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Kurzfassung
Das Top-Quark ist das schwerste bekannte elementare Teilchen, das im Standardmodell der
Teilchenphysik (SM) beschrieben wird. In Proton-Proton (pp) Kollisionen wird es überwiegend in
Quark-Antiquark-Paaren (tt) produziert. Messungen des entsprechenden Wirkungsquerschnitts
liefern wichtige Tests des SMs, sowie Überprüfungen von Theorien, die Physik jenseits des
SMs (BSM) beschreiben. In dieser Arbeit werden differentielle Messungen des Wirkungsquer-
schnitts für den dileptonischen tt-Prozess vorgestellt. Dabei liegt der Fokus auf einem Phasen-
raum, in dem zusätzliche Beiträge von BSM-Physik gefunden werden könnten. Die Messun-
gen basieren auf pp-Kollisionen bei einer Schwerpunktsenergie von 13 TeV, die mit dem CMS
Detektor zwischen 2016 und 2018 während Run 2 des LHCs aufgenommen wurden und einer
integrierten Luminosität von 138 fb−1 entsprechen. Die Ergebnisse werden durch die Kombi-
nation der e+e−, µ+µ− und e±µ∓ Zerfallskanäle bestimmt. Die in dieser Arbeit betrachteten
BSM-Szenarien umfassen supersymmetrische Modelle und Modelle zur Dunklen Materie, die
jeweils Endzustände ähnlich dem des dileptonischen tt-Prozesses vorhersagen und durch zwei
geladenen Leptonen, zwei b-Jets und einem signiĄkanten fehlenden Transversalimpuls, der durch
nicht-detektierte Teilchen entsteht, gekennzeichnet sind. Die Messung solch komplexer Signa-
turen basiert auf einer korrekten Rekonstruktion der Teilchen im Endzustand, was unter an-
derem ein gutes Alignment der Silizium-Sensoren im CMS-Spurdetektor erfordert. Im Rahmen
dieser Arbeit werden Performance-Studien des Online-Alignments sowie eine Erweiterung der
Alignment-Methode vorgestellt.
Im Gegensatz zu früheren Messungen, bei denen der differentielle Wirkungsquerschnitt haupt-
sächlich als Funktion kinematischer Variablen der Leptonen oder Top-Quarks bestimmt wurde,
konzentriert sich die vorliegende Analyse auf zwei Observablen, die potenzielle BSM-Beiträge
vom dileptonischen tt-Prozess des SMs trennen. Auf Detekorebene sind diese Observablen durch
den fehlenden Transversalimpuls und den minimalen azimutalen Abstand zwischen dem fehlen-
den Transversalimpuls und einem Lepton gegeben. Um die Sensitivität der Analyse zu erhöhen,
werden zusätzliche Korrekturen des fehlenden Transversalimpulses basierend auf multivariaten
Methoden, die im Rahmen dieser Arbeit entwickelt wurden und die entsprechende AuĆösung
im gesuchten Endzustand deutlich verbessern, angewandt. Im ersten Schritt der Analyse wer-
den auf Detektorebene die gemessenen pp-Kollisionen mit Vorhersagen des Standardmodells
basierend auf Monte-Carlo (MC) Simulationen hinsichtlich der eindimensionalen Verteilungen
und der zweidimensionalen Kombination beider Observablen verglichen. Für alle drei Verteilun-
gen kann eine gute Übereinstimmung zwischen den Daten und der SM-Vorhersage ohne sig-
niĄkante Anzeichen für mögliche Beiträge von BSM-Physik beobachtet werden. Im zweiten
Schritt werden absolute und normierte differentielle Wirkungsquerschnitte auf Teilchenebene
durch die Entfaltung der drei Verteilungen auf Detektorebene bestimmt. Hierbei werden die
Wirkungsquerschnitte als Funktion des Transversalimpulses des Dineutrino-Systems und des
minimalen azimutalen Abstands zwischen dem Dineutrino-System und einem Lepton, die für den
dileptonischen tt-Prozess den Observablen auf Detekorebenen entsprechen, gemessen. Dies ist die
erste Messung des tt-Wirkungsquerschnitts in Abhängigkeit dieser beiden Observablen am LHC.
Um die Auswirkungen verschiedener Beschreibungen des Untergrunds von Single-Top-Produktion
mit einem W-Boson (tW) in Simulation zu studieren, werden die Ergebnisse je basierend auf dem
Diagram Removal (DR) and Diagram Substraction (DS) Schema produziert. Die Ergebnisse wer-
den mit zwei MC-Theorievorhersagen, die auf Matrixelementen mit NLO-Genauigkeit basieren,
sowie zwei Theorie-Rechnungen, die NLO- und NNLO-Genauigkeit entsprechen, verglichen. Alle
vier Theorievorhersagen beschreiben die gemessenen absoluten und normierten Wirkungsquer-
