisation”, is still poorly understood from a
QCD perspective. To recreate experimental data, we instead rely on highly phenomenological
models which are presented later in this chapter.
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𝑢𝑑̄

𝑔

𝑔

(a) A "string" of gluons binding two
quarks together into a 𝜋+ meson.

𝑢 𝑢̄ 𝑢𝑑̄
𝜋+ 𝜋0

(b) After the string has "snapped" due to separation, we
end up with an additional 𝜋0 meson.

Figure 1.6: Visualisation of how separation of quarks leads to the formation of more hadrons. Note that the
"string" connecting the quarks can be much more complex due to three- and four-gluon vertices producing
additional "junctions" in the string.

1.3. Processes under study
In this thesis, we will rely on several analyses from the ATLAS collaboration to include a variety
of physical processes into our tunes of soft QCD models. The focus of each of these analy­
ses is explained in Chapter 3. This section provides a brief introduction into the relevant hard
processes analysed and explain their relevance to our tuning effort.

1.3.1. 𝑡𝑡̄
The top quark represents the most massive SM particle. Its remarkably short lifespan causes
that there are no (known) bound states with other quarks. It decays after 𝒪(5 × 10−25 s) or a
maximum travel distance of 𝒪(10−16m), even before a hadronisation process could have hap­
pened. This allows for the opportunity to probe a quark in a “bare” state, with no other effects
from the binding forces of a hadron. It is predominantly produced in pairs of top and anti­top
quarks, also referred to as 𝑡𝑡̄ or “TTBar”, via the conversion of highly energetic gluons that were
created in the collision of two protons. Since the top quark must change its flavour to decay, the
only known decay modes are associated with the weak interaction via 𝑊± bosons, leaving be­
hind bottom­type quarks. While decays to 𝑠 and 𝑑­quarks are also possible, they are suppressed
by the CKM matrix elements, leaving the decay to bottom quarks as the dominant mode. The W
bosons decay either leptonically into 𝓁+ 𝜈𝓁 or hadronically into a quark pair, initiating the forma­
tion of a jet. Due to their short lifetimes, 𝜏± leptons decay almost immediately into other leptons
or a quark­antiquark­pair. In this thesis, only decays to 𝑒± or 𝜇± are considered ”leptonic”. The
bottom quarks left over from the decay of the top quarks allow for a direct way of identifying
these events. Since the mass of the 𝑏­quark is lower than the top quark mass and other decays
are suppressed via the CKM matrix, the 𝑏­quark is relatively stable (𝒪(10−12 s)). B­hadrons will
therefore travel slightly further than other initiators of jets. Although not always unambiguous,
this allows for identification of 𝑏­jets in a procedure called “𝑏­tagging”. The number of 𝑏­tagged
jets is therefore an important tool for identifying 𝑡𝑡̄ collisions. The decay modes of the W bosons
allow for the production of zero, one or two leptons in their decay. Since there is inevitably an
additional neutrino created for each lepton, the kinematics of these events are different due to
the missing transverse momentum observed (because neutrinos go undetected). Therefore, the
number of leptons is an essential selection criterion for most 𝑡𝑡̄ analyses. The decay modes of
a 𝑡𝑡̄­pair are shown in Figure 1.7.
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t̄

t

W−

W+

𝑞̄

𝑞

𝜈̄𝓁 / q

𝓁− / q̄′

b̄

q̄′ / 𝜈𝓁

q / 𝓁+

b

Figure 1.7: Possible decay modes for a 𝑡𝑡̄ pair. Due to the decay of the 𝑊± bosons, there are four distinct chanels:
hadronic, 𝓁+, 𝓁− and 𝓁+𝓁−.

1.3.2. 𝑍0 → 𝓁+𝓁−
In proton­proton scattering, it is possible for a quark­antiquark pair to annihilate into a 𝑍0­boson
or photon, which in turn decays into a pair of charged leptons. This interaction represents a
neutral current “Drell­Yan” process, named after Sidney Drell and Tung­Mow Yan [11] (shown
in Figure 1.8). It can be mediated by either a photon or a Z boson, but in this thesis we will
focus on events containing a Z boson only. Since electroweak bosons are unable to transport
colour charge, it is possible to study hadronisation processes more precisely by selecting for
Drell­Yan events and excluding the Z boson and its decay products. Since the rest of the event
is unaffected by colour charges from the hard process, the UE is particularly easy to isolate from
the rest of the event.

1.3.3. The underlying event
The underlying event (UE) is not so much a collision process as it is a concept helpful for under­
standing the structure of an event3. Most analysis efforts focus on a hard scattering process like
for example 𝑡𝑡̄. However, the detector usually picks up a lot more particles than just the ones
emitted by that process alone. Hadrons are complex objects, composed of sea­ and valence
quarks and gluons. As such, they will regularly produce more than one collision at a time. The
resulting events will overlay to produce a single, larger event in the detector, as illustrated in
Figure 1.9. All particles that are not emitted from the hard process, including the leftover beam
remnants from the hadrons, make up the UE. While the physics of the UE is primarily deter­
mined by non­perturbative QCD and therefore poorly understood, phenomenological models
exist that are effective at reproducing the distributions of the UE. Virtually pileup free samples
of data have been captured by ATLAS using low luminosity runs, referred to as ”minimum bias”
datasets (further described in Section 3.3).
3An "event" is a single pp-collision with all produced particles.
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𝑞
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𝓁
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Figure 1.8: Drell-Yan event with an intermediate 𝑍0 boson decaying into a pair of charged leptons.
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(a) The underlying hard process.
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(b) Additional scattering of partons in the same
event.
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(c) Combination of hard process, interactions of other partons and beam remnants
yield the event.

Figure 1.9: Schematic overview of how an event is comprised. Everything that is not associated with the hard
process is part of the underlying event.
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1.4. Monte Carlo Event Generators
The SM provides a description for all known elementary particles and their fundamental inter­
actions. In large energy scale collisions like the one happening at LHC however, hundreds of
particles are involved, making it impossible to directly calculate the resulting final states using
SM physics. The first issue is with the phase space: each produced particle adds another three
degrees of freedom to the phase space. Spin and flavour quantum numbers contribute as well.
This makes the use of Monte Carlo methods almost inevitable, since the statistical accuracy of
the technique improves with 1/√𝑁 regardless of the degrees of freedom4. Furthermore, soft
QCD interactions are poorly understood via first principle approaches. At low energies of a few
GeV, bound QCD states have a fundamentally non­perturbative nature which is mostly beyond
our present computational abilities.

This is where Monte Carlo event generators are used to approximate the physics in these
collisions. The purpose of an event generator is to generate particle physics processes as they
occur in high­energy experiments, but without the effects of the imperfect detector. In order
to achieve this, an event is split into several smaller processes which can be either directly
simulated or approximated using phenomenological models.

The generator used in this thesis is called Pythia 8. Work on Pythia’s predecessor JETSET
[12] began in 1978 by the theory group at Lund University, the original Software was written
in Fortran. Since Version 8.1, all code was migrated to C++. When generating an event, the
underlying hard process is computed as a first step. Thereafter, other hard or soft processes
that can happen in parallel to the initial hard process are added. In Pythia 8, the secondary
hard processes can include all quarks up to bottom and gluons. These are called multi parton
interactions (MPI) and can lead to major contributions in particle multiplicity in the final state.
This is illustrated in [13] by comparing the charged­particle multiplicity predicted by Pythia 8 with
and without MPI modelling to data from the ATLAS detector (as measured in [14]).

Figure 1.10: Charged-particle multiplicity at √𝑠 = 7TeV and 𝑝𝑇 = 100MeV for standard Pythia 8 settings and
Pythia 8 without MPI compared to ATLAS data [14].

Figure 1.10 illustrates how the resulting particle multiplicity distribution falls off too quickly
without a MPI model and can’t be explained by shower modelling alone.
4This is a consequence of the central limit theorem.
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The main idea of Pythia’s MPI model was first explained in [15]. Essentially, each hadron is
a complex object composed of several partons. When interacting with another hadron, there is
a possibility of more than one parton pair interacting. These interactions take place in indepen­
dence of each other. The total number of interactions in each event should therefore follow a
Poisson distribution. Since hadrons are not point­like particles, one expects more central and
more peripheral collisions to occur. Depending on the distribution of partons in the hadrons, this
will widen the distribution of the number of interactions. The rate of parton­parton interactions
as a function of transverse­momentum scale 𝑝𝑇 is given by pertubative QCD, but in the region
of 𝑝𝑇 → 0, this roughly diverges like 𝛼2𝑠 (𝑝2𝑇) 𝑑𝑝2𝑇/𝑝4𝑇 [15, D], 𝛼𝑆 (𝑝2𝑇) being the (running) strong
coupling constant. Instead of regularising that divergence with a cutoff value, Pythia 8 uses a
pre­factor of

𝑝4𝑇/ (𝑝2𝑇0 + 𝑝2𝑇)
2 . (1.1)

Then, the argument in 𝛼𝑠(𝑝2𝑇) is replaced by 𝑝2𝑇0+𝑝2𝑇. This avoids the divergence of the cross sec­
tion, but it introduces an additional parameter that can not be inferred from first principle. Instead,
the parameter has to be determined such that the event generator output most closely matches
experimental data in a process called “tuning”. This is further described in Section 1.5. In ac­
tuality, Pythia 8 models the 𝑝𝑇0 parameter in Equation (1.1) depending on the center­of­mass
energy of the simulation. This introduces a total number of three phenomenological parameters
(see Table 1.1), 𝑝𝑇0 is then obtained as follows:

𝑝𝑇0 (𝐸𝐶𝑀) = 𝑝𝑇0,𝑅𝑒𝑓 ⋅ (
𝐸𝐶𝑀

𝐸𝐶𝑀,𝑅𝑒𝑓
)
𝐸𝑃𝑜𝑤𝑒𝑟𝐶𝑀

(1.2)

Table 1.1: MPI parameters that define the regularisation around 𝑝𝑇 → 0 [16].

Parameter Pythia 8 Parameter Name Default Min Max

𝑝𝑇0,𝑅𝑒𝑓 MultipartonInteractions:pT0Ref 2.15 0.5 10.0
𝐸𝐶𝑀,𝑅𝑒𝑓 MultipartonInteractions:ecmRef 1800.0 1.0
𝐸𝑃𝑜𝑤𝑒𝑟𝐶𝑀 MultipartonInteractions:ecmPow 0.24 0.0 0.5

Even though all parameters in Equation (1.2) define the energy dependence of 𝑝𝑇0, many
tuning efforts focus on only a single center­of­mass energy. The authors of Pythia 8 however
recommend always tuning at least 𝑝𝑇0,𝑅𝑒𝑓, since its value depends on a number of other para­
meter choices [16]. As mentioned before, hadrons are extended objects. This means that the
number of collisions are dependent on the distribution of matter inside of the particle and on
the impact parameter 𝑏. The impact parameter is defined as the smallest distance between the
initial (straight) path of a particle and the centre of its collision partner. Different values of 𝑏 result
in different overlaps 𝑂̃ between the two initial particles. The overlap region for two particles with
matter distributions 𝜌 is proportional to the integral [17]

𝑂̃(𝑏) ∝ ∫𝑑𝑡∫𝑑3𝑥⃗𝜌(𝑥, 𝑦, 𝑧, 𝑏)𝜌(𝑥 + 𝑏, 𝑦, 𝑧 + 𝑡, 𝑏). (1.3)

The mean number of collisions is then proportional to that integral: ⟨𝑛(𝑏)⟩ = 𝑘 ⋅ 𝑂̃(𝑏). Pythia
8 lets the user choose the shape of the particle density profile. There are five options available
by setting the parameter MultipartonInteractions:bProfile (see Table 1.2).
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Table 1.2: MultipartonInteractions:bProfile options affecting the proton mass distribution in Pythia 8 [16].

Option Description Free Parameters Default Min Max

0 No impact parameter dependence
1 Simple Gaussian distribution
2 Double Gaussian distribution MultipartonInteractions:coreRadius 0.4 0.1 1.0

MultipartonInteractions:coreFraction 0.5 0.0 1.0
3 Exponential distribution MultipartonInteractions:expPow 1.0 0.4 10.0
4 Gaussian distribution, variable width MultipartonInteractions:a1 0.15 0.0 2.0

Since we later use the ATLAS A14 tune as a starting point [18], we use

MultipartonInteractions:bProfile = 3

over the course of this thesis and includeMultipartonInteractions:expPow in our own tunes. The
colour configuration of the MPI systems is ambiguous. Therefore additional models describing
the colour reconnection and hadronisation have to be applied afterwards. This is explained
further in Chapter 2.

The system commonly used to validate and compare Monte Carlo event generators is called
Rivet (Robust Independent Validation of Experiment and Theory) [19]. It offers an extensive set
of analyses from most major HEP experiments including reference data. Rivet is purposefully
built generator­agnostic by using a standardised input data format called HepMC event record.
A HepMC record includes all details of an event but does not contain information about the
generator. Rivet then provides a convenient way of applying a preexisting analysis to the data
and exports the resulting histograms as YODA5 files. Our generator of choice, Pythia 8, already
comes with an interface to the HepMC standard, allowing for direct processing with Rivet.

1.5. Monte Carlo Tuning
Generating an appropriately large number of Monte Carlo samples takes a lot of time and com­
putational power as well as disk space. Generating a statistically significant number of around 1
million events takes about 𝒪(1 day) using a single CPU core. Usually, in fitting a model to data,
one would employ some direct method like the Nelder­Mead­Algorithm to optimise a goodness
of fit measure as the likelihood function or the sum of squares. In our case, however, each
individual function evaluation using a slightly different set of input parameters would be incredi­
bly expensive. Direct search methods tend to converge in 𝒪(1000) steps which are executed
consecutively, which would result in several years of time required for the computation. Klaus
Hamacher and Michael Weierstall were among the first to employ a different technique that
allows all of the required samples to be calculated in parallel [20].

First, all points contained in the tune are randomly sampled from the parameter space. Next,
the entirety of the MC samples is generated according to the parameterisation obtained in the
first step. This can be performed in parallel, since each calculation is completely independent
from the others. The usage of supercomputers like the Pleiades computational cluster at the
University of Wuppertal we used over the course of this thesis makes it possible to obtain the
entire sample in just a few days. Now we acquired a set of values for each bin of each histogram
for a number of different input parameter choices. The values of a bin for different input parame­
ters are now fitted to a function (we use polynomials in this thesis), as illustrated in Figure 1.11.
This enables a fast evaluation of the response to an individual parametrisation, allowing for a
5YODA provides a set of classes for histogramming and is used for MC generator validation. More information
is available at https://yoda.hepforge.org/.

https://yoda.hepforge.org/
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Figure 1.11: The evolution of each bin over the parameter space is interpolated by a model function to get an
approximate generator behaviour that can be evaluated fast for fitting purposes (inspired by [21]).

direct search algorithm to seek the point of best fit. All of these tasks can be efficiently per­
formed using a relatively new software package called Apprentice. It supersedes a tried and
tested program called Professor [22] as a spin off to a new approach for calculating rational
approximation functions to Monte Carlo data [23]. Since the amount of literature describing the
use of the new Apprentice framework is lacking at the current time, the usage of the program
is explained here alongside the underlying mathematics. An overview of this tuning process
is provided in Figure 1.12. Additionally, an example tune is performed to visualise the tuning
process in a one­dimensional parameter space.

1.5.1. Sampling of the parameter space
Most tunes deal with multiple parameters from a bounded n­dimensional parameter space

𝒫 = [𝑝low1 , 𝑝high1 ] × ⋯ × [𝑝low𝑛 , 𝑝high𝑛 ]. (1.4)

This means that grid sampling of the entire parameter space becomes computationally expen­
sive. The ATLAS A14 tunes, for example, include 10 parameters [18]. Therefore, creating just
10 subdivisions per parameter would have required 1010 runs, adding up to a CPU time of about
107 years. Instead, a different type of sampling is employed. The Professor framework provides
four types of parameter sampling: grid, uniform, sobol and latin hypercube sampling. While the
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Figure 1.12: Schematic overview of the tuning process with apprentice.

sobol and latin hypercube distributions aim at covering the space more evenly for low sample
sizes, Apprentice right now only supports uniformly distributed samples. A visual comparison
between these techniques is provided in Figure 1.13. We use uniform sampling for our applica­
tion with 𝑛 = 300 parameter points.
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Figure 1.13: 256 samples of two parameters 𝑃1, 𝑃2 from the parameter space 𝒫 = [0, 1]×[0, 1] using grid, uniform,
sobol and latin hypercube sampling.

The script app­sample is called the following way

app­sample parameterFile N template

where parameterFile is a file containing the parameter space definiton, N is the number of sam­
ples to produce and template is a template file for filling simulation scripts with the parameter
values. The parameter file either has to be a .json­record containing the parameter box infor­
mation or can be structured like in the older Professor framework, where each line contains the
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name, lower and upper bound of one parameter. The output of the program is a folder structure
containing parameter point files. These subfolders are then filled with the YODA histogram files
from the analysis performed in the sample generation step.

1.5.2. Conversion of the data
The Professor framework is loading the YODA files directly from the folder structure created
during sample generation. This takes a lot of time, especially with a large number of YODA
files. Since many tuning efforts require multiple executions of the tune, a conversion into a more
efficient format is implemented into Apprentice. The usage of the Hierarchical Data Format
(HDF5) [24] allows for quick load times and less disk space to be used. A conversion tool
already comes with the Apprentice release, applying the command

app­yoda2h5 INPUTDIR ­o data.h5

to the YODA folder structure INPUTDIR produces the desired data.h5 file. Professor imports
reference data from a folder containing YODA files. Apprentice has moved on to .json files,
they can be viewed and modified by a much wider array of programs and offer at least basic
human readability. For the task of converting a folder of reference data files to a .json record,
the command

app­datadirtojson DATADIR ­o data.json

is provided by Apprentice.