schnitte hinreichend gut, wobei die Messungen des Dineutrino-Impulses die tW-Beschreibung
basierend auf dem DS-Schema bevorzugen.
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Abstract
The top quark is the heaviest of all known elementary particles described by the standard model
of particle physics (SM). In proton-proton (pp) collisions it is mainly produced in quark-antiquark
pairs (tt). Measurements of the corresponding tt production cross section yield important pre-
cision tests of the SM, while also probing theories describing physics beyond the SM (BSM). In
this thesis, differential cross section measurements of the SM dileptonic tt process in a phase
space, where additional contributions from BSM physics could be found, are presented. The
measurements are performed for pp collisions at a center-of-mass energy of 13 TeV, recorded by
the CMS experiment between 2016 and 2018 during Run 2 of the LHC, corresponding to an
integrated luminosity of 138 fb−1. The results are derived by combining the e+e−, µ+µ− and
e±µ∓ decay channels. The BSM scenarios considered in this thesis include supersymmetric and
dark matter models, which predict Ąnal states similar to the dileptonic tt process, characterized
by two charged leptons, two b jets and signiĄcant missing transverse momentum produced by
undetected particles. Measurements of such complex signatures require a proper reconstruction
of the Ąnal state particles, which, among others, relies on a good alignment of the silicon sensors
in the CMS tracking system. Within the scope of the thesis performance studies of the online
tracker alignment and an improvement of the alignment method are presented.
Unlike previous cross section measurements, where differential results were mainly derived as a
function of kinematic variables of the leptons or top quarks, the present analysis focuses on two
observables, which separate potential BSM contributions from the SM dileptonic tt process. On
detector level, these observables are given by the missing transverse momentum and the minimal
azimuthal distance between the missing transverse momentum and a lepton. In order to increase
the sensitivity of the analysis, additional corrections of the missing transverse momentum based
on machine learning techniques are developed within this thesis, which signiĄcantly improve
the corresponding response and resolution in the Ąnal state of interest. In the Ąrst step of the
measurements, the observed pp-collision data and SM predictions based on Monte Carlo (MC)
simulations are compared on detector level based on the one-dimensional distributions as well as
the two-dimensional combination of both detector-level observables. For all three distributions,
good agreement between the recorded data and the SM predictions with no signiĄcant indica-
tions for potential BSM contributions is observed. In the second step, absolute and normalized
differential cross sections on particle level are derived by unfolding the three detector-level dis-
tributions. The cross sections are obtained as a function of the transverse momentum of the
dineutrino system and the minimal azimuthal distance between the dineutrino system and a
lepton, which match the detector-level observables for the dileptonic tt process. So far, differ-
ential tt cross sections as a function of these two observables have not been measured at the
LHC. To study the impact of different descriptions for the background contribution from single
top production in association with a W boson (tW) in simulation, two sets of results based on
the diagram removal (DR) and the diagram subtraction (DS) scheme are provided. The results
are compared to two MC-based theory predictions using NLO matrix element accuracy as well
as two Ąxed-order calculations, which correspond to NLO and NNLO accuracy in QCD. All
four theory predictions provide reasonable descriptions of the measured absolute and normal-
ized cross section spectra, while the measurements of the dineutrino momenta seem to prefer
the tW description based on the DS scheme.
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Chapter 1

Introduction

Studies concerning the principles and constitution of the matter surrounding us have been pur-
sued for centuries, starting with philosophical approaches made by the ancient Greeks. The
modern Ąeld of particle physics, however, was not born before the late 19th and early 20th cen-
turies, when J. J. Thomson discovered the electron in 1897 [1] and Ernest Rutherford proved that
atoms contain a small and dense nucleus in 1911 [2]. The Ąeld gained momentum with the devel-
opment of the Ąrst particle accelerators around the 1930s and particle colliders in the 1950s [3],
which enabled the discovery of a plethora of new particles. This evolution was accompanied by
the proposal of the electroweak (EWK) theory in the 1960s [4Ű7] and quantum chromodynam-
ics (QCD) in the 1970s [8, 9], which led to the standard model of particle physics (SM), still
providing the best understanding of elementary particles and their interactions, to date. One of
the main achievements of the SM has been connected to the prediction of elementary particles
before their actual discovery, as shown by the top quark, predicted in 1973 [10] and observed
at the Tevatron in 1995 [11, 12], or the Higgs boson, the last missing elementary particle in the
SM, which was predicted in 1964 [13, 14] and observed at the LHC in 2012 [15, 16].
Despite the large success of the SM, proven by various experiments over the last half century,
the SM fails to provide solutions, among others, for the origin of dark matter [17] or the na-
ture of neutrino masses [18Ű22]. These shortcomings call for extensions of the SM, also known
as BSM physics, which have been numerously proposed over the last decades. Such extensions
include the theory of supersymmetry (SUSY), predicting new particles based on an additional
symmetry between fermions and bosons, or theories, which expand the spacetime by additional
spatial dimensions to provide dark matter candidates.

Searches for such extensions of the SM as well as precision measurements of the SM itself are
the primary purpose of the Large Hadron Collider (LHC) [23], which is the largest and most
powerful particle collider currently operating. The LHC, situated at the European Center of
Nuclear Research (CERN) near Geneva, collides proton beams at center-of-mass energies up
to 13.6 TeV. Among other experiments, two multi-purpose detectors, namely the ATLAS (A
Toroidal LHC Apparatus) [24] and the CMS (Compact Muon Solenoid) [25] detector, are located
at collision points of the LHC aiming to record and study the proton-proton (pp) collisions. Ever
since the start of the LHC operation in 2010, both experiments were able to record increasingly
larger data sets at increasingly higher collision energies, which led to the discovery of the Higgs
boson in 2012 [15, 16] or the measurement of the top-quark mass at an unprecedented precision
in 2023 [26].

Most analyses of the pp-collision data, recorded by one of the multi-purpose detectors, can be
roughly split into two types of analyses. Precision measurements of the SM study a speciĄc
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1 Introduction

SM process, such as tt production or the Drell-Yan process, covering phase spaces, that offer a
large abundance of the process of interest. Searches for BSM physics in contrast usually focus on
speciĄc event signatures selecting phase space regions, where potential signals from BSM physics
could exceed the contributions from SM processes. In case no signiĄcant excess is found, which,
so far, holds for all BSM searches conducted at the LHC, limits for speciĄc BSM scenarios are
derived. One example of a combination of multiple BSM searches aiming for SUSY signatures,
which include photons in the Ąnal state, can be found in [27]. This combination is based on the
authorŠs MasterŠs thesis [28] and has been published as a CMS publication within the scope of
this Ph.D. thesis.