1.5.3. Fitting of polynomial models
Polynomials represent functions with extremely convenient properties that lend themselves well
for applications like approximating data fast. Suppose that in a tuning problem with𝑀 free simu­
lation parameters 𝑝1, … , 𝑝𝑀, histograms are to be approximated to the order 𝑁. Appropriate
polynomials are of the form

𝑃(𝑝1, … , 𝑝𝑀) =
𝑁

∑
𝑖1 ,…,𝑖𝑀=0

𝑘𝑖1…𝑖𝑀𝑝
𝑖1
𝑖 ⋅ ⋯ ⋅ 𝑝

𝑖𝑀
𝑀 . (1.5)

These polynomials still need to be fitted to the Monte Carlo data by determining the coef­
ficients 𝑘𝑖. For the polynomial in Equation (1.5), this means that there are 𝑁𝐶𝑜𝑒𝑓𝑓 = (𝑀+𝑁𝑁 )
coefficients. Therefore, there also have to be at least this many Monte Carlo samples available
in order to have an (over ­) determined problem. Apprentice uses Numpy [25] to find the least
square solution to a system of linear equations. For a square interpolation of a Monte Carlo
sample ⃗⃗ ⃗⃗ ⃗⃗ ⃗𝑀𝐶 of size 𝑆 with 𝑀 input parameters, the linear equations are of the form

𝑃̃ ⋅ 𝑐 = ⃗⃗ ⃗⃗ ⃗⃗ ⃗𝑀𝐶 ⇔ (
1 𝑝11 … 𝑝1𝑀 𝑝11𝑝11 𝑝11𝑝12 … 𝑝1𝑀𝑝1𝑀
1 𝑝21 … 𝑝2𝑀 𝑝21𝑝21 𝑝21𝑝22 … 𝑝2𝑀𝑝2𝑀
⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋱ ⋮
1 𝑝𝑆1 … 𝑝𝑆𝑀 𝑝𝑆1𝑝𝑆1 𝑝𝑆1𝑝𝑆2 … 𝑝𝑆𝑀𝑝𝑆𝑀

) ⋅ (
𝑘0…0
⋮

𝑘2…2
) = (

𝑀𝐶1
⋮

𝑀𝐶𝑆
) , (1.6)

where 𝑀𝐶𝑖 are the bin values corresponding to the sampling points 𝑝⃗𝑖 = (𝑝𝑖1, … , 𝑝𝑖𝑀).
Approximation models are stored as .json­records by Apprentice and have to be generated for
bin values and errors separately. Building approximations is done via the app­build command.
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On top of polynomial regression, it also allows for the use of rational approximation functions.
They take the form of

𝐹(𝑝⃗)𝑎𝑏 =
𝑔𝑎(𝑝⃗)
ℎ𝑏(𝑝⃗)

,

where 𝑔𝑎 and ℎ𝑏 are polynomials of orders 𝑎 and 𝑏. Two ways of efficiently building these
rational approximations are presented in [23], but for the remainder of this thesis, we will limit
ourselves to using only the polynomial modelling functionality. To calculate the coefficients for a
file data.h5, we apply

app­build data.h5 –order 3,0 ­o values.json

app­build data.h5 –order 2,0 ­o errors.json –errs

to obtain value approximations to the third order stored in values.json and error model coeffi­
cients to the second order in errors.json. Over the course of this thesis, the content of the bins
is approximated with 3rd order polynomials and the error of the bins is approximated with 2nd
order polynomials, unless otherwise specified.

1.5.4. Goodness of fit function
While allowing custom goodness of fit (GoF) functions by means of an external .py file, the most
common use case inMonte Carlo tuning is a 𝜒2 goodness of fit function. Sincemost tuning efforts
are not focused on only one singular variable, a set of per variable weights 𝑤𝒪 is introduced into
the goodness of fit function to assign various degrees of importance to them. Getting the overall
GoF measure is achieved by summing over all variables 𝒪 and all bins 𝑏 ∈ 𝒪:

𝜒2(𝑝⃗) =∑
𝒪
𝑤2𝒪∑

𝑏∈𝒪

(𝑃𝑏(𝑝⃗) − ℛ𝑏)2
Δ2𝑏

, (1.7)

where ℛ𝑏 is the reference value for bin 𝑏 and Δ2𝑏 is the associated variance consisting of the
error of the interpolated bin and the error from the reference data bin. For fast evaluation of the
GoF function, Apprentice offers a huge improvement over Professor by again using Numpy. A
comparison between the evaluation frequency of Professor’s and Apprentice’s GoF function is
given in Figure 1.14.

1.5.5. Choice of weights
The definition of the GoF function is dependent on the choice of variable weights. Since there
is no a priori method for finding an ideal set of weights for a tune, the tuning result will always
depend on a more or less biased choice of prioritisation between all variables. We will try to
identify variables insensitive to changes of the input parametrisation and exclude them from
the tuning effort. We will also attempt to identify sensitive variables that describe the physics
measured at ATLAS suboptimally regardless of the input and exclude them as well.
The tool app­ls provides a way of outputting a weight file (with 𝑤𝒪 = 1 for all variables 𝒪) for a
given parametrisation file values.json:

app­ls values.json ­w > weights.txt

A critical aspect of determining the weights is excluding variables that are not well described
by the Monte Carlo modelling. Including them harbours the danger of pushing the overall point
of best fit in a direction that might not be ideal for other observables that are actually described
by the model. We can therefore define a confidence interval round the mean value by assuming
a Gaussian distribution. For normally distributed variables, this confidence interval is given by
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Figure 1.14: Comparison of 𝜒2 GoF evaluation frequency between the Professor and the Apprentice framework.
Due to the extensive use of Numpy, Apprentice is almost one hundred times faster than it’s predecessor6.

[𝜇 − 𝑧𝜎, 𝜇 + 𝑧𝜎] , 𝑧 = Φ−1 (𝑝 + 12 ) ,

where Φ−1 is the inverse cumulative distribution function of the standard normal distribution,
𝜇 and 𝜎 are the reference mean and error of that bin and 𝑝 is a probability associated with
the confidence interval. If the range of values of the polynomial model function in a bin does
not (at least partially) intersect with that confidence interval, the model function and therefore
the Monte Carlo modelling is ineffective at describing that bin of the observable (a schematic
overview of this is provided in Figure 1.15). When testing for data envelopment, each observable
is examined on a bin­by­bin basis for this agreement, and bins are classified based on whether
they passed this test or not. When a certain ratio of all bins fail, the entire variable is considered
to be non­descriptive of the data. The probability of the confidence interval and the threshold
ratio are the defining parameters of this data quality test that have to be specified by the user
during the tuning process.

1.5.6. Performing the tune
After all these steps, the 𝜒2 has to beminimised to find the point in parameter space whereMonte
Carlo simulation and reference data are in best agreement with each other. This represents a
multidimensional optimisation problem that can be solved with the most common minima finding
algorithms. Apprentice supports the use of multiple algorithms. We will however solely employ
the default one called “TNC”, which is a truncated Newtonian algorithm that minimises a function
inside a bounded parameter space based on [26]. TNC uses gradient information obtained from
the approximation function, which is calculated inside Apprentice by invoking Numpy and just in
time compilation to achieve better performance.

6Data from https://iamholger.gitbook.io/apprentice/

https://iamholger.gitbook.io/apprentice/
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Figure 1.15: Visualisation of the bin-wise envelopment test. The polynomial model can partially or fully describe
the data, this means that the interval set by the lowest and highest values of the model function must at least
partially intersect with the confidence interval of the reference data. Otherwise, the bin is considered non-
descriptive of the experimental data.

A tune is performed by using the command app­tune2: It requires the approximation files
values.json and errors.json, the reference data stored in data.json and weights.txt containing
the variable weights. Using the error estimates is optional.

app­tune2 weights.txt data.json values.json ­e errors.json ­o TUNE

outputs a weights file, an estimated YODA histogram file for the point of best fit and another text
file with the detailed tuning results like parameter values and biased/unbiased 𝜒2.
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Figure 1.16: Examples for good and bad envelopment of the data. Variables with visually bad envelopment were
removed from the 1D tune.
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1.5.7. The ATLAS A14 tunes
In 2014, the ATLAS collaboration released a series of four tunes for Pythia 8 to 7TeV data,
appropriately named as the A14 set of tunes [18]. Each of these tunes is based on a different
parton density function (PDF). We will only be using NNPDF23LO in this thesis. All tunes include
observables sensitive to the underlying event, jet structure and additional jet emissions above
the lowest­order. The parameters shown in Table 1.3 were all tuned to the data on a random
sample of 500 parameter points with one million events of dijet, 𝑡𝑡̄ and Z­boson hard processes
each.

Table 1.3: Definition, parameter range and tuned value for the A14 NNPDF23LO tune [18].

Parameter Definition Range A14 (NNPDF23LO)

SigmaProcess:alphaSvalue 𝛼𝑆 at scale 𝑄2 = 𝑀2
𝑍 0.12 - 0.15 0.140

SpaceShower:pT0Ref ISR 𝑝𝑇 cutoff 0.75 - 2.5 1.56
SpaceShower:pTmaxFudge Mult. factor on max ISR evolution scale 0.5 - 1.5 0.91
SpaceShower:pTdampFudge Factorisation/renorm scale damping 1.0 - 1.5 1.05
SpaceShower:alphaSvalue ISR 𝛼𝑆 0.10 - 0.15 0.127
TimeShower:alphaSvalue FSR 𝛼𝑆 0.10 - 0.15 0.127
BeamRemnants:primordialKThard Hard process primordial 𝑘𝑇 1.5 - 2.0 1.88
MultipartonInteractions:pT0Ref MPI 𝑝𝑇 dampening 1.5 - 3.0 2.09
MultipartonInteractions:alphaSvalue MPI 𝛼𝑆 0.10 - 0.15 0.126
ColourReconnection:Range CR strength 1.0 - 10.0 1.71

All other parameters were taken from the Monash tune included in Pythia 8 [29]. Details on
the observables used and further discussions of the tune are provided in [18].

Table 1.4: Colour reconnection settings for our 1D example tune. These are the recommended settings for the
gluon move model [30].

Parameter Value

MultipartonInteractions:expPow 1.85
PartonLevel:earlyResDec off
ColourReconnection:mode 2
ColourReconnection:reconnect on
ColourReconnection:m2Lambda 1
ColourReconnection:fracGluon 1
ColourReconnection:dLambdaCut 0
ColourReconnection:flipMode 0

1.5.8. 1D example tune
In order to better visualise the entire tuning process, we have decided to first perform an exam­
ple tune where only a single parameter is varied. This allows for easy visualisation of the data
and makes the entire procedure more accessible. We decided to tune the gluon­move scheme
(described in Section 2.3) based on the ATLAS A14 tune [18] with the settings detailed in Ta­
ble 1.4. We choose MultipartonInteractions:pT0Ref as the tuning parameter with the values in
Table 1.5.

Table 1.5: Parameter values for MultipartonInteractions:pT0Ref chosen for our 1D tune.

MC Run 1 2 3 4 5 6 7

𝑝⊥0,𝑅𝑒𝑓 2.0 2.1 2.2 2.25 2.3 2.4 2.5
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Figure 1.17: MC data and approximation function for the variable 𝑁𝐶ℎ from Section 3.4.

After generating the MC samples, we interpolated the data samples with second order poly­
nomials as in Figure 1.17. For all variables for which the Monte Carlo samples properly en­
veloped the data and had reference data available, we chose 𝑤𝒪 = 1, excluding all other. Fig­
ure 1.16 gives a rough idea how variables were selected. A complete list of all variables used
in this tune can be found in Appendix B.
This left us with 1474 bins included in the tune, distributed over 126 individual variables. We
obtain a GoF value of 𝜒2 = 2912.9 or 𝜒2/𝑁𝑑𝑓 = 1.98 for

MultipartonInteractions:pT0Ref = 2.08.

As visualised in Figure 1.18, there is a very clear optimisation valley at the point of best fit, no
further minima are present in the parameter range.

2.0 2.1 2.2 2.3 2.4 2.5
MultipartonInteractions:pT0Ref

1042

2

Best fit

Figure 1.18: Visualisation of the optimisation result for the one-dimensional tune of MultipartonInterac-
tions:pT0Ref.

Even though we only used 𝑡𝑡̄ hard­process samples and a different CR model to achieve this
result, this agrees with the A14 tune value of 𝑝𝑇0,𝑅𝑒𝑓 = 2.09.



2
Colour Reconnection Models

Because finding solutions of non­perturbative QCD remains a problem that has yet to be solved,
Pythia relies on phenomenological models instead to approximate a colour system’s behaviour.
The underlying description of hadronisation is based on the Lund string model, originally devel­
oped in 1983 [31]. A “string” represents a colour­connection between two or more partons that
make up a colour system, with gluons being the “kinks” in the string (a visual example for this is
provided in Figure 2.1). This picture is motivated by the fact that the QCD potential between two
quarks increases linearly when they drift apart. The entirety of the colour field is approximated
to be contained within a line of a constant energy density per unit length (𝜅 ≈ 1GeV fm−1).
Self­attraction of the gluon field causes the field lines to collapse into a thin tube, warranting this
approach. When two partons move in opposite directions, the string becomes elongated, thus
more energetic. When creating a quark­antiquark pair from the vacuum becomes more ener­
getically favourable, the string breaks apart into substrings. This process continues as long as
there is energy available to fuel the creation of more quark­antiquark pairs. This point of view
comes with a caveat: Since a string represents a confining attraction between partons, the way
the partons are connected by the strings (referred to as “colour flow”) affects the structure of the
event. When e.g. two strings from different colour systems start to overlap due to the movement
of the subsystem’s constituents, these strings are able to reconnect into a more energetically
favourable configuration. This may also attach strings together which where previously parts of
different MPI systems.
The initial goal of this thesis was to compare three models for the reconnection of colour flow by
tuning them to ATLAS data and evaluating their performance. While the respective approaches
to the problem differ, these all try matching the resulting physics of the underlying event as
closely as possible. The user can switch between the models by setting the parameter Colour­
Reconnection:mode. Basic descriptions of these different CR models are available in the Pythia
8 CR documentation [30]. Due to time and computing limitations, we later decided to study just
one of these models, described in Section 2.3.

2.1. MPI­based Colour Reconnection
This is the first model that was implemented in Pythia 8. It only has one single free parameter
called ColourReconnection:Range, ranging between 0 and 10 with a default of 1.8. All partons
are classified and sorted according to the MPI system they are associated with. The idea is to
minimise the total length of colour strings by adding partons from the lower 𝑝𝑇 systems to higher

23
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Figure 2.1: Two examples of possible colour assignments in the same two parton interaction final state of a 𝑝𝑝̄
collision and their corresponding string topologies in 𝑝𝑇 , 𝑦 space (taken from [13]).
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𝑝𝑇 strings. Since most low 𝑝𝑇 partons are gluons, this is what the model handles particularly
well. After sorting for 𝑝𝑇, each system is assigned a reconnection probability

𝑃 = (𝑝𝑇,0 ⋅ range)
2

(𝑝𝑇,0 ⋅ range)
2 + 𝑝2𝑇

(2.1)

with 𝑝𝑇,0 being the same parameter used in the MPI modelling (see Equation (1.2)). The output
of the colour reconnection model is thus dependent on the modelling of the MPIs, therefore they
should always be tuned in conjunction.
Starting with the lowest 𝑝𝑇 system, a uniform random number from the interval [0,1] is generated
for each higher 𝑝𝑇 entry of the list. If this number is greater than the reconnection probability,
the loop breaks and the systems are reserved to be reconnected. This is a classical exam­
ple of a geometric distribution, where Bernoulli experiments are performed consecutively until a
success is observed. The probability of the first system to reconnect with the mth is, therefore,
(1−𝑃)𝑚−1𝑃, the probability for a system to reconnect to any of n others is given by 1−(1−𝑃)𝑛−1.
The merging step is performed after a reconnection decision has been made for all MPI systems,
this time starting from the highest 𝑝𝑇 system. Foremost, all colour dipoles are identified in the
system. The gluons from the softer system are then inserted on the dipole that yields the lowest
overall string length 𝜆. “Inserting” a gluon in this context refers to the replacement of a colour
dipole with two new ones. The 𝑞𝑞̄ pairs that arise from the splitting of a string are treated in
just the same way, while quarks attached to the beam remnants are ignored in the reconnection
process. By setting PartonLevel:earlyResDec, the user can choose to include the products of
resonance decays in the colour reconnection scheme as well. The MPI­based colour reconnec­
tion scheme is activated by setting ColourReconnection:mode to 0 and is thus also referred to
as CR0.
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Figure 2.2: The four different allowed reconnection types in the CR1 model (taken from [32]).

2.2. QCD­based Colour Reconnection
Jesper Christiansen and Peter Skands developed a colour reconnection model based on min­
imising the string length while also including the colour rules from QCD [32] (also referred to as
CR1). Additionally, this model introduces a mechanism for checking whether two colour sys­
tems are causally unconnected, preventing their colour strings from reconnecting. While the
older model only connected systems via insertion into existing colour strings, junction formation
is also permitted in this model.
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Due to QCD colour rules, the four fundamental reconnections (see Figure 2.2 for their defi­
nition and nomenclature) are not always allowed. For before uncorrelated colour systems, they
are only allowed in a fraction of cases (see [32] for detailed derivations of this). The probabilities
for type I or II reconnections of a 𝑞𝑞̄ dipole to occur are marginally different than for 𝑔𝑔 dipoles.
In this regard, authors made the design compromise to treat all colour dipoles the same. By
assigning each dipole a random index between one and nine, these reconnection probabilities
evaluate to 𝑃𝐼 = 1/9, 𝑃𝐼𝐼 = 2/9 and 𝑃𝐼𝐼𝐼 = 2/81. The type IV reconnections are handled by de­
manding both dipoles having different but same­modulo­three indices. The overall probability
then depends on the number of gluons involved. After evaluating all allowed reconfigurations
according to their indices, the model carries out the colour reconnections that minimise the string
length 𝜆. Since the 𝜆 measure is not quite adequately understood for junction structures, sev­
eral different measures are provided, along with a tunable parameter that yields a multiplicative
correction for junctions. Unlike the CR0 model, the QCD­based approach requires more phe­
nomenological parameters and various settings, some of which are subject to tuning. All tunable
parameters are given in Table 2.1. Other settings that affect the models behaviour are listed in
Table 2.2.

Table 2.1: All tunable parameters of the CR1 model.

Parameter Default Minimum Maximum Description

m0 0.3 0.1 5.0 Used in the 𝜆 measure for the string length
junctionCorrection 1.20 0.01 10.0 Multiplicative correction to 𝑚0 for junctions
timeDilationPar 0.18 0 100 Influences the amount of CR and time dilation.

Table 2.2: All settings for the CR1 model. In the time dilation settings, 𝜆 is the boost factor between two strings,
𝑚𝐷𝑖𝑝 is the mass of the dipole, 𝑚′

𝐷𝑖𝑝 is defined at formation of the dipole and 𝑟 = 1 fm.

Setting Default Description

nColour 9 Number of reconnection colours. Affects junction probabilities
sameNeighbourColours off Allows for same colour dipoles to reconnect (QCD does not allow that)
allowJunctions on Switches on the formation of junctions
lambdaForm 0 Switches between different forms of 𝜆 measure (contribution per dipole)

0: 𝜆 = ln(1 + √2𝐸/𝑚0) (𝐸 is defined in the dipole/junction rest frame)
1: 𝜆 = ln(1 + 2𝐸/𝑚0)
2: 𝜆 = ln(2𝐸/𝑚0)

allowDoubleJunRem on Always check if two junctions can be replaced by two strings
timeDilationMode 2 Criterion used to check whether two strings are causally connected

0: All strings are allowed to reconnect
1: 𝛾 < timeDilationPar, all strings in causal contact
2: 𝛾 < timeDilationPar ⋅ 𝑚𝐷𝑖𝑝 ⋅ 𝑟, all strings in causal contact
3: 𝛾 < timeDilationPar ⋅ 𝑚𝐷𝑖𝑝 ⋅ 𝑟, at least one pair of dipoles in causal contact
4: 𝛾 < timeDilationPar ⋅ 𝑚′

𝐷𝑖𝑝 ⋅ 𝑟, all strings in causal contact
5: 𝛾 < timeDilationPar ⋅ 𝑚′

𝐷𝑖𝑝 ⋅ 𝑟, at least one pair of dipoles in causal contact

2.3. The Gluon­Move Scheme
Compared to the QCD­based scheme, the gluon­move method represents a relatively simplis­
tic model for colour reconnection [33]. It solely focuses on minimising the total string length 𝜆;
neither colour algebra nor the event’s geometry in space­time are considered at all. It encom­
passes two separate mechanisms to achieve this minimisation, a gluon­move and a gluon­flip
step.
A gluon­move is carried out after all final gluons have been identified. If a gluon produces a
shorter string length when connected to any other string piece of any other connected pair, the
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Figure 2.3: Example of gluon-move (a) and gluon-flip (b) reconnections in the gluon-move model (taken from [33]).
The dashed lines represent the colour strings, the solid lines represent any QCD interaction that is compatible
with the initial and final states.

move is carried out (see Figure 2.3 (a)). This process is continued until no further moves that
minimise the total length are possible. A move step cannot change the colour configuration be­
tween quark endpoints, since it only removes and reinserts gluons into strings. An additional flip
mechanism, that flips colour lines between two strings, is introduced to further minimise 𝜆 (see
Figure 2.3(b)). Only one flip is allowed per string to prevent the formation of loops.
In this model, hereinafter referred to as CR2, the contribution to the string length of two partons
𝑖 and 𝑗 with invariant mass𝑚𝑖𝑗 is defined as 𝜆 = ln(1+𝑚2

𝑖𝑗/𝑚2
𝜆),𝑚2𝜆 being a free parameter of the

model. Mechanisms to manage the amount of reconnections are embedded into the model as
well: The fraction of gluons participating in the move step can be reduced via a tunable parame­
ter. In addition, a minimum reduction of 𝜆 can be required for any move or flip step, reducing the
total number of steps taken per event. The tunable parameters for CR2 are given in Table 2.3,
the settings for the handling of gluon­flips are shown in Table 2.4.

Table 2.3: All tunable parameters of the CR2 model.

Parameter Default Minimum Maximum Description

m2Lambda 1. 0.25 16. 𝑚2
𝜆 used in the definition of the 𝜆 measure

fracGluon 1. 0. 1. Probability that a gluon will be considered for a move
dLambdaCut 0. 0. 10. Moves and flips have to reduce 𝜆 by at least this amount

Table 2.4: The CR2 model only has one setting. It affects how flip and move steps are combined.

Setting Default Description

flipMode 0 If and where to perform the flip step
0: No flip steps
1: Allow flips only for strings without junctions
2: Allow flips for all strings
3: As 1, but no move steps
4: As 2, but no move steps



3
Analyses under Study

After an event record is generated by Pythia 8, one or multiple analyses are applied to it. Over the
course of this thesis, we will be using Monte Carlo samples of 𝑡𝑡̄ processes at 13TeV, minimum­
bias samples at 7, 8 and 13TeV as well as samples of 𝑍0 production processes at 7 TeV. All
variables in the analyses provided by Rivet follow a naming convention:

/ANAYLSIS_NAME/VARIABLE_NAME

Individual bins are named

/ANALYSIS_NAME/VARIABLE_NAME#BIN_NUMBER

where ANALYSIS_NAME is the Rivet­specific identifier for an analysis. It usually consists of the
name of the experiment, the year of the associated publication and a unique number. Users
can either choose from over 900 analyses provided by Rivet [34], including reference data, or
put together a Rivet version of their own analysis. This chapter serves as an overview of the
analyses we used and documents the variables relevant to our tuning efforts. More detailed
descriptions and original publications about these variables can be found in the respective refe­
rences. Since the naming convention for VARIABLE_NAME can be rather cumbersome within
Rivet, we included a reference for converting the Rivet­specific name to the physical meaning of
the observable (see Appendix C). Each Rivet analysis comes with a set of unfolded data for all
bins of all observables. The unfolded distributions are corrected for the effects of the detector
and thus serve as experimental reference data to the output of MC generators.

3.1. Jet Shape Analyses
In proton­proton collisions with a high particle multiplicity, effects from multi­parton interactions
and colour reconnection becomemore important. These processes therefore have a direct effect
on the hadronisation that takes place inside of hadronic jets and can affect their shape [35]. The
following analyses introduce measurements of jet shapes and are therefore considered in our
colour reconnection tune.

3.1.1. Jet shapes in 𝑡𝑡̄ events at √𝑠 = 7 TeV (ATLAS_2013_I1243871)
In 𝑡𝑡̄ collisions, there are two types of jets that can be picked up by the detector: 𝑏­jets, which
spawn from the 𝑏­quarks generated in the collision, and light jets, which originate from any other

28
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quark lighter than the 𝑏­quark. Introducing the variable 𝑟 as the minimum angular distance to the
central axis of a jet, we can also define 𝑝𝑇(𝑟1, 𝑟2) as the scalar sum over all transverse momenta
of the jet constituents with radii between 𝑟1 and 𝑟2.
The differential jet shape in an annulus1 (𝑟 − Δ𝑟

2 , 𝑟 +
Δ𝑟
2 ) is defined as

𝜌(𝑟) = 1
Δ𝑟
𝑝⊤ (𝑟 −

Δ𝑟
2 , 𝑟 +

Δ𝑟
2 )

𝑝𝑇(0, 𝑅)

with Δ𝑟 = 0.04. 𝑅 is the outer radius of the jet. Since the energy density is highest around the
centre of the jet, 𝜌(𝑟) is expected to decrease with larger values of 𝑟. The integrated jet shape
variable is thus defined as

Ψ(𝑟) = 𝑝𝑇(0, 𝑟)
𝑝𝑇(0, 𝑅)

withΨ(𝑟 = 𝑅) = 𝑝𝑇(0,𝑅)
𝑝𝑇(0,𝑅)

= 1. Intuitively, it represents the fraction of transverse momentum inside
a cone­shaped region of radius 𝑟.

Table 3.1: All cuts applied in the √𝑠 = 7GeV jet shape analysis [36].

Parameter Value

Single-Lepton Dilepton

Parameter 𝑒 𝜇 𝑒𝑒 𝜇𝜇 𝑒𝜇
Isolated Leptons 1 2, opposite charges
Lepton pT > 25eV > 20eV > 25eV for 𝑒, > 20eV for 𝜇
B-Tags > 1 > 1
Jet requirement ≥ 2 with 𝑝𝑇 >, |𝜂| < 2.5 ≥ 4 with 𝑝𝑇 > 25GeV, |𝜂| < 2.5
𝐸Miss
𝑇 > 35GeV > 20eV > 60eV > 60eV
∑𝑝𝑇 > 130GeV
Drell-Yan rejection 𝑚𝓁𝓁 > 15GeV, |𝑚𝓁𝓁 −𝑚𝑧| ≥ 10GeV
Transverse Mass 𝑚𝑇 > 25GeV 𝐸Miss

𝑇 +𝑚𝑇 > 60GeV

This particular analysis considers both single and dilepton samples with the cuts in Table 3.1.
The integrated and differential jet shapes are calculated for both 𝑏­ and light jets at five different
cuts of the jet’s transverse momentum, producing a total of 20 variables in this analysis (see
Table C.1).

3.1.2. Jet substructure at √𝑠 = 13 TeV (ATLAS_2019_I1724098)
This analysis at √𝑠 = 13TeV also studies the substructure of jets, but takes a different approach
than the one presented in Section 3.1.1. Events are selected as either dijet, top or W events
according to the criteria listed in Table 3.2. For each of these selections, multiple variables that
are indicative of the jet substructures within the event are measured.

Foremost, the analysis examines the number of subjets 𝑁subjets with 𝑝𝑇 > 10GeV that are
reconstructed from a larger­radius jet using the 𝑘𝑡 algorithm described in [37] with 𝑅 = 0.2. Also
measured are the energy correlation functions ECFNorm2 , ECFNorm3 and the related ratios 𝐶2 and
𝐷2. They are defined as

ECF1 =∑
𝑖
𝑝⊥,𝑖 , ECF2 =∑

𝑖<𝑗
𝑝⊥,𝑖𝑝⊥,𝑗(Δ𝑅𝑖𝑗)𝛽

ECF , ECF3 = ∑
𝑖<𝑗<𝑘

𝑝⊥,𝑖𝑝⊥,𝑗𝑝⊥,𝑘(Δ𝑅𝑖𝑗Δ𝑅𝑗𝑘Δ𝑅𝑖𝑘)𝛽
ECF

1In this context, an annulus refers to an interval of radii. Remember that 𝑟 is an angle in the context of this
analysis, not a measure of length.
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ECFNorm2 = ECF2
(ECF1)

2 , ECFNorm3 = ECF3
(ECF1)

3

𝐶2 =
ECFNorm3

(ECFNorm2 )
2 , 𝐷2 =

ECFNorm3

(ECFNorm2 )
3

Table 3.2: Event selection criteria (inclusive) for the √𝑠 = 13TeV [38].

Selection Criteria Detector Level Particle Level

Dijet selection:

Two trimmed anti-𝑘𝑡 𝑅 = 1.0 jets 𝑝𝑇 > 200GeV, |𝜂| < 2.5
Leading-𝑝𝑇 anti-𝑘𝑡 𝑅 = 1.0 jet 𝑝𝑇 > 450GeV

Top and W selections:

Exactly one muon
𝑝𝑇 > 30GeV, |𝜂| < 2.5

|𝑧0 sin(𝜃)| < 0.5mm and |𝑑0/𝜎(𝑑0)| < 3

Anti-𝑘𝑡 𝑅 = 0.4 jets 𝑝𝑇 > 25GeV, |𝜂| < 4.4
JVT output > 0.5 (if 𝑝𝑇 < 60GeV)

𝜇 isolation criteria Δ𝑅(𝜇, jet) ≥ 0.04 + 10GeV/𝑝⊥,𝜇
𝐸Miss
𝑇 and 𝑚𝑊

𝑇 𝐸Miss
𝑇 > 20GeV, 𝐸Miss

𝑇 +𝑚𝑊
𝑇 > 60GeV

Leptonic top At least on small-radius jet with 0.4 < Δ𝑅(𝜇, jet) < 1.5

Top selection:

Leading 𝑝𝑇 trimmed anti-𝑘𝑡 𝑅 = 1.0 jet
|𝜂| < 1.5, 𝑝𝑇 > 350GeV, mass > 140GeV
Δ𝑅(large radius jet, 𝑏-tagged jet) < 1

Δ𝜙(𝜇, large-radius jet)> 2.3

W selection:

Leading 𝑝𝑇 trimmed anti-𝑘𝑡 𝑅 = 1.0 jet
|𝜂| < 1.5, 𝑝𝑇 > 350GeV, 60GeV < mass < 100GeV
1 < Δ𝑅(large radius jet, 𝑏-tagged jet) < 1.8

Δ𝜙(𝜇, large-radius jet) > 2.3

with the weights 𝛽ECF = 𝛽NS = 1 for the entire analysis and Δ𝑅𝑖𝑗 being the angular distance
between constituents 𝑖 and 𝑗. Another class of variables, ”subjettinesses”, are defined as

𝜏0 =∑
𝑖
𝑝⊥,𝑖Δ𝑅𝛽NS𝑖 , 𝜏𝑗 =

1
𝜏0
∑
𝑖
𝑝⊥,𝑖min (Δ𝑅𝛽NS𝑎1 ,𝑖 , … , Δ𝑅

𝛽NS
𝑎𝑗 ,𝑖 ) ,

where Δ𝑅𝑖 is the angular distance between the 𝑖th constituent and the jet axis, while Δ𝑅𝑎𝑛 ,𝑖 is
the angular distance between the 𝑖th constituent and the axis of the 𝑛th subjet. From those, the
ratios 𝜏21 = 𝜏2/𝜏1 and 𝜏32 = 𝜏3/𝜏2 are derived. This study uses a ”winner­takes­all” (WTA) axis
defined based on the direction of the hardest constituent, the ratios 𝜏WTA

21 and 𝜏WTA
32 calculated via

that definition are the relevant variables in this analysis. As a measure for the broadness of a jet,
the Les­Houches angularity (LHA) is used. It is defined as LHA = ∑𝑖 𝑧𝑖𝜃0.5𝑖 , where 𝜃𝑖 is the angle
of the 𝑖th constituent relative to the jet axis normalised by the jet radius and 𝑧𝑖 = 𝑝⊥,𝑖/∑𝑗 𝑝⊥,𝑗.
As an extension of the split­filtering algorithm presented in [39] (these observables are referred
to as ”trimmed”, 𝑅sub = 0.2 subjets with 𝑝𝑖𝑇/𝑝jet𝑇 < 0.05 being removed), another filtering condition
called ”soft­drop” is studied:

min (𝑝⊥,1, 𝑝⊥,2)
𝑝⊥,1 + 𝑝⊥,2

> 𝑧Cut (
Δ𝑅12
𝑅 )

𝛽SD
!= 0.1 in this analysis

The names of all 44 observables in this analysis are given in Table C.2.
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3.2. Event Shape Analyses
Just as one can study the shape of individual jets, in order to understand the properties of the
underlying event, it’s also possible to look at the shape of the overall event. Several measures
can be introduced to characterise the distribution of the transverse momentum in the event.

3.2.1. Event shapes in leptonic 𝑍0­events (ATLAS_2016_I1424838)
In this analysis, event shape observables were measured in 7 TeV pp collisions in which a 𝑍0­
boson candidate decayed either into an 𝑒+𝑒− or an 𝜇+𝜇− pair. The rationale behind using the
𝑍0 boson is that it does not possess a colour charge, and thus all of its decay products are also
colourless as a whole. Therefore, all variables in this analysis are calculated simply without the
decay products of the Z boson to only be sensitive to the physics of the underlying event [40].
Events are selected via the criteria listed in Table 3.3. The origin of the track with the highest
associated ∑(𝑝trk𝑇 )2 that satisfies the criteria in Table 3.4 is considered as the primary vertex.
The distributions 𝑓𝒪 = 1/𝑁𝑑𝑁/𝑑𝒪 are measured for the selected events for all observables 𝒪,
but only particles with 𝑝𝑇 > 0.5GeV and |𝜂| < 2.5 are included in the calculations.

Table 3.3: The cuts applied to the data in the √𝑠 = 7TeV event shape analysis [40].

Requirement 𝑒+𝑒− 𝜇+𝜇−

Primary Vertex Event must contain a primary vertex (as in Table 3.4)
Leptons Two oppositely charged leptons
Invariant Mass 𝑚𝓁+𝓁− ∈ [66, 116] GeV
𝑝𝑇, |𝜂| 𝑝𝑇 > 20GeV, |𝜂| < 2.4
Avoiding passive detector material |𝜂| ∉ (1.37, 1.52)
Transverse impact parameter |𝑑0| < 5mm |𝑑0| < 3 × 𝜎𝑑0
Longitudinal impact parameter |𝑧0| < 10mm

Table 3.4: Conditions for a track to be considered for the search of a "primary vertex" [38].

At least one hit in the ATLAS pixel detector
If the trajectory traverses a module of the innermost pixel layer, the module should have at least one hit

Overall, at least six hits in the semiconductor tracker
The total transverse momentum of the track should be 𝑝trk

𝑇 > 0.5GeV
For the pseudorapidity, the track should have |𝜂trk| < 2.5

It should have a transverse momentum greater than 400MeV
Impact parameters |𝑑0| < 1.5mm and |𝑧0| sin𝜃 < 1.5mm

A goodness-of-fit probability > 0.01 for tracks with 𝑝trk
𝑇 > 10GeV

The first relevant variable is the multiplicity of charged particles, 𝑁ch. Also, the total trans­
verse momentum for all of these selected particles ∑𝑝𝑇 is measured. Four variables are directly
related to the shape of the event. The beam thrust ℬ is defined analogously to ∑𝑝𝑇, but parti­
cles of higher pseudorapidity (travelling more into the direction of the beam) are exponentially
suppressed via ℬ = ∑𝑖 𝑝⊥,𝑖 ⋅ 𝑒−|𝜂𝑖|. Defining a thrust axis 𝑛⃗𝑇, the transverse thrust

𝒯 =max
𝑛⃗𝑇

∑𝑖|𝑝⃗⊥,𝑖 ⋅ 𝑛⃗𝑇|
∑𝑖 𝑝⊥,𝑖

over all charged particles is defined. The thrust axis 𝑛⃗𝑇 by definition maximises 𝒯. It is found by
implementing an algorithm [17] in which a start direction 𝑛⃗(0)𝑇 is chosen and iteratively corrected
via

𝑛⃗(𝑗+1)𝑇 =
∑𝑖 𝜀 (𝑛⃗

(𝑗)
𝑇 ⋅ 𝑝⃗⊥,𝑖) 𝑝⃗⊥,𝑖

||∑𝑖 𝜀 (𝑛⃗
(𝑗)
𝑇 ⋅ 𝑝⃗⊥,𝑖) 𝑝⃗⊥,𝑖||
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(where 𝜀(𝑥) = 2𝜃(𝑥) − 1, 𝜃(𝑥) being the Heaviside step function). The spheriocity

𝒮 = 𝜋2
4 min

𝑛⃗=(𝑛𝑥 ,𝑛𝑦 ,0)𝑇
(
∑𝑖|𝑝⊥,𝑖 × 𝑛⃗|
∑𝑖 𝑝⊥,𝑖

)
2

is defined using a minimising vector 𝑛⃗, which conveniently coincides with one of the transverse
momenta 𝑝⊥,𝑖. The last parameter

ℱ = 𝜆1
𝜆2

is defined by the ratio of the small and large eigenvalues 𝜆1, 𝜆2 of the transverse momentum
tensor

𝑀lin =∑
𝑖

1
𝑝⊥,𝑖

( 𝑝2𝑥,𝑖 𝑝𝑥,𝑖𝑝𝑦,𝑖
𝑝𝑥,𝑖𝑝𝑦,𝑖 𝑝2𝑦,𝑖

)

of the charged particles in the event. See Table C.3 for a complete list of variables with their
Rivet identifiers.