The main analysis performed in the present thesis aims to combine the primary aspects of both
types of analyses focusing on signatures with a top and an anti-top quark in the Ąnal state,
which are mainly produced by SM top-pair (tt) production but are also well motivated by var-
ious extensions of the SM. This combination of aspects is realized by relying on observables,
which separate potential BSM contributions from the SM tt process, similar to BSM searches.
However, rather than focusing only on speciĄc phase space regions, the entire spectrum of the
given observables is measured. Thus, if no signiĄcant BSM contributions are observed, the anal-
ysis yields a precise measurement of the SM tt process in terms of a differential cross section
rather than improving the limits for different BSM scenarios.
The analysis focuses on the dileptonic decay channel, where both W bosons from the top quark de-
cays decay leptonically. Hence, the Ąnal state of interest contains two oppositely-charged leptons,
two neutrinos, which lead to signiĄcant missing transverse momentum pmiss

T , as well as two jets,
which predominantly originate from b quarks. The BSM scenarios considered in the analysis
lead to similar Ąnal states, except for the presence of additional BSM particles, which, similar
to the neutrinos, escape the detector without detection. The choice of observables employed
in the present analysis is based on the presence of these additional BSM particles. The Ąrst
observable is given by missing transverse momentum itself, which, compared to the SM tt pro-
cess, receives additional contributions due to the BSM particles. The second observable is the
minimal azimuthal distance min[∆ϕ(pmiss

T ,ℓ)] between the missing transverse momentum and a
lepton. Given that the leptons and neutrinos originate from the same W bosons, the directions
of the missing transverse momentum and the leptons are correlated. This correlation, however,
is signiĄcantly reduced in the BSM scenarios due to the additional BSM particles.

The analysis is performed on pp collisions recorded by the CMS experiment at a center-of-mass
energy of 13 TeV between 2016 and 2018 during the period known as Run 2 of the LHC.
The analyzed data set corresponds to a total integrated luminosity of 138 fb−1, containing
roughly 100 million tt events. To obtain the Ąnal results of the present analysis, three lepton de-
cay channels, given by the e+e−, µ+µ− and e±µ∓ channel, are combined. Following the strategy
sketched above, the detector-level distributions of both observables are compared in the Ąrst step
of the analysis between the observed data and SM prediction derived from Monte Carlo (MC)
simulation. The same comparison is performed for the two-dimensional combination of both
observables, increasing the sensitivity to potential BSM contributions. In order to improve the
resolution of the missing transverse momentum, which is subject to resolution effects of all recon-
structed particles in an event and impacts both detector-level observables, a dedicated correction
method based on a deep neural network is developed within the scope of this thesis.
If no signiĄcant indications for BSM contributions are found, all three detector-level distribu-
tions are unfolded to a Ąducial phase space (particle level) after the contributions from other
SM processes are removed. Based on these unfolded distributions, normalized and absolute
differential cross sections of the dileptonic tt process in one and two dimensions as a func-
tion of the transverse momentum pννT of the dineutrino system and the minimal azimuthal
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distance min[∆ϕ(pννT ,ℓ)] between the dineutrino system and a lepton, which match the observ-
ables on detector-level, are derived. Differential cross sections of the dileptonic tt process using
these two types of observables have, so far, not been measured at the LHC. The results obtained
within the scope of this thesis are labeled as ŤCMS Work in progressŤ, which marks results not
yet published in a journal paper but endorsed by the CMS collaboration for use in a Ph.D. thesis.
The differential cross section results are compared to two theory predictions based on MC simu-
lations using next-to-leading order (NLO) matrix element accuracy. In addition, two Ąxed-order
calculations, which are based on the methods described in [29] and correspond to NLO and
next-to-next-to-leading order (NNLO) accuracy in QCD, have been provided by theory col-
leagues [30] and are compared to the obtained results.