3.3. UE Studies involving Minimum Bias Samples
To really isolate the physics of the underlying event, samples where the average number of
collisions is very low were collected with the ATLAS detector. This allows for the creation of very
clean, nearly pile­up free event records. Trigger settings that try to keep as many events as
possible are called “minimum bias triggers”. The intention is to attain a representative sample
of all collisions that occur in the detector. This is extremely valuable for studying the physics of
the underlying event, since the UE is independent of the hard process.

3.3.1. Studies of the UE at 7 TeV with track­jets (ATLAS_2012_I1125575)
This analysis focuses on events that have passed the L1 minimum bias trigger2 at a center­
of­mass energy of 7 TeV. Primary vertices are reconstructed using at least two tracks with
𝑝𝑇 > 0.4GeV and |𝜂| < 2.5, events with several primary vertices are rejected to reduce the
contribution from pile­up. The cuts in Table 3.5 are applied, and the jets are reconstructed using
the anti­kt algorithm with 𝑅 = 0.2, 0.4, 0.6, 0.8, 1.0. The leading jet is defined as the jet with the
largest 𝑝𝑇 and 𝑝jet𝑇 > 5GeV, |𝜂| < 1.5.

Table 3.5: Cuts applied in the √𝑠 = 7TeV UE analysis [42].

Requirement Cut

Tracks in jet reconstruction 𝑝𝑇 > 0.5GeV, |𝜂| > 2.5
Transverse impact parameter |𝑑0| < 1.5mm

Longitudinal impact parameter |𝑧0 sin𝜃| < 1.5mm

The leading jet determines three ”regions” of the event. Particles moving in the opposite
direction of the leading jet are in the “away” region, the areas perpendicular to the leading track
are in the “transverse” region (see Figure 3.1). The ”toward” region is facing in the direction of
the leading jet.
The first observable considered in this analysis is the number of charged tracks 𝑁Ch. The scalar
2For more details on the L1 (Level 1) minimum bias trigger, refer to [41].
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Figure 3.1: Definition of the regions relative to the leading jet in the √𝑠 = 7TeV analysis of the underlying event
[42].

sum of the transverse momenta ∑𝑝𝑇 and the average 𝑝𝑇 of the tracks (∑𝑝𝑇/𝑁Ch) are also stud­
ied. They are examined in both the transverse and away regions for various cuts on the leading
jet’s 𝑝𝑇 and as a function of the leading jets 𝑝𝑇. Due to this particular study having 330 observ­
ables, we do not provide a table detailing every single variable. Instead, we give instructions for
decoding the variable names to their physical meaning (see Tables C.4 and C.5).

3.3.2. Track­based minimum bias at 8 TeV (ATLAS_2016_I1426695)
The √𝑠 = 8TeV minimum bias dataset was analysed for the properties of the underlying event.
Events were required to have exactly one primary vertex with two or more associated vertices
originating from the luminous 𝑧­region with a track 𝑝𝑇 of at least 100MeV and a transverse
approach to the beam spot closer than 4mm. A track reconstruction algorithm and various quality
criteria described in [43] were applied. The distributions of the charged particle multiplicity, the
charged particle 𝑝𝑇, charged particle 𝜂 and the average particle 𝑝𝑇 for tracks with |𝜂| > 2.5 were
measured for various cuts in the phase space by placing requirements on the charged track
multiplicity and the 𝑝𝑇 of an individual track (see Table C.6).

3.3.3. Track­based UE at 13 TeV in ATLAS (ATLAS_2017_I1509919)
This analysis of √𝑠 = 13TeV minimum­bias data is constructed similarly to the analysis of √𝑠 =
7TeV data already presented (see Section 3.3.1). Events are required to contain a primary
vertex reconstructed from at least two tracks with 𝑝𝑇 > 100MeV and impact parameters below
1.5mm. The vertex with the highest associated ∑𝑝𝑇 was chosen as the primary. All tracks have
to be reconstructed with |𝜂| < 2.5 and events need to contain at least one track with 𝑝𝑇 > 1GeV
[44]. The studied variables are listed in Table 3.6.
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Table 3.6: Variables studied in the √𝑠 = 13TeV analysis of the UE [44].

Symbol Description

Binned Variables:
𝑝lead
𝑇 Leading charged particle transverse momentum
𝑁Ch(Transverse) Charged particle multiplicity in the transverse region
|Δ𝜙| Absolute azimuthal angle to the leading charged particle
Averaged variables:
⟨𝑁Ch/𝛿𝜂𝛿𝜙⟩ Mean charged particle multiplicity per unit 𝜂 − 𝜙
⟨∑𝑝𝑇/𝛿𝜂𝛿𝜙⟩ Mean ∑𝑝𝑇 of charged particles per unit 𝜂 − 𝜙
⟨mean 𝑝𝑇⟩ Per event average of the mean 𝑝𝑇 of charged particles

Variables are analysed for various cuts on 𝑝lead𝑇 and for different regions of the detector,
similar to the definition in Figure 3.1. In this analysis, the transverse region with the larger ∑𝑝𝑇
is called ”Trans­max” region, the opposite region is called ”Trans­min”. All variable names are
listed in Table C.7.

3.3.4. Minimum bias with low­𝑝𝑇 tracks at 13 TeV (ATLAS_2016_I1467230)
This additional analysis of √𝑠 = 13TeV minimum bias data selects events according to the cri­
teria in Table 3.7. Four different observables are measured:

• Charged particle 𝜂𝜂𝜂
Distribution 1/𝑁𝑒𝑣 ⋅ 𝑑𝑁𝑐ℎ/𝑑𝜂, 𝑁𝑒𝑣 being the number of events with 𝑛𝑐ℎ ≥ 2 and 𝑁𝑐ℎ being
the total number of charged particles within the kinematic acceptance.

• Charged particle 𝑝𝑇𝑝𝑇𝑝𝑇
Distribution 1/𝑁𝑒𝑣 ⋅ 1/(2𝜋𝑝𝑇)𝑑2𝑁𝑐ℎ/𝑑𝜂𝑑𝑝𝑇.

• Charged multiplicity ≥ 2≥ 2≥ 2
Distribution 1/𝑁𝑒𝑣 ⋅ 𝑑𝑁𝑒𝑣/𝑑𝑛𝑐ℎ.

• Average 𝑝𝑇𝑝𝑇𝑝𝑇 vs. 𝑛𝑐ℎ𝑛𝑐ℎ𝑛𝑐ℎ
2D combination of ⟨𝑝𝑇⟩ and 𝑛𝑐ℎ.

Table 3.7: Event selection criteria in the low 𝑝𝑇 track analysis of √𝑠 = 13TeV minimum bias data [45].

Requirement Cut

At least two tracks with:
Transverse momentum 𝑝𝑇 > 100MeV
Pseudorapidity |𝜂| < 2.5
Transverse impact parameter 𝑑0 < 1.5mm
Longitudinal impact parameter 𝑧0 sin𝜃 < 1.5mm
Pixel detector At least one hit
Innermost Layer At least one hit if track passes module
If 𝑝𝑇 < 300MeV At least two SCT hits
If 𝑝𝑇 < 400MeV At least four SCT hits
If 𝑝𝑇 > 400MeV At least six SCT hits

They are analysed for a minimum charged particle lifetime of 𝜏 > 30ps and 𝜏 > 300ps for a total
of 8 observables in this analysis. Their Rivet identifiers and the associated kinematic acceptance
limits can be found in Table C.8.
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3.4. Observables Sensitive to CR in 𝑡𝑡̄ Dilepton Events
Disclaimer: This analysis is not yet published and therefore not included in Rivet. We worked
with an internal version and a preliminary set of unfolded data. At the time of this thesis, it does
not represent an official result from ATLAS and has yet to pass the review process.

Because the top quark has a very short average transverse decay length below 0.2 fm, it is pos­
sible that it interacts with other coloured partons before hadronisation. This particular interaction
is described by colour reconnection. In this analysis, the goal is to measure observables par­
ticularly sensitive to colour reconnection effects, to revise various models for CR and improve
their performance [46]. 𝑡𝑡̄ events are selected from √𝑠 = 13TeV ATLAS data according to these
selection criteria:

Table 3.8: Event selection criteria in the √𝑠 = 13TeV CR analysis of 𝑡𝑡̄ dilepton events [46]

Requirement Cut

Exactly one electron and one muon, opposite charges
Lepton 𝑝𝑇 > 25GeV
Number of hadronic jets ∈ {2, 3}
Jet 𝑝𝑇 > 25GeV
Number of b-tags = 2
Dilepton invariant mass 𝑚𝓁𝓁 > 15GeV
Total number of tracks ≤ 100

Additionally, detector level requirements are applied (described in detail in [46]).
The sensitive observables involved are:

• Charged particle multiplicity
After all tracks associated with the charged leptons and identified jets are removed, the
number of charged tracks 𝑛𝑐ℎ is counted. The removal of jets is achieved by excluding
all particles within Δ𝑅 < 0.4 of the jet axis. This observable is calculated per­event and is
referred to as MC_ttbar_ColorReconnection/nch in the context of the Rivet analysis.

• Scalar sum of transverse momenta
The sum of transverse momenta (∑𝑝𝑇) of the tracks used in the definition of 𝑁𝑐ℎ. In Rivet,
it is called MC_ttbar_ColorReconnection/sumPt.

• ∑𝑝𝑇∑𝑝𝑇∑𝑝𝑇 vs. 𝑛𝑐ℎ𝑛𝑐ℎ𝑛𝑐ℎ
This observable is the 2D combination of ∑𝑝𝑇 and 𝑛𝑐ℎ and is reffered to as
MC_ttbar_ColorReconnection/sumPt_vs_nch. At the time of this thesis, unfolded distri­
butions for this variable are not yet available. We thus do not include it in our tunes.

Note that as of now, unfolded distributions to ”particle­level” are only available for 𝑛𝑐ℎ and ∑𝑝𝑇.
Therefore, all other observables in this analysis are not included in the tunes, even though they
might be covered in the sensitivity analyses performed.



3.5. K­Short and Lambda Production at 7 TeV (ATLAS_2019_I1746286) 36

3.5. 𝐾0𝑆 and Λ0 Production at 7 TeV (ATLAS_2019_I1746286)
In this analysis, a data set of dileptonic 𝑡𝑡̄ events at a centre­of­mass energy of 7 TeV was
studied. The focus is on observables of the production of 𝐾0𝑆 and Λ0 particles. The criteria for
event selection can be found in [47]. The observables of the 𝐾0𝑆 particles break down according
to the regions in which the particles were observed. Observables were measured for particles in
b­jets, non­b­tagged jets, outside of jets and in the entire event. The transversal momentum 𝑝𝑇,
the energy fraction 𝑥 = 𝐸particle/𝐸jet, the particle energy 𝐸particle, the pseudorapidity |𝜂| and the
multiplicity were analysed. The observables of the Λ0 particles were only recorded in the entire
event. An overview over the observables provided by this analysis is given in Table 3.9 along
with their Rivet identifiers.

Table 3.9: Observables of the √𝑠 = 7TeV analysis of 𝐾0𝑆 and Λ0 particles [48].

𝐾0𝑆
Region 𝑝𝑇 𝑥𝐾 Energy |𝜂| Multiplicity

Inside b-jets d01-x01-y01 d02-x01-y01 d03-x01-y01 d04-x01-y01 d05-x01-y01
Inside non-b-jets d06-x01-y01 d07-x01-y01 d08-x01-y01 d09-x01-y01 d10-x01-y01
Outside jets d11-x01-y01 - d12-x01-y01 d13-x01-y01 d14-x01-y01
Total Sample d15-x01-y01 - d16-x01-y01 d17-x01-y01 d18-x01-y01

Region Λ0

Total Sample d19-x01-y01 - d20-x01-y01 d21-x01-y01 -

3.6. Aliases
Since the rivet identifiers of the analyses are based on the Inspire IDs of the associated papers,
the assignment is very unintuitive. In order to improve the readability of this tesis, we have
introduced our own aliases from which the physics dealt with in the analyses should become
clear. These can be found in Table 3.10.

Table 3.10: Aliases for the Rivet analyses used in this thesis.

Process Analysis Energy Alias

Minimum bias ATLAS_2012_I1125575 7 TeV Minimum bias @ 7 TeV
ATLAS_2016_I1426695 8 TeV Minimum bias @ 8 TeV
ATLAS_2017_I1509919 13 TeV Minimum bias @ 13 TeV
ATLAS_2016_I1467230 13 TeV Low 𝑝𝑇 minimum bias

Z ATLAS_2016_I1424838 7 TeV 𝑍 + jets
𝑡𝑡̄ ATLAS_2013_I1243871 7 TeV Jet shapes

ATLAS_2019_I1746286 7 TeV 𝐾0𝑆 + Λ0
ATLAS_2019_I1724098 13 TeV Jet substructure
MC_ttbar_ColorReconnection 13 TeV 𝑡𝑡̄ CR



4
Model Sensitivity Studies

When tuning a mathematical model to a dataset, it is very helpful to evaluate the model’s sensi­
tivity to its input parameters. In MC tuning, however, each histogram bin is modelled individually.
Since most variable histograms consist of several bins, each of which may have a very differ­
ent sensitivity to the parameterisation, commonly used sensitivity evaluation techniques like the
Morris method [49] are not a good fit for our application. For ranking the entire number of vari­
ables by their sensitivity, the effect of all bins should be taken into account. We also have to
consider that individual variables can have different mean values and numbers of bins.

4.1. Proposed Method
Because the models under investigation are evaluated on a bound parameter space (Equa­
tion (1.4)), the range of values of the jth modelling polynomial of an observable is also a bound
interval

𝐷𝑗 = [min ({𝑃𝑗(𝑝⃗) ∶ ∀𝑝⃗ ∈ 𝒫}) ,max ({𝑃𝑗(𝑝⃗) ∶ ∀𝑝⃗ ∈ 𝒫})] .
The magnitude of the values of the bin relevant for the tune are indicated by the value of the
polynomial at the point of best fit 𝑝⃗BF. We therefore define for an observable with 𝑚 bins the
total sensitivity

𝑐 = 1
𝑚

𝑚

∑
𝑗=1

|𝐷𝑗|
𝑃𝑗 (𝑝⃗BF)

. (4.1)

As an academic example, assume a histogram with 10 bins with a content that is modelled via
the lognormal distribution function

𝑓(𝑛, 𝜎) = 1
√2𝜋𝜎𝑛

exp(− ln(𝑛)
2

2𝜎2 ) , (4.2)

𝑛 being the bin number and 𝜎 ∈ [1, 3] a free parameter of the model. In this case, the magnitude
of each bin is determined by the mean model value. We observe that the sensitivity rises for
low­variation bins that also have a low model output, as can be seen in Figure 4.1 (b). Because
many MC observables tend to be statistical distributions, a low bin value is often associated with
low statistics, which is in turn associated with a higher relative statistical uncertainty. Therefore,
the range of values of the modelling function might not be very meaningful in low valued bins.

37
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(b) The resulting binwise contribution to 𝑐𝜎 is the
range of values relative to the mean value of each
bin.

Figure 4.1: Model and ratio plot from Equation (4.2). The resulting sensitivity measure (Equation (4.1)) evaluates
to 𝑐𝜎 = 0.667.

We have therefore decided to introduce a multiplicative penalty term that limits the impact of
such bins on the calculated sensitivity. With

𝑃 (𝑝⃗BF) = 1
𝑚

𝑚

∑
𝑗=1
𝑃𝑗 (𝑝⃗BF)

being the mean magnitude of the observable, we define the linear penalty term

𝑆𝑗 =
𝑃𝑗 (𝑝⃗BF)
𝑃 (𝑝⃗BF)

.

From this follows the definition of a second measure of sensitivity

𝑐∗ = 1
𝑚

𝑚

∑
𝑗=1
𝑆𝑗 ⋅

|𝐷𝑗|
𝑃𝑗 (𝑝⃗BF)

= 1
𝑚

𝑚

∑
𝑗=1

𝑃𝑗 (𝑝⃗BF)
𝑃 (𝑝⃗BF)

⋅
|𝐷𝑗|

𝑃𝑗 (𝑝⃗BF)
= 1
𝑚

𝑚

∑
𝑗=1

|𝐷𝑗|
𝑃 (𝑝⃗BF)

. (4.3)

Evaluating the toy model (Equation (4.2)) a second time, we observe that the effect of low value
bins is now mitigated under the 𝑐∗ measure (see Figure 4.2). In order to also assess the sensitiv­
ity to changes in individual input parameters, we extend the definitions 4.1 and 4.3. Previously,
we considered the range of values over the entire phase space of the input parameters. Now
we change our approach by using a subspace

ℒ𝑖 = {(𝑝BF1 , … , 𝑝BF𝑖−1, 𝑥, 𝑝BF𝑖+1, … , 𝑝BF𝑛 ) ∶ ∀𝑥 ∈ [𝑝low𝑖 , 𝑝high𝑖 ]} ⊆ 𝒫

of the parameter space in which all parameters are fixed except for the one under investigation,
given by the index 𝑖. This subspace ℒ𝑖 represents a one­dimensional line in the n­dimensional
parameter space with length

|ℒ𝑖| = 𝑝high𝑖 − 𝑝low𝑖 .
The sensitivity of the model to changes in only one input parameter is now dependent on the
range of values

𝐷ℒ𝑖𝑗 = [min ({𝑃𝑗(𝑝⃗) ∶ ∀𝑝⃗ ∈ ℒ𝑖}) ,max ({𝑃𝑗(𝑝⃗) ∶ ∀𝑝⃗ ∈ ℒ𝑖})]
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Figure 4.2: Model and binwise 𝑐∗ plot from Equation (4.2). The resulting sensitivity measure (Equation (4.3)) is
calculated by summing over the binwise plot and evaluates to 𝑐∗ = 0.30.

of the model on this line. The magnitude of a modelling polynomial on the line is given by

𝑃𝑗ℒ𝑖 =
1
|ℒ𝑖|

∫
ℒ𝑖
𝑃𝑗(𝑥⃗)𝑑𝑥⃗ =

1
𝑝high𝑖 − 𝑝low𝑖

∫
𝑝high𝑖

𝑝low𝑖
𝑃𝑗(𝑝BF1 , … , 𝑥, … , 𝑝BF𝑛 )𝑑𝑥,

we define the magnitude of the entire histogram as

𝑃ℒ𝑖 =
1
𝑚

𝑚

∑
𝑗=1
𝑃𝑗ℒ𝑖 .