This thesis is structured as follows. A short introduction of the standard model of particle physics
including shortcomings and potential extensions of the SM as well as a brief review of top quark
physics and a discussion about the strategy of this analysis are given in Chapter 2. In Chapter 3,
the main aspects of the LHC are discussed, followed by a description of the CMS experiment
and its subdetectors. Special attention is paid to the alignment of the CMS tracker, in Chap-
ter 4, where the performance of the automated alignment during Run 2 of the LHC as well as
improvements of the alignment procedure for Run 3, developed within the scope of this thesis,
are discussed. In Chapter 5, the recorded pp-collision data sets and the corresponding triggers
used to collect the data are summarized. In addition, an introduction to MC simulations and
the simulated samples used throughout the analysis, as well as a dedicated estimation of the
trigger efficiencies are presented. The reconstruction of the physics objects in an event, includ-
ing charged leptons, (heavy-Ćavor) jets and different algorithms to obtain the missing transverse
momentum, is covered by Chapter 6. This part is followed by the introduction of a dedicated
event selection aiming for signatures expected from the dileptonic tt process as well as Ąrst
comparisons between the recorded data and MC simulation. In Chapter 7, an additional correc-
tion to the missing transverse momentum based on a deep neural network, developed within the
scope of this thesis, is discussed. Here, studies of potential input features with respect to their
impact on the correction and their description by simulation as well as a dedicated hyperparam-
eter optimization and the performance of the Ąnal corrections are presented. The extraction of
differential cross sections based on detector-level distributions is discussed in Chapter 8. This
part includes the deĄnition of the Ąducial phase space, a dedicated optimization of the binnings
used for the Ąnal measurements, as well as an introduction of the unfolding procedure and vari-
ous validation tests of different unfolding approaches. In Chapter 9, an overview of the different
experimental and theoretical contributions to the systematic uncertainty of the Ąnal cross sec-
tion results including the deĄnition of the covariance matrix is presented. The results of this
analysis including comparisons on detector level between the observed data and the MC-based
predictions as well as the differential cross section measurements and comparisons to theory pre-
dictions, are shown and discussed in Chapter 10. Finally, the thesis is concluded by a summary
and a brief outlook given in Chapter 11.
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The standard model of particle physics (SM) is the main theory to describe all known elemen-
tary particles and their interactions. It has been tested across several energy scales by many
different independent experiments studying the properties of the elementary particles as well as
the interactions covered by the SM. Some of the most stringent tests of the SM are performed at
particle colliders such as the Large Electron-Positron Collider (LEP) [31], the Tevatron [32] and
the Large Hadron Collider (LHC) [23], where in 2012 the CMS [16] and the ATLAS collabora-
tion [15] discovered the Higgs boson, the last missing elementary particle predicted by the SM.
While the vast majority of the experimental measurements conducted so far are in precise agree-
ment with the predictions of the SM, there are indications, e.g., from cosmological measurements
as well as aspects of the SM itself which call for extensions of the standard model.
In the following, an overview of the different ingredients of the standard model is given in Sec. 2.1.
In Sec. 2.2, shortcomings and potential extensions of the model are discussed. The chapter is
completed by a short review of top quark physics, a discussion about the role of top quarks in
relation to potential extensions of the SM as well as a brief introduction of the strategy applied
in the present analysis in Sec. 2.3.
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2 Theoretical foundation and motivation

2.1 Standard model of particle physics

In the standard model of particle physics [4Ű7, 33Ű35], the fundamental forces responsible for
the interactions between all known elementary particles are described based on a renormalizable
quantum Ąeld theory. In this theory, each of the forces results from the local gauge invariance un-
der a given symmetry group. The strong force arises from the local invariance under SU(3) trans-
formation. The electromagnetic force and the weak force are combined in the SM into a consistent
gauge theory through the electroweak (EWK) uniĄcation, which is based on the local invariance
under SU(2) x U(1). Thus, the full symmetry group of the SM is given by

SU(3) x SU(2) x U(1) . (2.1)

In order to enable massive mediators for the EWK interactions while ensuring local gauge
invariance the corresponding SU(2) x U(1) symmetry is spontaneously broken in the SM by
introducing a scalar Higgs Ąeld, which also accounts for the masses of the remaining elementary
particles via Yukawa couplings.

2.1.1 Elementary particles

The elementary particles of the SM, summarized in Fig. 2.1, can be divided based on their spin
into fermions, which correspond to the constituents of matter, and bosons, which mediate inter-
actions between elementary particles. The group of fermions is characterized by half-integer spin
and includes a total of twelve particles and their corresponding antiparticles, which differ only by
the sign of the additive quantum numbers1. Fermions can be further divided into quarks, which
are strongly interacting particles, and leptons, which do not interact via the strong interaction.

The group of leptons includes a total of six particles, which all interact via the weak force. In
addition, three leptons (electron e, muon µ and tau τ ) are electrically charged and therefore also
participate in electromagnetic interactions. Each of the charged leptons is associated with an
electrically neutral lepton (electron neutrino νe, muon neutrino νµ and tau neutrino ντ ) forming
a generation resulting in a total of three lepton generations. While the charged leptons acquire
mass due to their Yukawa coupling to the Higgs Ąelds, which is further discussed in Sec. 2.1.5,
neutrinos are predicted to be massless in the SM. Due to the different magnitudes of the Yukawa
couplings, which are free parameters in the SM, the charged leptons cover a large mass range
from the sub-MeV range for the electron to more than a GeV for the tau lepton.
Unlike leptons, quarks also interact via strong interactions and therefore participate in all
three interactions covered by the SM. Similar to leptons, the six quarks can be grouped into
three generations, where each generation includes an up-type quark (u, c, t) and a down-type
quark (d, s, b). Both quark types differ in their electrical charge with up-type and down-type
quarks carrying a charge of Q = +2/3 e and Q = −1/3 e, respectively. In addition to the electri-
cal charge, quarks also carry the charge related to the strong interaction known as color charge.
Similar to the charged leptons, all quarks acquire their mass through Yukawa interactions with
the Higgs Ąeld covering a range of around 2 MeV for the up quark to around 173 GeV for the
top quark, which is the heaviest known elementary particle.

As mentioned above, leptons and quarks can be grouped into generations given by doublets of
the weak isospin T = 1/2, which corresponds to the generator of the SU(2) group of the SM. The
components of each doublet differ in the third component of the isospin, which equals +1/2 for

1
In the following, no distinction between particles and antiparticles is made and different chirality states are
neglected, unless otherwise stated.
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2.1 Standard model of particle physics
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Figure 2.1: The elementary particles of the standard model grouped into fermions and
bosons [36]. The three generations of fermions are further divided into quarks and
leptons. For each particle, the spin and, if applicable, the electric charge, the color
charge and the mass [37] are given.

neutrinos and up-type quarks and −1/2 for charged leptons and down-type quarks, neglecting
right-handed contributions which are further discussed in Sec. 2.1.4. By introducing the weak
hypercharge Y , which is the generator of the SM U(1) group and equals −1 for leptons and
+1/3 for quarks, again neglecting right-handed contributions, the electric charge of a particle
can be expressed by the Gell-Mann-Nishijima relation [38, 39]

Q = T3 +
1

2
Y , (2.2)

where T3 is the third component of the weak isospin and the electric charge Q is given in units
of the elementary charge e.

The bosons carrying integer spin form the second group of elementary particles in the SM. Each
of the three fundamental forces described in the SM can be connected to the exchange of a
corresponding spin-1 gauge boson. Electromagnetic interactions are mediated by the photon γ ,
while weak interactions are related to exchanges of the Z boson or the W± bosons, where the
latter are electrically charged. The strong force is mediated by eight gluons carrying different
color-anticolor combinations. While the photon and the gluons are massless, the three weak gauge
bosons acquire mass as a result of the Higgs mechanism. The Higgs boson, which corresponds to
the only scalar elementary particle described in the standard model, is an additional consequence
of this mechanism and completes the group of bosons.
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2 Theoretical foundation and motivation