Thus we define the parameter­wise sensitivities as

𝑐𝑖 =
1
𝑚

𝑚

∑
𝑗=1

|𝐷ℒ𝑖𝑗 |
𝑃𝑗ℒ𝑖

(4.4)

and

𝑐∗𝑖 =
1
𝑚

𝑚

∑
𝑗=1

|𝐷ℒ𝑖𝑗 |
𝑃ℒ𝑖

. (4.5)

4.2. 1D Example Sensitivity Study
Using the one­dimensional tuning problem from Section 1.5.8, we can also use the data set to
check whether our sensitivity measures work as intended. Foremost, we found that some bins
have statistics which are so low that the model prediction is consistently zero. We therefore de­
fine these bins to be entirely insensitive to changes in the input parameters. The top ten variables
ordered by 𝑐𝑖 are listed in Table 4.1. The variable with the highest 𝑐𝑖 is /ATLAS_2019_I1724098
/d29­x01­y01, which is the normalized cross section of the 𝑡𝑡̄ process depending on the number
of subjets. The variable peaks at 𝑁subjets = 3, 4 and is very low at other values of 𝑁subjets (see
Figure 4.3).
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Table 4.1: Top 10 most sensitive variables from the 1D tuning exercise in Section 1.5.8 when sorted by 𝑐𝑖.

Variable 𝑐𝑖 𝑐∗𝑖
/ATLAS_2019_I1724098/d29-x01-y01 1.2858 0.0536
/MC_ttbar_ColorReconnection/nch 0.8501 0.4066
/ATLAS_2019_I1724098/d20-x01-y01 0.5561 0.1117
/MC_TTBAR:TTMODE=ANYLEP/anylep_jetb_1_l2_deta 0.5255 0.0290
/ATLAS_2019_I1724098/d42-x01-y01 0.4861 0.0718
/ATLAS_2019_I1724098/d07-x01-y01 0.4565 0.0462
/ATLAS_2019_I1724098/d17-x01-y01 0.3929 0.1249
/MC_ttbar_ColorReconnection/sumPt 0.3923 0.3070
/ATLAS_2019_I1724098/d21-x01-y01 0.3919 0.1324
/ATLAS_2019_I1724098/d12-x01-y01 0.3831 0.1183

Since the low bin values are mitigated by the penalty term, the importance of the variable
decreases significantly when sorting for 𝑐∗𝑖 . The new dominant observable is

/MC_ttbar_ColorReconnection/nch,
whichmeasures the number of charged particles outside of jets. The tenmost sensitive variables
are shown in Table 4.2, a visual comparison between both top places is provided by Figure 4.3.

Table 4.2: Top 10 most sensitive variables from the 1D tuning exercise in Section 1.5.8 when sorted by 𝑐∗𝑖 .

Variable 𝑐𝑖 𝑐∗𝑖
/MC_ttbar_ColorReconnection/nch 0.8501 0.4066
/MC_ttbar_ColorReconnection/sumPt 0.3923 0.3070
/ATLAS_2019_I1724098/d14-x01-y01 0.1910 0.1563
/ATLAS_2019_I1724098/d09-x01-y01 0.3678 0.1480
/MC_ttbar_ColorReconnection/avgPt 0.2658 0.1457
/ATLAS_2019_I1724098/d36-x01-y01 0.1873 0.1331
/ATLAS_2019_I1724098/d21-x01-y01 0.3919 0.1324
/ATLAS_2019_I1724098/d33-x01-y01 0.2489 0.1314
/ATLAS_2019_I1724098/d30-x01-y01 0.2565 0.1256
/ATLAS_2019_I1724098/d17-x01-y01 0.3929 0.1249

From these results we can already see that our approach suppresses low content bins as
intended. We therefore will continue to use 𝑐∗𝑖 as our measure of sensitivity and for excluding
observables from the tunes.

4.3. Sensitivities to the CR2 Model Parametrisation
Monte Carlo samples of 𝑍0 decays at √𝑠 = 7TeV, soft QCD events with √𝑠 = 7, 8 and 13 TeV,
and 𝑡𝑡̄ events at √𝑠 = 7 and 13 TeV were generated as described in Section 5.1. To obtain the
sensitivity of a variable, we need to know the point of best fit on which the sensitivity measure is
based (see Section 4.1). Since the analysis of the sensitivities is a prerequisite for the selection
of the observables for the final tune, we approximate the point of best fit by means of a ”naive”
tune. This tune is presented in Section 5.2. In the following subsections, we break down the
sensitivities of the variables of the individual analyses and compare them with each other.
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Figure 4.3: Most sensitive variables under both the unpenalised as well as the penalised sensitivity measure.

4.3.1. Sensitivities of event shapes in leptonic 𝑍0­events
The analysis of event­shapes in leptonic 𝑍0­events described in Section 3.2.1 has 60 different
observables. We therefore only present the statistics of the sensitivity analysis performed, which
can be found in Table 4.3.

Table 4.3: Sensitivities of the Z-event-shape analysis (described in Section 3.2.1) to the input parameters under
the 𝑐∗ measure.

Parameter Mean sensitivity Standard deviation Minimum Maximum

Combined 1.48 0.21 1.17 1.97
pt0Ref 1.36 0.32 0.94 2.02
expPow 0.42 0.08 0.31 0.60
m2Lambda 0.084 0.04 0.05 0.19
fracGluon 0.11 0.05 0.05 0.22
dLambdacut 0.12 0.04 0.06 0.20

4.3.2. Sensitivities of observables involving minimum bias samples
In total, Monte Carlo samples were produced for four different minimum bias analyses. For
√𝑠 = 7TeV, the sensitivities of the analysis presented in Section 3.3.1 are as in Table 4.4. The
results at √𝑠 = 8TeV are presented in Table 4.5. The combined statistics for both analyses at
√𝑠 = 13TeV are given in Table 4.6.
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Table 4.4: Statistics on the sensitivities of the √𝑠 = 7TeV minimum bias analysis presented in Section 3.3.1. This
analysis has 330 observables.

Parameter Mean sensitivity 𝑐∗ Standard deviation Minimum Maximum

Combined 2.67 2.14 0.29 17.33
pt0Ref 1.38 0.47 0.10 2.28
expPow 0.66 0.54 0.04 3.91
m2Lambda 0.31 0.39 0.03 3.35
fracGluon 0.31 0.37 0.05 3.46
dLambdacut 0.41 0.49 0.08 4.26

Table 4.5: Statistics on the sensitivities of the √𝑠 = 8TeV minimum bias analysis presented in Section 3.3.2. This
analysis has 14 observables.

Parameter Mean sensitivity 𝑐∗ Standard deviation Minimum Maximum

Combined 1.59 0.88 0.28 3.03
pt0Ref 0.62 0.23 0.21 0.88
expPow 0.27 0.18 0.01 0.50
m2Lambda 0.07 0.04 0.02 0.13
fracGluon 0.08 0.05 0.01 0.18
dLambdacut 0.14 0.09 0.02 0.30

Table 4.6: Statistics on the sensitivities of the √𝑠 = 13TeV minimum bias analyses.

(a) Sensitivity statistics for the track-based analysis of the UE described in Section 3.3.3. This
analysis has 32 observables.

Parameter Mean sensitivity 𝑐∗ Standard deviation Minimum Maximum

Combined 1.48 1.17 0.21 3.89
pt0Ref 0.63 0.43 0.04 1.34
expPow 0.47 0.46 0.02 1.36
m2Lambda 0.12 0.09 0.02 0.36
fracGluon 0.07 0.03 0.02 0.15
dLambdacut 0.12 0.04 0.04 0.24

(b) Sensitivity statistics for the track-based analysis with low-𝑝𝑇 tracks described in Section 3.3.4.
This analysis has 8 observables.

Parameter Mean sensitivity 𝑐∗ Standard deviation Minimum Maximum

Combined 1.77 1.23 0.29 3.14
pt0Ref 0.62 0.29 0.22 0.90
expPow 0.20 0.16 0.01 0.46
m2Lambda 0.04 0.02 0.02 0.06
fracGluon 0.12 0.04 0.08 0.18
dLambdacut 0.19 0.08 0.10 0.31
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4.3.3. Sensitivities of observables involving 𝑡𝑡̄ samples
The analysis of jet shapes in √𝑠 = 7TeV 𝑡𝑡̄ events described in Section 3.1.1 has 20 observ­
ables. The statistics on the sensitivities obtained with our method is found in Table 4.7. Statistics
on the 21 observables of the √𝑠 = 7TeV production of 𝐾0𝑆 and Λ0 (see Section 3.5) are shown
in Table 4.8.

Two analyses relevant to our tuning efforts were applied to the 𝑡𝑡̄ samples at √𝑠 = 13TeV.
The sensitivities of the observables of the jet shape analysis described in Section 3.1.2 are given
in Table 4.9. Finally, the analysis of observables sensitive to CR in 𝑡𝑡̄ dilepton events described
in Section 3.4 only has two observables, ∑𝑝𝑇 and 𝑛𝑐ℎ. Their respective sensitivities are given
in Table 4.10.

Table 4.7: Statistics for the √𝑠 = 7TeV analysis of jet shapes in 𝑡𝑡̄ events described in Section 3.1.1.

Parameter Mean sensitivity 𝑐∗ Standard deviation Minimum Maximum

Combined 0.058 0.04 0.01 0.13
pt0Ref 0.041 0.03 0.006 0.10
expPow 0.013 0.01 0.002 0.03
m2Lambda 0.004 0.003 0.001 0.01
fracGluon 0.003 0.002 0.0003 0.01
dLambdacut 0.003 0.003 0.0005 0.01

Table 4.8: Statistics for the √𝑠 = 7TeV analysis of 𝐾0𝑆 and Λ0 production in 𝑡𝑡̄ events described in Section 3.5.

Parameter Mean sensitivity 𝑐∗ Standard deviation Minimum Maximum

Combined 0.91 0.85 0.00 2.37
pt0Ref 0.52 0.44 0.00 1.22
expPow 0.27 0.24 0.00 0.64
m2Lambda 0.03 0.03 0.00 0.10
fracGluon 0.04 0.04 0.00 0.12
dLambdacut 0.08 0.07 0.00 0.21

Table 4.9: Statistics for the √𝑠 = 13TeV analysis of jet shapes in 𝑡𝑡̄ events described in Section 3.1.2.

Parameter Mean sensitivity 𝑐∗ Standard deviation Minimum Maximum

Combined 0.73 0.39 0.14 1.41
pt0Ref 0.21 0.14 0.02 0.59
expPow 0.22 0.12 0.02 0.41
m2Lambda 0.18 0.10 0.03 0.33
fracGluon 0.13 0.07 0.02 0.23
dLambdacut 0.16 0.09 0.03 0.29
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Table 4.10: Sensitivities for the √𝑠 = 13TeV analysis of observables sensitive to CR in 𝑡𝑡̄ events described in
Section 3.4.

Observable Combined pt0Ref expPow m2Lambda fracGluon dLambdacut

𝑛𝑐ℎ 1.09 0.89 0.43 0.05 0.14 0.12
∑𝑝𝑇 1.02 0.71 0.35 0.08 0.10 0.14

4.3.4. Comparison of the analyses used
A visual comparison between the different analyses is provided in Figure 4.4. Minimum bias
events at √𝑠 = 7TeV are particularly sensitive to all input parameters under the CR2 model.
The associated analysis includes 330 different observables, but many of them represent the
same physics (see Section 3.3.1). It is therefore advisable to limit the number of observables
used to a few selected ones or limit their influence by choosing a lower weight. Otherwise, there
is a possibility that this one process is overweighted in the final tune and other processes have
an insufficient influence on the point of best fit. Apart from this, the observables of the minimum
bias and 𝑍0 analyses seem to be similarly sensitive. The observables of the 𝑡𝑡̄ processes at
√𝑠 = 7TeV react in the median by more than one order of magnitude less sensitively to changes
in the model parameterisation than observed in the other analyses. Overall, the analyses of
the minimum bias processes are more sensitive in the median ( ̃𝑐∗Minimum Bias = 2.01) than the
analyses of the Z­decays ( ̃𝑐∗𝑍0 = 1.42) or 𝑡𝑡̄­decays ( ̃𝑐∗𝑡𝑡̄ = 0.37).

Table 4.11: Median sensitivities sorted by process and parameter.

Analyses Combined pt0Ref expPow m2Lambda fracGluon dLambdacut

All 1.71 1.16 0.43 0.13 0.16 0.20
Minimum Bias 2.01 1.35 0.48 0.18 0.18 0.23
𝑍0 1.42 1.22 0.37 0.08 0.10 0.12
𝑡𝑡̄ 0.37 0.19 0.12 0.05 0.05 0.08

As shown in Table 4.11, the sensitivity of all processes to MultipartonInteractions:pT0Ref
is greater than to other individual parameters. All analyses show a lower sensitivity to the
parameters of the colour reconnection model (ColourReconnection:m2Lambda, fracGluon and
dLambdaCut) than to the parameterisation of the multi parton interactions (MultipartonInterac­
tions:pt0Ref and expPow).
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5
Parameter Tunes

Due to time constraints, we have chosen to examine only the CR2 model in this thesis. In this
chapter, we discuss the samples and the method we used. Finally, we present three parameter
tunes and compare their performance.

5.1. Monte Carlo Samples
The Pythia 8 default settings of the A14 (NNPDF23LO) tune were adopted for all processes.
In addition, the settings of the colour reconnection model were set to the values in Table 5.1.
Samples of minimum bias, 𝑡𝑡̄ and 𝑍0 processes at different energies were generated for this
study. We uniformly sampled 300 points from the parameter space shown in Table 5.2.

Table 5.1: Our settings for the CR2 model (described in Section 2.3), in addition to the A14 NNPDF23LO settings
[18].

Parameter Value A14 (NNPDF23LO)

ColourReconnection:mode 2 0
ColourReconnection:flipMode 0 -
PartonLevel:earlyResDec off off

Table 5.2: Sampling ranges defining our CR2 parameter space and the associated Pythia 8 defaults.

Parameter Minimum Maximum Default A14 (NNPDF23LO)

ColourReconnection:fracGluon 0.00 1.00 1.00 -
ColourReconnection:dLambdaCut 0.00 10.00 0.00 -
ColourReconnection:m2Lambda 0.25 16.00 1.00 -
MultipartonInteractions:pT0Ref 1.20 3.00 2.15 2.09
MultipartonInteractions:expPow 0.40 3.00 1.00 -

46



5.1. Monte Carlo Samples 47

5.1.1. Minimum bias
Pythia 8 was set to produce only soft inelastic QCD interactions by setting

SoftQCD:inelastic = on.
2 million events were generated for each parameter point at three collision energies and sub­
jected to the Rivet analyses listed in Table 5.3.

Table 5.3: The analyses and collision energies used in the minimum bias CR2 dataset.

√𝑠 Analyses Documentation

7TeV ATLAS_2012_I1125575 Section 3.3.1
8TeV ATLAS_2016_I1426695 Section 3.3.2
13TeV ATLAS_2017_I1509919 Section 3.3.3

ATLAS_2016_I1467230 Section 3.3.4

5.1.2. Z boson decays
Five hundred thousand decays of 𝑍 bosons at a 𝑝𝑝 collision energy of√𝑠 = 7TeVwere simulated
per parameter point and processed by the event shape analysis discussed in Section 3.2.1. In
addition to the A14 (NNPDF23LO) settings, the Pythia 8 settings from Table 5.4 were used. The
PHOTOS algorithm [50] with InfraRedCutOff = 10−7 was additionally integrated for the QED
corrections.

Table 5.4: Settings for the generation of 𝑍0 events.

Parameter Value

WeakSingleBoson:ffbar2gmZ on
23:onMode off
23:onIfAny 11 -11
23:onIfAny 13 -15
23:onIfAny 15 -15
PhaseSpace:mHatMin 60.0
TimeShower:QEDshowerByL off
TimeSHower:QEDshowerByOther off

5.1.3. Top­quark­antiquark events
In the case of the 𝑡𝑡̄ events, the quark­antiquark pair and the associated decay were simulated
by using matrix elements calculated via the POWHEG algorithm [51] at next­to­leading­order. The
entire hard process and the first gluon emmision were calculated by POWHEG and then passed to
Pythia 8. POWHEGwas called with the parameters listed in Table 5.6 (a). Additionally, the settings
in Table 5.6 (b) were applied to Pythia 8. One million events at centre­of­mass energies of 7 TeV
and 13 TeV were generated per parameter point. They were processed with the corresponding
analyses listed in Table 5.5.

5.1.4. Timing issues
At first, we used values of MultipartonInteractions:pT0Ref ∈ [0.5, 3.0]. During the generation of
the Monte Carlo samples, it was noticeable that some parameter space points had significantly
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Table 5.5: The analyses and collision energies used in the 𝑡𝑡̄ CR2 dataset.

√𝑠 Analyses Documentation

7TeV Jet shapes Section 3.1.1
7TeV 𝐾0𝑆 + Λ0 Section 3.5
13TeV Jet substructure Section 3.1.2

𝑡𝑡̄ CR Section 3.4

Table 5.6: Settings used for the Monte Carlo sample generation of 𝑡𝑡̄ events.