2.1.2 Electromagentic interactions

Electromagnetic interactions are one out of the three fundamental interactions described in the
SM. The interactions are mediated by massless photons between electrically charged particles. In
the standard model, electromagnetic interactions are deĄned by the theory of quantum electro-
dynamics (QED). As for all interactions covered by the SM, the interaction itself is a consequence
of demanding local gauge invariance under a speciĄc symmetry transformation. In case of QED,
these symmetry transformations are given by the abelian group U(1). For a free Dirac particle,
which describes massive spin-1/2 particles like the electron, the corresponding Lagrangian

Lψ = ψ̄(iγµ∂
µ −m)ψ , (2.3)

where ψ is the Dirac spinor, γµ are the Pauli matrices and m is the mass of the particle, is not
invariant under local U(1) transformation given by ψ → ψ′ = exp [−iα(x)]ψ. The local gauge
invariance can be restored by introducing a new gauge Ąeld Aµ, the photon Ąeld, which couples
to ψ leading to the full Lagrangian of QED

LQED = ψ̄(iγµ∂
µ −m)ψ − eψ̄γµψA

µ − 1

4
FµνF

µν . (2.4)

The second term of the Lagrangian describes the interaction between the Dirac particle and
the gauge Ąeld with a coupling strength equal to the electromagnetic charge e, while the third
term corresponds to the free Lagrangian of the free gauge Ąeld Aµ including the electromagnetic
strength tensor Fµν = ∂µAν −∂νAµ. Since a potential mass term for the gauge Ąeld proportional
to AµA

µ would break the local invariance of the Lagrangian, the photon has to be massless.
As a consequence, electromagnetic interactions, unlike interactions mediated by massive bosons,
have an inĄnite range.

2.1.3 Strong interactions

In the standard model, strong interactions between quarks and gluons are described by the
theory of quantum chromodynamics (QCD). The interactions are mediated by massless and
electrically neutral gluons, which couple to color charge. While (anti-)quarks carry only one
type of (anti-)color given by red, green or blue, gluons must carry a color-anticolor combination
to conserve the color-charge at QCD vertices.
Similar to the concept introduced for QED, in QCD, the interactions between color-charged
particles and the mediators of the force are a direct consequence of demanding local gauge
invariance under speciĄc symmetry transformations. In case of QCD, these transformations are
given by the eight generators T a of the SU(3) group. In the resulting QCD Lagrangian

LQCD = q̄(iγµ∂
µ −m)q − gs(q̄γµT

aq)Gµa − 1

4
GaµνG

µν
a

with Gaµν = ∂µG
a
ν − ∂νG

a
µ − gsf

a
bcG

b
µG

c
ν ,

(2.5)

where fabc denotes the structure constants of the SU(3) group, the Ąrst and the second term
can be interpreted analog to the QED Lagrangian describing a free quark q and a coupling
of the strength gs between the quark and the eight gauge Ąelds Gµa , representing the gluons,
respectively. The main difference to the QED Lagrangian corresponds to the structure of the
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2.1 Standard model of particle physics

Ąeld strength tensor Gaµν , which includes a self-interaction between the gluons given by the

term proportional to GbµG
c
ν . This additional part originates from the non-abelian character of

the SU(3) group, where the generators of the group do not commute. As a consequence not
only vertices between two quarks and a gluon, but also three-gluon and four-gluon vertices are
allowed in QCD. In addition, the strong coupling constant given by

αs =
g2
s

4π
∼
[
log

(
Q2

Λ2

)]−1

(2.6)

where Λ is the QCD scale of around 200 MeV, is not constant but a function of the energy
scale Q of the interaction. This so-called running of the coupling, which is a consequence of αs
satisfying the renormalization group equation (RGE), has been precisely measured by multiple
experiments as shown in Fig. 2.2.
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Figure 2.2: Measurements of the strong coupling constant αs as a function of the momentum
transfer Q [40] for several different experiments. The dashed red line shows the world
average of the strong coupling for Q = mZ .