(a) POWHEG settings for the gener-
ation of 𝑡𝑡̄ events.

Parameter Value

decay_mode t t∼ > all
hdamp 258.75
mu_F 1.0
mu_R 1.0
PDF 260000

(b) Pythia 8 settings for the generation of 𝑡𝑡̄
events.

Parameter Value

SpaceShower:pTmaxMatch 2
TimeShower:pTmaxMatch 2
Powheg:pTHard 0
Powheg:NFinal 2
Powheg:pTdef 2
Powheg:veto 1
Powheg:vetoCount 3
Powheg:pTemt 0
Powheg:emitted 0
Powheg:MPIveto 0

longer computation times than the rest of the sample. In order to find out whether the choice of
input parameters correlates with the calculation time, additional timing information was collected,
as shown in Figure 5.1. The parameter­wise correlations are listed in Table 5.7.

Table 5.7: Correlation between parameter value and computation time for all of our samples in the CR2 tuning
effort.

MPI:pT0Ref MPI:expPow CR:m2Lambda CR:fracGluon CR:dLambdacut

Minimum bias at 7TeV -0.87 -0.16 0.14 0.07 -0.11
Minimum bias at 8TeV -0.72 -0.25 0.01 -0.09 -0.17

Minimum bias at 13TeV -0.72 -0.29 0.04 -0.07 -0.12
𝑍0 decays at 7TeV -0.60 -0.47 0.01 -0.05 -0.15

𝑡𝑡̄ at 7TeV -0.67 -0.35 -0.13 -0.11 -0.19
𝑡𝑡̄ at 13TeV -0.84 -0.20 0.17 -0.61 0.12

Both visually and from the calculated correlation coefficients, it is clear that low values of
MultipartonInteractions:pT0Ref in particular result in high computation times. In order to reduce
the total calculation time, we have therefore limited ourselves to the parameter space in Table 5.2
withMultipartonInteractions:pT0Ref ∈ [1.2, 3.0]. Points that did not satisfy that requirement were
resampled and computed again.
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5.2. Naive Tune
In order to get a first overview of the data set and an approximate point of best fit for the analysis
of the sensitivities (see Section 4.3), a tune was first performed including all observables from
all generated analyses. The weights of all observables were chosen as 𝜔𝒪 ≡ 1. Specifically, all
observables of the analyses in Table 3.10 were used.

A total of 485 observables were included in the naive tune, resulting in 7585 degrees of
freedom. Our goodness of fit function (see Equation (1.7)) takes a value of 𝜒2 = 193785.82 at the
point of best fit, neglecting correlations between the individual bins and the various observables.
The point of best fit in Table 5.8 is therefore reached with 𝜒2/N.D.F. = 25.5. Note that the value
of CR:fracGluon is at the boundary of the parameter space. In the CR2 model this means that
under the naive tune, all gluons participate in the colour reconnection process.
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Figure 5.1: Computation times for multiple processes. Note that the dataset is incomplete, because the timing
information was not collected from the very beginning of the sample generation.
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Table 5.8: Point of best fit for the naive tune on the CR2 data set.

Parameter MPI:pt0Ref MPI:expPow CR:m2Lambda CR:fracGluon CR:dLambdacut

Value 2.30 1.75 2.81 1.00 1.86

5.3. Selected Tune
Instead of including all available observables in the tune, we now set minimum requirements
for the sensitivity and quality of modelling. For this purpose, we first apply the bin­wise en­
velopment test described in Section 1.5.5 and require that for at least 80% of the bins of an
observable, the 95% confidence interval of the reference data is intersected by the value range
of the model function. In this way, we avoid including observables in the tune for which the CR
model has no predictive power. We therefore limit the tune to the physical observables that the
Monte Carlo model can actually reproduce. In addition, we require a minimum sensitivity of the
observables. If an observable is insensitive, it makes no variable contribution to the goodness
of fit function, more or less independently of the parameterisation. For this reason, observables
with 𝑐∗Combined < 𝑐∗Cutoff = 0.5 are also not considered (as illustrated in Figure 4.4 (a)). Based on
these criteria, 98 observables were excluded from this ”selected” tune. The fraction of remaining
observables per analysis and process is shown in Table 5.9. These were each weighted with
𝜔𝒪 = 1. An overview over all observables of the tune is provided in Appendix D. The resulting
fit has 6996 degrees of freedom and minimises with 𝜒2 = 114033.87. The point of best fit (see
Table 5.10) is therefore reached with 𝜒2/N.D.F. = 16.3.

Table 5.9: Statistics on observable usage in the CR2 "selected" tune.

Process Comment Energy Observables used Observables excluded Percentage used

Minimum bias 7 TeV 300 30 90.9 %
8 TeV 12 2 85.7 %

13 TeV 20 12 62.5 %
Low 𝑝𝑇 13 TeV 6 2 75.0 %

Z 7 TeV 58 2 96.7 %
𝑡𝑡̄ Jet shapes 7 TeV 0 20 00.0 %

𝐾0𝑆 + Λ0 7 TeV 7 14 33.3 %
Jet substructure 13 TeV 28 16 63.6 %
CR 13 TeV 2 0 100.0 %

Table 5.10: Point of best fit for the selected tune on the CR2 data set.

Parameter MPI:pt0Ref MPI:expPow CR:m2Lambda CR:fracGluon CR:dLambdacut

Value 2.23 2.07 0.32 0.78 1.05

5.4. Reweighting
As shown in Table 5.9, the number of observables in each analysis that meet our criteria is highly
variable. This results in individual analyses having a disproportionate influence on our tune.
The minimum bias analysis at 7 TeV (ATLAS_2012_I1125575, see Section 3.3.1) in particular
stands out here, as it has many observables and the modeled physics is quite redundant. Each
variable is present several times here, but only the radius parameter and transverse momentum
interval differ in each case. To increase the influence of analyses in which only a few variables
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are suitable for tuning, the weights can be adjusted accordingly. Let 𝑁Tune be the number of
observables used in the tune and 𝑁Analysis be the number of observables in a particular analysis,
then choose the weights for all observables in an analysis as

𝜔Analysis =
𝑁Tune
∑

𝒜∈Analyses
√𝑁𝒜

⋅ 1
√𝑁Analysis

. (5.1)

This choice satisfies the normalisation criterion 𝑁Tune = ∑𝒜∈Analyses𝑁𝒜𝜔𝒜 1, and each observ­
able now has a weight proportional to 1/𝑁Analysis2.
This approach results in the weights shown in Table 5.11 for the observables from the se­
lected tune (Section 5.3). Performing the tune yields the point of best fit in Table 5.12 with
𝜒2 = 128293.25 (with unit weights for all included observables), i.e. 𝜒2/N.D.F. = 18.3.

Table 5.11: Individual analysis weights used in the CR2 "reweighted" tune.

Process Observables used 𝜔Analysis

Minimum bias @ 7 TeV 300 0.56
Minimum bias @ 8 TeV 12 2.80
Minimum bias @ 13 TeV 20 2.17
Low 𝑝𝑇 minimum bias 6 3.96
Z + jets 58 1.27
Jet shapes 0 0.00
𝐾0𝑆 + Λ0 7 3.66
Jet substructure 28 1.83
𝑡𝑡̄ CR 2 6.85

Table 5.12: Point of best fit for the reweighted tune on the CR2 data set.

Parameter MPI:pt0Ref MPI:expPow CR:m2Lambda CR:fracGluon CR:dLambdacut

Value 2.35 1.66 0.32 0.82 0.88

5.5. Comparison of the Tunes
By removing non­sensitive or poorly described observables, there is a significant improvement in
performance from the naive to the selected tune. This becomes particularly clear by comparing
the average (unweighted) 𝜒2 contribution per bin of the selected observables (see Table 5.13). It
is obvious that the average goodness of fit for the observables of the √𝑠 = 7TeV minimum bias
analysis decreases significantly in each case due to selection and reweighting. From this it can
be deduced that the influence of analyses with a smaller number of observables increases in
each case as we planned. It can be observed that the performance of the selected observables
clearly improves or remains approximately the same in the other analyses. Reweighting the ob­
servables leads to a better goodness of fit of the minimum bias and jet substructure √𝑠 = 13TeV
observables compared to selection alone, even for the ones that did not pass the selection step.
At the same time, however, the quality of the tune suffers in all other analyses. These relation­
ships are shown graphically in Figure 5.2. Selected observables from all analyses are presented
graphically and discussed in Figures 5.4 to 5.8. Data envelopes are calculated by finding the
minimum and maximum values of the polynomial model on the parameter space for each bin.
1Because ∑ℬ∈Analyses 𝑁ℬ𝜔ℬ = ∑ℬ∈Analyses

𝑁Tune
∑𝒜∈Analyses √𝑁𝒜

⋅ 𝑁ℬ
√𝑁ℬ

= 𝑁Tune
∑𝒜∈Analyses √𝑁𝒜

⋅ ∑ℬ∈Analyses √𝑁ℬ = 𝑁Tune. □
2By squaring, which is done in the goodness of fit function (Equation (1.7)).
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Table 5.13: Mean 𝜒2 contribution per observable for all performed tunes per analysis considering all observables
in the generated samples (left table) and only observables that passed the criteria of the "selected" tune (right
table).

All Observables Selected Observables

Analysis Naive Selected Reweighted A14 Naive Selected Reweighted A14

Minimum bias @ 7 TeV 69.74 101.64 124.12 10.28 71.70 107.57 132.73 9.77
Minimum bias @ 8 TeV 69.90 56.34 75.28 16.49 66.03 50.51 78.09 14.88
Minimum bias @ 13 TeV 173.59 154.84 117.75 39.42 43.86 42.99 33.84 36.68
Low 𝑝𝑇 minimum bias 177.86 134.39 154.17 34.32 226.63 169.21 198.32 43.59
𝑍 + jets 215.32 173.98 256.54 141.26 202.67 163.83 243.69 134.33
Jet shapes 0.43 0.42 0.42 0.43 - - - -
𝐾0𝑆 + Λ0 32.49 32.51 32.56 32.55 0.66 0.68 0.71 0.61
Jet substructure 122.05 218.19 169.14 94.43 7.38 5.20 5.16 4.74
𝑡𝑡̄ CR 2029.90 1846.04 2057.39 465.11 2029.90 1846.04 2057.39 465.11

10 3 10 2 10 1 100 101 102 103 104

2 contribution per bin

Minimum bias @ 7 TeV

Minimum bias @ 8 TeV

Minimum bias @ 13 TeV

Low pT minimum bias

Z + jets

Jet shapes

K0
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tt CR
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tt
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10 3 10 2 10 1 100 101 102 103 104

2 contribution per bin

Selected

10 3 10 2 10 1 100 101 102 103 104

2 contribution per bin

Reweighted

Figure 5.2: Visual comparison between the mean binwise contributions to the 𝜒2 measure per observable included
in the respective tune. Whiskers are drawn such that the lowest and highest 2.5 % of data are treated as outliers,
the yellow lines represent the median contribution in this analysis. The box represents the inner 50 % of data
points.
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A14 (selected observables)

Figure 5.3: Visual comparison between the mean binwise contributions to the 𝜒2 measure per observable of the
A14 tune, for all and CR2 selected variables. Whiskers are drawn such that the lowest and highest 2.5 % of data
are treated as outliers, the yellow lines represent the median contribution in this analysis. The box represents the
inner 50 % of data points.
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(a) Three example plots for minimum bias at 7 TeV. Shown are (from left to right) mean 𝑁𝑐ℎ, mean 𝑝𝑇
and mean ∑𝑝⊥ vs. leading jet 𝑝𝑇 for 𝑅 = 1.0 in the transverse detector region. We note that the mean
𝑝𝑇 is not well described by the CR model in our parameter space at low values of 𝑃jet

𝑇 . This can be
generalised to all values of 𝑅.
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(b) Four representative plots for minimum bias at 8 TeV. Shown are the distributions of 𝑛𝑐ℎ, 𝑝𝑇, 𝜂 and ⟨𝑝𝑇⟩
for 𝑝𝑇 > 100 MeV, 𝑛𝑐ℎ ≥ 2 and |𝜂| < 2.5. It is striking that only 𝜂 is correctly described by the CR model.
⟨𝑝𝑇⟩ is not correctly enveloped in all observables.

Figure 5.4: Represenstatively selected plots for minimum bias observables at √𝑠 = 7, 8 TeV.
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(a) From left to right: Unit-normalised distribution of 𝑝lead
𝑇 for 𝑝lead

𝑇 > 1 GeV and 5 GeV. Furthermore,
the mean average transverse momentum in the transverse region of the event. For the third observable,
it is easy to see that the data on our parameter space are poorly described by CR2.
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(b) From left to right: mean charged-particle multiplicity density for 𝑝lead
𝑇 > 1 GeV, mean charged-

particle multiplicity densitiy in the transverse region and mean ∑𝑝𝑇 in the transverse region. The first
distribution shows the influence of the reweighting on the tune.
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(c) Four distributions of the analysis with low-𝑝𝑇 tracks. These are defined sim-
ilarly to the distributions of the 8 TeV minimum bias analysis, these are shown
in Figure 5.4 (b). The tune behaves the same in both cases, a high redundancy
between these two analyses can be assumed.

Figure 5.5: Selected plots of standard minimum bias ((a) and b) and low-𝑝𝑇 minimum bias at √𝑠 = 13 TeV.
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Figure 5.6: Distributions of 𝑁𝑐ℎ, ∑𝑝𝑇, ℬ, 𝒯, 𝒮 and ℱ in the 𝑍 → 𝑒+𝑒− channel without further restrictions for
𝑝𝑇(𝑍). At √𝑠 = 7 TeV, the reference data are well enclosed by the CR2 model but, with a few exceptions, are not
well described within the envelopes.
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(a) Two example plots of the analysis of the 7 TeV jet shapes in 𝑡𝑡̄ events (differential and integrated
jet shape for 𝑏-jets with 30 GeV < 𝑝𝑇 < 40 GeV). All observables of this analysis have in common that
the reference data are well described by the MC, but the output of the MC is not sensitive to changes
in the parameterisation.
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(b) The two most sensitive observables of the 𝐾0𝑆 analysis are the |𝜂| outside of jets and for the
total sample.
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(c) Both observables of the √𝑠 = 13 TeV CR analysis of 𝑡𝑡̄ events are by design very sensitive.
They are well enveloped but poorly modelled by CR2 on the parameter space studied.

Figure 5.7: Two example plots each of the 7 TeV jet shapes & 𝐾0𝑆 analyses and both observables of the 13 TeV
CR analysis.
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Figure 5.8: Four plots of the 13 TeV jet substructure analysis. Shown are the distributions of the number of
subjets, 𝐶2, 𝐷2 and the Les-Houches angularity LHA for the soft-dropped top-selection. All observables of the
analysis are well described by the tunes. However, the errors are so high that differences in the tunes are hardly
comprehensible. The dijet-associated observables were not included in the tunes because no corresponding samples
were generated.

5.5.1. Comparison to the A14 tune
Since the selected tune has the best goodness of fit, we compare it with the standard A14 tune
(see Section 1.5.7) used in many ATLAS activities. For this purpose, a sample was produced
with all settings described in Section 5.1.1 to Section 5.1.3, the settings of the colour reconnec­
tion model were taken from A14. The mean contribution to the 𝜒2 measure per observable is
lower or equal for the A14 tune compared to our own tunes for all analyses, as documented in
Table 5.13. This is also true when only the observables of the CR2 selected tune are considered,
with the exception of minimum bias at 13 TeV. The distribution of binwise 𝜒2 contributions for
A14 is visualised in Figure 5.3 for comparison with Figure 5.2. All in all, the A14 tune (using the
CR0 model) provides a better description of the experimental data than our tunes of the CR2
model. This is in line with previous research by the ATLAS collaboration [52].
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5.5.2. Description of the top­quark and W­boson masses
In addition to the included analyses of large particle physics experiments, Rivet also contains
some pure MC studies. One of these is MC_TTBAR [53]. This study provides, among other
things, distributions of the W­boson and top­quark mass in 𝑡𝑡̄ events. These are well suited
to investigate a possible influence of the CR settings on a correct reconstruction of the top
quarks. First, we fitted a Gaussian curve to the distribution of W­boson masses in the interval
𝑚𝑊 ∈ [75GeV,90GeV] to obtain an estimator for the mass of theW boson. The top­quark mass
is then reconstructed from events with 𝑚𝑊 ∈ [75GeV,85GeV]. This distribution was also fitted
with a Gaussian curve, this time in the interval 𝑚𝑡 ∈ [165GeV,180GeV]. The results for all fits
can be found in Table 5.14, and the fits for the selected CR2 tune are graphically represented
in Figure 5.9. No significant differences between the different generator settings were observed
in the W­boson mass reconstruction. The reconstructed top­quark masses for CR2 default and
reweighted settings were observed to be lower than in the A14 tune.

Table 5.14: Resulting masses from the gaussian fits to MC data for the different tunes. "CR2" refers to the
default CR settings for CR2 provided by the authors of the model [30] (see Table 5.2).

Tune 𝑚𝑡 [GeV] 𝑚𝑊 [GeV] (𝑚A14
𝑡 −𝑚𝑡) [GeV] (𝑚A14

𝑊 −𝑚𝑊) [GeV]

A14 173.801(93) 82.80(18) - -
Naive 173.67(20) 82.76(26) 0.13(22) 0.05(32)
Selected 173.692(85) 82.81(23) 0.11(13) -0.01(29)
Reweighted 173.46(15) 82.72(20) 0.34(17) 0.09(27)
CR2 173.55(17) 82.65(25) 0.26(19) 0.16(31)
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Figure 5.9: Plots of both fits for our selected CR2 tune.



6
Conclusion and Outlook

The goal of this thesis was to create one or more Monte Carlo tunes with a focus on colour recon­
nection models under inclusion of 𝑡𝑡̄ events. For this purpose, a new technique for analysing
the sensitivities of individual observables was developed and presented. It was achieved to
calculate the sensitivities of analyses of different processes and to compare them directly. In
addition, a test for correct description of the data by the output of the MC generator was deve­
loped. Together with a minimum requirement for the sensitivity of the observables, a criterion
was derived with which certain observables can be excluded from a tune. We were able to show
that a tune with the observables selected in this way can achieve a significantly better fit to the
reference data than one with naive inclusion of all available observables. In addition, general
weights were given that can be used to reduce the influence on the tune of analyses that include
many redundant observables. In our case, this reweighting technique led to a certain reduction
in the goodness of fit, but at the same time it was able to strengthen the performance for an
analysis (minimum bias at √𝑠 = 13 TeV) that previously had less influence. We have produced
a total of three tunes of the CR2 model, of which the ”selected” one exhibits the best goodness
of fit to the experimental data (see Table 6.1).

Table 6.1: The three tunes we produced for the CR2 model. "Naive" indicates the tune that contains all available
observables, "Selected" contains those selected according to our criterion. The "Reweighted" tune was created
by applying reweighting to the observables of the "Selected" tune.

Tune Naive Selected Reweighted

𝜒2 (unweighted) 193785.82 114033.87 128293.25
Degrees of Freedom 7585 6996 6996

𝜒2/N.D.F. 25.5 16.3 18.3

MPI:pT0Ref 2.30 2.23 2.35
MPI:expPow 1.75 2.07 1.66

CR:m2Lambda 2.81 0.32 0.32
CR:fracGluon 1.00 0.78 0.82

CR:dLambdaCut 1.86 1.05 0.88

One of the findings of the sensitivity analysis is that distributions of the jet shapes in 𝑡𝑡̄ events
we considered are not suitable for tuning the CR2 model. While these observables are consis­
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tently well described by the MC, they hardly react to changes in the parameterisation. Further­
more, the study of the jet substructure at √𝑠 = 13 TeV turned out to have only limited tuneability,
as the individual tunes are indistinguishable within the model errors. The search for further ana­
lyses of 𝑡𝑡̄ events with observables sensitive to CR parameters should therefore be worthwhile
in order to more strongly incorporate top­quark physics into the tunes. Due to time constraints,
we were only able to investigate one CR model. A sensible next step would be to provide tunes
for the other two models discussed. By comparing the sensitivity analyses carried out in this
process, it might also be possible to identify observables that are particularly sensitive to colour
reconnection among all of the available models. Additionally, the two comparison values for the
selection criterion (proportion of well­described bins and minimum sensitivity) were chosen by
eye. By examining different settings, the criterion could possibly prove to be even more effec­
tive. Finally, an extension of the concept of reweighting would be conceivable. Observables
could be weighted not only according to their multiplicity in the analyses, but also according to
the 𝜒2 contributions achieved. In this way, the result of the tune would depend on the actual
performance of the variables, and not so much on the definition of the Rivet analyses.



A
Additional Feynman Diagrams

𝛾

𝑓𝑓

(a) The fundamental
QED vertex with one 𝛾
and a charged fermion 𝑓.
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𝛾
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(b) 𝑒+𝑒− annihilating into
two 𝛾.
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(c) Compton scattering of
two charged fermions.

Figure A.1: Fundamental QED vertex and two example processes.
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𝑊+

𝐻

𝑊−
(a) A Higgs coupling to a
𝑊± pair.
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(b) The Higgs boson cou-
pling to a 𝑍0 pair.
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(c) Higgs boson coupling
to a fermion / antifermion
pair.
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(d) Gluon-gluon fusion process producing
a Higgs boson via a top quark loop.
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(e) Vector boson fusion process producing
a Higgs boson.

Figure A.2: Fundamental Standard Model vertices involving the Higgs and the two dominant production channels
at LHC.



B
One­dimensional Tune for PT0Ref

B.1. Variables included in the tune
• /ATLAS_2017_I1495243/d01­x01­y01

• /ATLAS_2017_I1495243/d02­x01­y01

• /ATLAS_2017_I1495243/d03­x01­y01

• /ATLAS_2017_I1495243/d04­x01­y01

• /ATLAS_2017_I1495243/d05­x01­y01

• /ATLAS_2017_I1495243/d06­x01­y01

• /ATLAS_2017_I1495243/d07­x01­y01

• /ATLAS_2017_I1495243/d08­x01­y01

• /ATLAS_2017_I1495243/d09­x01­y01

• /ATLAS_2017_I1495243/d10­x01­y01

• /ATLAS_2017_I1495243/d11­x01­y01

• /ATLAS_2017_I1495243/d12­x01­y01

• /ATLAS_2017_I1495243/d13­x01­y01

• /ATLAS_2017_I1495243/d14­x01­y01

• /ATLAS_2017_I1495243/d15­x01­y01

• /ATLAS_2017_I1495243/d16­x01­y01

• /ATLAS_2017_I1495243/d17­x01­y01

• /ATLAS_2017_I1495243/d18­x01­y01

• /ATLAS_2017_I1495243/d19­x01­y01

• /ATLAS_2017_I1495243/d20­x01­y01

• /ATLAS_2017_I1495243/d21­x01­y01

• /ATLAS_2017_I1495243/d22­x01­y01

• /ATLAS_2017_I1495243/d23­x01­y01

• /ATLAS_2018_I1656578/d100­x01­y01

• /ATLAS_2018_I1656578/d101­x01­y01

• /ATLAS_2018_I1656578/d102­x01­y01

• /ATLAS_2018_I1656578/d103­x01­y01

• /ATLAS_2018_I1656578/d104­x01­y01

• /ATLAS_2018_I1656578/d105­x01­y01

• /ATLAS_2018_I1656578/d106­x01­y01

• /ATLAS_2018_I1656578/d107­x01­y01

• /ATLAS_2018_I1656578/d108­x01­y01

• /ATLAS_2018_I1656578/d109­x01­y01

• /ATLAS_2018_I1656578/d110­x01­y01

• /ATLAS_2018_I1656578/d111­x01­y01

• /ATLAS_2018_I1656578/d112­x01­y01

• /ATLAS_2018_I1656578/d113­x01­y01

• /ATLAS_2018_I1656578/d114­x01­y01
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B.1. Variables included in the tune 64

• /ATLAS_2018_I1656578/d115­x01­y01

• /ATLAS_2018_I1656578/d96­x01­y01

• /ATLAS_2018_I1656578/d97­x01­y01

• /ATLAS_2018_I1656578/d98­x01­y01

• /ATLAS_2018_I1656578/d99­x01­y01

• /ATLAS_2018_I1705857/d01­x01­y01

• /ATLAS_2018_I1705857/d02­x01­y01

• /ATLAS_2018_I1705857/d03­x01­y01

• /ATLAS_2018_I1705857/d04­x01­y01

• /ATLAS_2018_I1705857/d05­x01­y01

• /ATLAS_2018_I1705857/d06­x01­y01

• /ATLAS_2018_I1705857/d07­x01­y01

• /ATLAS_2018_I1705857/d08­x01­y01

• /ATLAS_2018_I1705857/d09­x01­y01

• /ATLAS_2018_I1705857/d10­x01­y01

• /ATLAS_2018_I1705857/d11­x01­y01

• /ATLAS_2018_I1705857/d12­x01­y01

• /ATLAS_2018_I1705857/d13­x01­y01

• /ATLAS_2018_I1705857/d14­x01­y01

• /ATLAS_2018_I1705857/d15­x01­y01

• /ATLAS_2018_I1705857/d16­x01­y01

• /ATLAS_2018_I1705857/d17­x01­y01

• /ATLAS_2018_I1705857/d18­x01­y01

• /ATLAS_2018_I1705857/d19­x01­y01

• /ATLAS_2018_I1705857/d20­x01­y01

• /ATLAS_2018_I1705857/d21­x01­y01

• /ATLAS_2018_I1705857/d22­x01­y01

• /ATLAS_2018_I1705857/d23­x01­y01

• /ATLAS_2018_I1705857/d24­x01­y01

• /ATLAS_2018_I1705857/d25­x01­y01

• /ATLAS_2018_I1705857/d26­x01­y01

• /ATLAS_2018_I1705857/d27­x01­y01

• /ATLAS_2018_I1705857/d28­x01­y01

• /ATLAS_2018_I1705857/d29­x01­y01

• /ATLAS_2018_I1705857/d30­x01­y01

• /ATLAS_2018_I1705857/d31­x01­y01

• /ATLAS_2018_I1705857/d32­x01­y01

• /ATLAS_2018_I1705857/d33­x01­y01

• /ATLAS_2018_I1705857/d34­x01­y01

• /ATLAS_2018_I1705857/d35­x01­y01

• /ATLAS_2018_I1705857/d36­x01­y01

• /ATLAS_2018_I1705857/d37­x01­y01

• /ATLAS_2018_I1705857/d38­x01­y01

• /ATLAS_2018_I1705857/d39­x01­y01

• /ATLAS_2018_I1705857/d40­x01­y01

• /ATLAS_2018_I1705857/d41­x01­y01

• /ATLAS_2018_I1705857/d42­x01­y01

• /ATLAS_2018_I1705857/d43­x01­y01

• /ATLAS_2018_I1705857/d44­x01­y01

• /ATLAS_2018_I1705857/d45­x01­y01

• /ATLAS_2018_I1705857/d46­x01­y01

• /ATLAS_2018_I1705857/d47­x01­y01

• /ATLAS_2018_I1705857/d48­x01­y01

• /ATLAS_2018_I1705857/d50­x01­y01

• /ATLAS_2019_I1724098/d07­x01­y01

• /ATLAS_2019_I1724098/d08­x01­y01

• /ATLAS_2019_I1724098/d09­x01­y01

• /ATLAS_2019_I1724098/d10­x01­y01

• /ATLAS_2019_I1724098/d11­x01­y01

• /ATLAS_2019_I1724098/d12­x01­y01

• /ATLAS_2019_I1724098/d13­x01­y01

• /ATLAS_2019_I1724098/d14­x01­y01
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• /ATLAS_2019_I1724098/d15­x01­y01

• /ATLAS_2019_I1724098/d16­x01­y01

• /ATLAS_2019_I1724098/d17­x01­y01

• /ATLAS_2019_I1724098/d18­x01­y01

• /ATLAS_2019_I1724098/d19­x01­y01

• /ATLAS_2019_I1724098/d20­x01­y01

• /ATLAS_2019_I1724098/d21­x01­y01

• /ATLAS_2019_I1724098/d22­x01­y01

• /ATLAS_2019_I1724098/d29­x01­y01

• /ATLAS_2019_I1724098/d30­x01­y01

• /ATLAS_2019_I1724098/d31­x01­y01

• /ATLAS_2019_I1724098/d32­x01­y01

• /ATLAS_2019_I1724098/d33­x01­y01

• /ATLAS_2019_I1724098/d34­x01­y01

• /ATLAS_2019_I1724098/d35­x01­y01

• /ATLAS_2019_I1724098/d36­x01­y01

• /ATLAS_2019_I1724098/d37­x01­y01

• /ATLAS_2019_I1724098/d38­x01­y01

• /ATLAS_2019_I1724098/d39­x01­y01

• /ATLAS_2019_I1724098/d40­x01­y01

• /ATLAS_2019_I1724098/d41­x01­y01

• /ATLAS_2019_I1724098/d42­x01­y01

• /ATLAS_2019_I1724098/d43­x01­y01

• /ATLAS_2019_I1724098/d44­x01­y01

• /MC_ttbar_ColorReconnection/nch

• /MC_ttbar_ColorReconnection/sumPt

B.2. Variables not included in the tune
• /ATLAS_2018_I1705857/d49­x01­y01

• /ATLAS_2019_I1724098/d01­x01­y01

• /ATLAS_2019_I1724098/d02­x01­y01

• /ATLAS_2019_I1724098/d03­x01­y01

• /ATLAS_2019_I1724098/d04­x01­y01

• /ATLAS_2019_I1724098/d05­x01­y01

• /ATLAS_2019_I1724098/d06­x01­y01

• /ATLAS_2019_I1724098/d23­x01­y01

• /ATLAS_2019_I1724098/d24­x01­y01

• /ATLAS_2019_I1724098/d25­x01­y01

• /ATLAS_2019_I1724098/d26­x01­y01

• /ATLAS_2019_I1724098/d27­x01­y01

• /ATLAS_2019_I1724098/d28­x01­y01

• Any variable from /MC_TTBAR

• /MC_ttbar_ColorReconnection/Pt_vs_nch

• /MC_ttbar_ColorReconnection/avgPt

• /MC_ttbar_ColorReconnection/avgPt_vs_nch

• /MC_ttbar_ColorReconnection/bjet1Eta

• /MC_ttbar_ColorReconnection/bjet1Pt

• /MC_ttbar_ColorReconnection/bjet2Eta

• /MC_ttbar_ColorReconnection/bjet2Pt

• /MC_ttbar_ColorReconnection/deltaRtrkJet

• /MC_ttbar_ColorReconnection/deltaRtrkLep

• /MC_ttbar_ColorReconnection/eleEta

• /MC_ttbar_ColorReconnection/elePt

• /MC_ttbar_ColorReconnection/mlb_1

• /MC_ttbar_ColorReconnection/mlb_2

• /MC_ttbar_ColorReconnection/muonEta

• /MC_ttbar_ColorReconnection/muonPt

• /MC_ttbar_ColorReconnection/nEle
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• /MC_ttbar_ColorReconnection/nJets

• /MC_ttbar_ColorReconnection/nMuons

• /MC_ttbar_ColorReconnection/sumPt_vs_nch

• /MC_ttbar_ColorReconnection/trkEta

• /MC_ttbar_ColorReconnection/trkPt



C
Tables of Variable Names

This appendix provides a reference for Rivet’s variable naming scheme for the analyses used
throughout the thesis.

C.1. ATLAS_2013_I1243871
Table C.1: Variable names in the Rivet version of the √𝑠 = 7TeV jet shape analysis [54].

Rivet variable name

𝑏-jets Light jets

Jet 𝑝⊥ cut Differential jet shape Integrated jet shape Differential jet shape Int. jet shape

30GeV < 𝑝⊥ < 40GeV d01-x01-y01 d01-x01-y02 d01-x02-y01 d01-x02-y02
40GeV < 𝑝⊥ < 50GeV d02-x01-y01 d02-x01-y02 d02-x02-y01 d02-x02-y02
50GeV < 𝑝⊥ < 70GeV d03-x01-y01 d03-x01-y02 d03-x02-y01 d03-x02-y02
70GeV < 𝑝⊥ < 100GeV d04-x01-y01 d04-x01-y02 d04-x02-y01 d04-x02-y02
100GeV < 𝑝⊥ < 150GeV d05-x01-y01 d05-x01-y02 d05-x02-y01 d05-x02-y02

C.2. ATLAS_2019_I1724098
Table C.2: Variable names in the Rivet version of the √𝑠 = 13TeV jet substructure analysis [55]

Algorithm

Trimmed Soft-dropped

Variable Dijet W Top Dijet W Top Selection

𝑁subjets d01-x01-y01 d37-x01-y01 d29-x01-y01 d23-x01-y01 d15-x01-y01 d07-x01-y01
𝐶2 d02-x01-y01 d38-x01-y01 d30-x01-y01 d24-x01-y01 d16-x01-y01 d08-x01-y01
𝐷2 d03-x01-y01 d39-x01-y01 d31-x01-y01 d25-x01-y01 d17-x01-y01 d09-x01-y01
LHA d04-x01-y01 d40-x01-y01 d32-x01-y01 d26-x01-y01 d18-x01-y01 d10-x01-y01
ECFNorm

2 d05-x01-y01 d41-x01-y01 d33-x01-y01 d27-x01-y01 d19-x01-y01 d11-x01-y01
ECFNorm

3 d06-x01-y01 d42-x01-y01 d34-x01-y01 d28-x01-y01 d20-x01-y01 d12-x01-y01
𝜏21 d43-x01-y01 d35-x01-y01 d21-x01-y01 d13-x01-y01
𝜏32 d44-x01-y01 d36-x01-y01 d22-x01-y01 d14-x01-y01
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C.3. ATLAS_2016_I1424838
Table C.3: Variable names in the Rivet version of the √𝑠 = 7TeV event shape analysis [56]

Channel 𝑝⊥ ­ Cut 𝑁ch ∑𝑝⊥ ℬ 𝒯 𝒮 ℱ

𝑒+𝑒−
­ d01­x01­y01 d02­x01­y01 d03­x01­y01 d04­x01­y01 d05­x01­y01 d06­x01­y01

𝑝⊥ ∈ [0, 6) GeV d07­x01­y01 d08­x01­y01 d09­x01­y01 d10­x01­y01 d11­x01­y01 d12­x01­y01
𝑝⊥ ∈ [6, 12) GeV d13­x01­y01 d14­x01­y01 d15­x01­y01 d16­x01­y01 d17­x01­y01 d18­x01­y01
𝑝⊥ ∈ [12, 25) GeV d19­x01­y01 d20­x01­y01 d21­x01­y01 d22­x01­y01 d23­x01­y01 d24­x01­y01

𝑝⊥ > 25 GeV d25­x01­y01 d26­x01­y01 d27­x01­y01 d28­x01­y01 d29­x01­y01 d30­x01­y01

𝜇+𝜇−
­ d31­x01­y01 d32­x01­y01 d33­x01­y01 d34­x01­y01 d35­x01­y01 d36­x01­y01

𝑝⊥ ∈ [0, 6) GeV d37­x01­y01 d38­x01­y01 d39­x01­y01 d40­x01­y01 d41­x01­y01 d42­x01­y01
𝑝⊥ ∈ [6, 12) GeV d43­x01­y01 d44­x01­y01 d45­x01­y01 d46­x01­y01 d47­x01­y01 d48­x01­y01
𝑝⊥ ∈ [12, 25) GeV d49­x01­y01 d50­x01­y01 d51­x01­y01 d52­x01­y01 d53­x01­y01 d54­x01­y01

𝑝⊥ > 25 GeV d55­x01­y01 d56­x01­y01 d57­x01­y01 d58­x01­y01 d59­x01­y01 d60­x01­y01

C.4. ATLAS_2012_I1125575
Table C.4: Variables depending on the leading jet’s 𝑝⊥ [57].

R=0.2 R=0.4 R=0.6 R=0.8 R=1.0

Mean 𝑁ch vs leading jet 𝑝⊥ d01­x01­y01 d01­x02­y01 d01­x03­y01 d01­x04­y01 d01­x05­y01 Away Region
d01­x01­y02 d01­x02­y02 d01­x03­y02 d01­x04­y02 d01­x05­y02 Transverse Region

Mean 𝑝⊥ vs leading jet 𝑝⊥ d02­x01­y01 d02­x02­y01 d02­x03­y01 d02­x04­y01 d02­x05­y01 Away Region
d02­x01­y02 d02­x02­y02 d02­x03­y02 d02­x04­y02 d02­x05­y02 Transverse Region

Mean ∑𝑝⊥ vs leading jet 𝑝⊥ d03­x01­y01 d03­x02­y01 d03­x03­y01 d03­x04­y01 d03­x05­y01 Away Region
d03­x01­y02 d03­x02­y02 d03­x03­y02 d03­x04­y02 d03­x05­y02 Transverse Region
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Table C.5: All other variable names are constructed like d04-x01-y02 according to the encoding in this table [57].

(a) The observable gives the first com-
ponent of the variable name.

Variable Name Component

𝑁Ch d04
𝑝⊥ d05
∑𝑝⊥ d06

(b) The second component of the name is given by
the radius parameter.

Radius parameter Name Component

𝑅 = 0.2 x01
𝑅 = 0.4 x02
𝑅 = 0.6 x03
𝑅 = 0.8 x04
𝑅 = 1.0 x05

(c) The third component is given by the 𝑝⊥ interval selected.

𝑝⊥ Interval Away region Transverse region

[4 − 5) GeV y01 y02
[5 − 6) GeV y03 y04
[6 − 8) GeV y05 y06
[8 − 11) GeV y07 y08
[11 − 14) GeV y09 y10
[14 − 19) GeV y11 y12
[19 − 24) GeV y13 y14
[24 − 31) GeV y15 y16
[31 − 50) GeV y17 y18
[50 − 100) GeV y19 y20

C.5. ATLAS_2016_I1426695
Table C.6: Variable names in the √𝑠 = 8TeV analysis of the underlying event with minimum-bias data [58].

Variable Track 𝑝⊥ ≥ Charged Track Multiplicity ≥ Name

𝑁Ch 100MeV 2 d02-x01-y01
𝑁Ch 500MeV 1 d03-x01-y01
Charged particle 𝑝⊥ 100MeV 2 d04-x01-y01
Charged particle 𝑝⊥ 500MeV 1 d05-x01-y01
Charged particle 𝑝⊥ 500MeV 6 d06-x01-y01
Charged particle 𝑝⊥ 500MeV 20 d07-x01-y01
Charged particle 𝑝⊥ 500MeV 50 d08-x01-y01
Charged particle 𝜂 100MeV 2 d09-x01-y01
Charged particle 𝜂 500MeV 1 d10-x01-y01
Charged particle 𝜂 500MeV 6 d11-x01-y01
Charged particle 𝜂 500MeV 20 d12-x01-y01
Charged particle 𝜂 500MeV 50 d13-x01-y01
Average particle 𝑝⊥ 100MeV 2 d14-x01-y01
Average particle 𝑝⊥ 500MeV 1 d15-x01-y01
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Table C.7: All variable names in the √𝑠 = 13TeV analysis of the minimum bias analysis [59].

(a) Averaged variables by region.

Variable Region Name

⟨𝑁Ch/𝛿𝜂𝛿𝜙⟩ vs 𝑝lead
⊥ Trans-min d02-x01-y01

⟨𝑁Ch/𝛿𝜂𝛿𝜙⟩ vs 𝑝lead
⊥ Trans-max d03-x01-y01

⟨𝑁Ch/𝛿𝜂𝛿𝜙⟩ vs 𝑝lead
⊥ Trans-diff d04-x01-y01

⟨∑𝑝⊥/𝛿𝜂𝛿𝜙⟩ vs 𝑝lead
⊥ Trans-min d05-x01-y01

⟨∑𝑝⊥/𝛿𝜂𝛿𝜙⟩ vs 𝑝lead
⊥ Trans-max d06-x01-y01

⟨∑𝑝⊥/𝛿𝜂𝛿𝜙⟩ vs 𝑝lead
⊥ Trans-diff d07-x01-y01

⟨mean 𝑝⊥⟩ vs 𝑁Ch Transverse d08-x01-y01
⟨mean 𝑝⊥⟩ vs 𝑁Ch Trans-min d09-x01-y01
⟨mean 𝑝⊥⟩ vs 𝑁Ch Trans-max d10-x01-y01
⟨mean 𝑝⊥⟩ vs 𝑝lead

⊥ Transverse d11-x01-y01
⟨mean 𝑝⊥⟩ vs 𝑝lead

⊥ Trans-min d12-x01-y01
⟨mean 𝑝⊥⟩ vs 𝑝lead

⊥ Trans-max d13-x01-y01
⟨𝑁Ch/𝛿𝜂𝛿𝜙⟩ vs 𝑝lead

⊥ Transverse d21-x01-y01
⟨𝑁Ch/𝛿𝜂𝛿𝜙⟩ vs 𝑝lead

⊥ Towards d22-x01-y01
⟨𝑁Ch/𝛿𝜂𝛿𝜙⟩ vs 𝑝lead

⊥ Away d23-x01-y01
⟨∑𝑝⊥/𝛿𝜂𝛿𝜙⟩ vs 𝑝lead

⊥ Transverse d24-x01-y01
⟨∑𝑝⊥/𝛿𝜂𝛿𝜙⟩ vs 𝑝lead

⊥ Towards d25-x01-y01
⟨∑𝑝⊥/𝛿𝜂𝛿𝜙⟩ vs 𝑝lead

⊥ Away d26-x01-y01
⟨mean 𝑝⊥⟩ vs 𝑁Ch Towards d27-x01-y01
⟨mean 𝑝⊥⟩ vs 𝑁Ch Away d28-x01-y01
⟨mean 𝑝⊥⟩ vs 𝑝lead

⊥ Towards d29-x01-y01
⟨mean 𝑝⊥⟩ vs 𝑝lead

⊥ Away d30-x01-y01
⟨mean 𝑝⊥⟩ vs 𝑝lead

⊥ trans-min d31-x01-y01
⟨mean 𝑝⊥⟩ vs 𝑝lead

⊥ trans-max d32-x01-y01

(b) Variables by cut in 𝑝lead
⊥ .

Variable 𝑝lead
⊥ > Name

Normalized 𝑝lead
⊥ distribution 1GeV d01-x01-y01

Normalized 𝑝lead
⊥ distribution 5GeV d14-x01-y01

⟨𝑁Ch/𝛿𝜂𝛿𝜙⟩ vs Δ𝜙 1GeV d15-x01-y01
⟨𝑁Ch/𝛿𝜂𝛿𝜙⟩ vs Δ𝜙 5GeV d16-x01-y01
⟨𝑁Ch/𝛿𝜂𝛿𝜙⟩ vs Δ𝜙 10GeV d17-x01-y01
⟨∑𝑝⊥/𝛿𝜂𝛿𝜙⟩ vs Δ𝜙 1GeV d18-x01-y01
⟨∑𝑝⊥/𝛿𝜂𝛿𝜙⟩ vs Δ𝜙 5GeV d19-x01-y01
⟨∑𝑝⊥/𝛿𝜂𝛿𝜙⟩ vs Δ𝜙 10GeV d20-x01-y01

C.7. ATLAS_2016_I1467230
Table C.8: All variable names of the low-𝑝𝑇 minimum bias analysis at √𝑠 = 13TeV. Track are required to have
𝑝𝑇 > 100MeV and |𝜂| < 2.5 [45].

Lifetime Charged particle 𝜂 Charged particle 𝑝𝑇 Charged multiplicity ≥ 2 Average 𝑝𝑇 vs. 𝑛𝑐ℎ
𝜏 > 300ps d03-x01-y01 d02-x01-y01 d01-x01-y01 d04-x01-y01
𝜏 > 30ps d03-x01-y02 d02-x01-y02 d01-x01-y02 d04-x01-y02



D
Variables selected for CR2

D.1. ATLAS_2012_I1125575
• d01­x01­y01

• d01­x01­y02

• d01­x02­y01

• d01­x02­y02

• d01­x03­y01

• d01­x03­y02

• d01­x04­y01

• d01­x04­y02

• d01­x05­y01

• d01­x05­y02

• d03­x01­y01

• d03­x01­y02

• d03­x02­y01

• d03­x02­y02

• d03­x03­y01

• d03­x03­y02

• d03­x04­y01

• d03­x04­y02

• d03­x05­y01

• d03­x05­y02

• d04­x01­y01

• d04­x01­y02

• d04­x01­y03

• d04­x01­y04

• d04­x01­y05

• d04­x01­y06

• d04­x01­y07

• d04­x01­y08

• d04­x01­y09

• d04­x01­y10

• d04­x01­y11

• d04­x01­y12

• d04­x01­y13

• d04­x01­y14

• d04­x01­y15

• d04­x01­y16

• d04­x01­y17

• d04­x01­y18

• d04­x01­y19

• d04­x01­y20

• d04­x02­y01

• d04­x02­y02

• d04­x02­y03

• d04­x02­y04

• d04­x02­y05

• d04­x02­y06

• d04­x02­y07

• d04­x02­y08

• d04­x02­y09

• d04­x02­y10

• d04­x02­y11

• d04­x02­y12

• d04­x02­y13

• d04­x02­y14

• d04­x02­y15

• d04­x02­y16

• d04­x02­y17

• d04­x02­y18

• d04­x02­y19

• d04­x02­y20

• d04­x03­y01

• d04­x03­y02

• d04­x03­y03

• d04­x03­y04

• d04­x03­y05

• d04­x03­y06

• d04­x03­y07

• d04­x03­y08

• d04­x03­y09

• d04­x03­y10

• d04­x03­y11

• d04­x03­y12

• d04­x03­y13

• d04­x03­y14

• d04­x03­y15

• d04­x03­y16

• d04­x03­y17
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• d04­x03­y18

• d04­x03­y19

• d04­x03­y20

• d04­x04­y01

• d04­x04­y02

• d04­x04­y03

• d04­x04­y04

• d04­x04­y05

• d04­x04­y06

• d04­x04­y07

• d04­x04­y08

• d04­x04­y09

• d04­x04­y10

• d04­x04­y11

• d04­x04­y12

• d04­x04­y13

• d04­x04­y14

• d04­x04­y15

• d04­x04­y16

• d04­x04­y17

• d04­x04­y18

• d04­x04­y19

• d04­x04­y20

• d04­x05­y01

• d04­x05­y02

• d04­x05­y03

• d04­x05­y04

• d04­x05­y05

• d04­x05­y06

• d04­x05­y07

• d04­x05­y08

• d04­x05­y09

• d04­x05­y10

• d04­x05­y11

• d04­x05­y12

• d04­x05­y13

• d04­x05­y14

• d04­x05­y15

• d04­x05­y16

• d04­x05­y17

• d04­x05­y18

• d04­x05­y19

• d04­x05­y20

• d05­x01­y01

• d05­x01­y03

• d05­x01­y04

• d05­x01­y05

• d05­x01­y06

• d05­x01­y07

• d05­x01­y08

• d05­x01­y09

• d05­x01­y10

• d05­x01­y11

• d05­x01­y12

• d05­x01­y13

• d05­x01­y14

• d05­x01­y15

• d05­x01­y16

• d05­x01­y17

• d05­x01­y18

• d05­x01­y19

• d05­x01­y20

• d05­x02­y03

• d05­x02­y05

• d05­x02­y06

• d05­x02­y07

• d05­x02­y08

• d05­x02­y09

• d05­x02­y10

• d05­x02­y11

• d05­x02­y12

• d05­x02­y13

• d05­x02­y14

• d05­x02­y15

• d05­x02­y16

• d05­x02­y17

• d05­x02­y18

• d05­x02­y19

• d05­x02­y20

• d05­x03­y05

• d05­x03­y06

• d05­x03­y07

• d05­x03­y08

• d05­x03­y09

• d05­x03­y10

• d05­x03­y11

• d05­x03­y12

• d05­x03­y13

• d05­x03­y14

• d05­x03­y15

• d05­x03­y16

• d05­x03­y17

• d05­x03­y18

• d05­x03­y19

• d05­x03­y20

• d05­x04­y05

• d05­x04­y07

• d05­x04­y08

• d05­x04­y09

• d05­x04­y10

• d05­x04­y11

• d05­x04­y12

• d05­x04­y13

• d05­x04­y14

• d05­x04­y15

• d05­x04­y16

• d05­x04­y17

• d05­x04­y18

• d05­x04­y19

• d05­x04­y20

• d05­x05­y07

• d05­x05­y09

• d05­x05­y10

• d05­x05­y11

• d05­x05­y12

• d05­x05­y13

• d05­x05­y14

• d05­x05­y15

• d05­x05­y16

• d05­x05­y17

• d05­x05­y18

• d05­x05­y19

• d05­x05­y20



D.1. ATLAS_2012_I1125575 73

• d06­x01­y01

• d06­x01­y02

• d06­x01­y03

• d06­x01­y04

• d06­x01­y05

• d06­x01­y06

• d06­x01­y07

• d06­x01­y08

• d06­x01­y09

• d06­x01­y10

• d06­x01­y11

• d06­x01­y12

• d06­x01­y13

• d06­x01­y14

• d06­x01­y15

• d06­x01­y16

• d06­x01­y17

• d06­x01­y18

• d06­x01­y19

• d06­x01­y20

• d06­x02­y01

• d06­x02­y02

• d06­x02­y03

• d06­x02­y04

• d06­x02­y05

• d06­x02­y06

• d06­x02­y07

• d06­x02­y08

• d06­x02­y09

• d06­x02­y10

• d06­x02­y11

• d06­x02­y12

• d06­x02­y13

• d06­x02­y14

• d06­x02­y15

• d06­x02­y16

• d06­x02­y17

• d06­x02­y18

• d06­x02­y19

• d06­x02­y20

• d06­x03­y01

• d06­x03­y02

• d06­x03­y03

• d06­x03­y04

• d06­x03­y05

• d06­x03­y06

• d06­x03­y07

• d06­x03­y08

• d06­x03­y09

• d06­x03­y10

• d06­x03­y11

• d06­x03­y12

• d06­x03­y13

• d06­x03­y14

• d06­x03­y15

• d06­x03­y16

• d06­x03­y17

• d06­x03­y18

• d06­x03­y19

• d06­x03­y20

• d06­x04­y01

• d06­x04­y02

• d06­x04­y03

• d06­x04­y04

• d06­x04­y05

• d06­x04­y06

• d06­x04­y07

• d06­x04­y08

• d06­x04­y09

• d06­x04­y10

• d06­x04­y11

• d06­x04­y12

• d06­x04­y13

• d06­x04­y14

• d06­x04­y15

• d06­x04­y16

• d06­x04­y17

• d06­x04­y18

• d06­x04­y19

• d06­x04­y20

• d06­x05­y01

• d06­x05­y02

• d06­x05­y03

• d06­x05­y04

• d06­x05­y05

• d06­x05­y06

• d06­x05­y07

• d06­x05­y08

• d06­x05­y09

• d06­x05­y10

• d06­x05­y11

• d06­x05­y12

• d06­x05­y13

• d06­x05­y14

• d06­x05­y15

• d06­x05­y16

• d06­x05­y17

• d06­x05­y18

• d06­x05­y19

• d06­x05­y20
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• d01­x01­y01

• d02­x01­y01

• d03­x01­y01

• d04­x01­y01

• d05­x01­y01

• d06­x01­y01

• d07­x01­y01

• d08­x01­y01

• d09­x01­y01

• d10­x01­y01

• d11­x01­y01

• d12­x01­y01

• d13­x01­y01

• d14­x01­y01

• d15­x01­y01

• d16­x01­y01

• d17­x01­y01

• d18­x01­y01

• d19­x01­y01

• d20­x01­y01

• d21­x01­y01

• d22­x01­y01

• d23­x01­y01

• d24­x01­y01

• d25­x01­y01

• d26­x01­y01

• d27­x01­y01

• d28­x01­y01

• d29­x01­y01

• d31­x01­y01

• d32­x01­y01

• d33­x01­y01

• d34­x01­y01

• d35­x01­y01

• d36­x01­y01

• d37­x01­y01

• d38­x01­y01

• d39­x01­y01

• d40­x01­y01

• d41­x01­y01

• d42­x01­y01

• d43­x01­y01

• d44­x01­y01

• d45­x01­y01

• d46­x01­y01

• d47­x01­y01

• d48­x01­y01

• d49­x01­y01

• d50­x01­y01

• d51­x01­y01

• d52­x01­y01

• d53­x01­y01

• d54­x01­y01

• d55­x01­y01

• d56­x01­y01

• d57­x01­y01

• d58­x01­y01

• d59­x01­y01

D.3. ATLAS_2016_I1426695
• d02­x01­y01

• d03­x01­y01

• d04­x01­y01

• d05­x01­y01

• d06­x01­y01

• d07­x01­y01

• d08­x01­y01

• d09­x01­y01

• d10­x01­y01

• d11­x01­y01

• d12­x01­y01

• d13­x01­y01

D.4. ATLAS_2016_I1467230
• d01­x01­y01

• d01­x01­y02

• d02­x01­y01

• d02­x01­y02

• d03­x01­y01

• d03­x01­y02
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• d01­x01­y01

• d02­x01­y01

• d03­x01­y01

• d04­x01­y01

• d05­x01­y01

• d06­x01­y01

• d07­x01­y01

• d15­x01­y01

• d16­x01­y01

• d17­x01­y01

• d18­x01­y01

• d19­x01­y01

• d20­x01­y01

• d21­x01­y01

• d22­x01­y01

• d23­x01­y01

• d24­x01­y01

• d25­x01­y01

• d26­x01­y01

• d29­x01­y01

D.6. ATLAS_2019_I1724098
• d08­x01­y01

• d09­x01­y01

• d10­x01­y01

• d11­x01­y01

• d12­x01­y01

• d13­x01­y01

• d14­x01­y01

• d16­x01­y01

• d17­x01­y01

• d18­x01­y01

• d19­x01­y01

• d20­x01­y01

• d21­x01­y01

• d22­x01­y01

• d30­x01­y01

• d31­x01­y01

• d32­x01­y01

• d33­x01­y01

• d34­x01­y01

• d35­x01­y01

• d36­x01­y01

• d38­x01­y01

• d39­x01­y01

• d40­x01­y01

• d41­x01­y01

• d42­x01­y01

• d43­x01­y01

• d44­x01­y01

D.7. ATLAS_2019_I1746286
• d11­x01­y01

• d12­x01­y01

• d13­x01­y01

• d15­x01­y01

• d16­x01­y01

• d17­x01­y01

• d21­x01­y01

D.8. MC_ttbar_ColorReconnection
• nch • sumPt
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