At high energies (Q ≫ Λ), corresponding to small distances, the coupling becomes weak enabling
perturbative calculations in αs. This effect is also known as asymptotic freedom of the QCD.
At small energies (Q ≈ Λ) or large distances on the other side, the effect of color conĄnement
can be observed. Here, the coupling becomes strong and the quarks form color-neutral bound
states also known as hadrons. Hadrons can be grouped into mesons, which are combinations of
quark and anti-quark, and baryons consisting of three quarks or anti-quarks. As a consequence
of color conĄnement, free quarks or gluons have not been observed so far, but can be detected
based on their hadronization also known as hadronic showers or jets.

2.1.4 Electroweak unification

In the standard model, the electromagnetic force and the weak force are described by a uni-
Ąed theory also known as electroweak (EWK) uniĄcation. This uniĄed theory is based on the
SU(2) x U(1) gauge group, which is generated by the weak hypercharge operator Y connected
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2 Theoretical foundation and motivation

to U(1) and the three weak isospin operators Ti for the SU(2) part (cf. Eq. (2.2)). The cor-
responding gauge Ąelds for U(1) and SU(2) are given by Bµ and W i

µ, respectively. Similar to
the two interactions introduced before, the coupling between the gauge Ąelds and the fermions
is introduced by demanding local gauge invariance under the given symmetry transformations,
which yields the following electroweak Lagrangian (neglecting mass terms):

LEWK =L̄γµ(i∂µ − gTiW
i
µ − g′Y

2
Bµ)L+ R̄γµ(i∂µ − g′Y

2
Bµ)R

− 1

4
WµνW

µν − 1

4
BµνB

µν .

(2.7)

While for QED and QCD there is no distinction between the left-handed spinor component L and
the right-handed spinor component R, here both parts couple to the Bµ gauge Ąeld but only the

left-handed part couples to the W i
µ gauge Ąelds leading to parity violation in weak interactions.

The strength of these couplings is given by g and g′. The Ąeld strength tensor Bµν connected to
the U(1) part shows the same structure as the strength tensor introduced in QED (cf. Sec. 2.1.2).
For the tensor Wµν corresponding to the non-abelian SU(2) group a self-interacting part similar
to QCD is introduced. At this point, potential mass terms for the gauge Ąelds proportional to
WµW

µ would break the local gauge invariance of Lagrangian. Only by introducing spontaneous
symmetry breaking, which is further discussed in the next section, the gauge bosons can acquire
mass, which matches the experimental observations of massive weak gauge bosons [41Ű44], while
keeping the local gauge invariance.

Another consequence of the spontaneous symmetry breaking is the mixing of the gauge Ąelds
to mass eigenstates, which can be identiĄed with the mediators of the electromagnetic force (γ)
and the weak force (W± and Z):

W± =
1√
2

(
W 1 ∓W 2


and

(
γ
Z

)
=

(
cos θW sin θW

− sin θW cos θW

)(
B

W 3

)
. (2.8)

The mixing for the neutral mediators is deĄned by the Weinberg angle θW , which is a free
parameter of the standard model. Based on this mixing, charged current interactions via W±

only occur between left-handed fermions leading to a maximal parity violation. For neutral
current interactions via the Z boson, the parity violation is smaller due to contributions from
the Bµ gauge Ąeld. For electromagnetic interactions there is no parity violation since based on
g sin θW = g′ cos θW the coupling to the photon is the same for left- and right-handed fermions.

While for leptons charged current interactions are in the SM only described between neutri-
nos and charged leptons of the same generation (cf. Fig. 2.1), for quarks interactions between
up- and down-type quarks of different generations can occur. This effect can be explained by
the fact that for quarks the weak isospin eigenstates do not correspond to the mass eigenstates.
The mixing, also known as quark mixing, is applied to the down-type quarks and is described
by the Cabbibo-Kobayashi-Maskawa matrix (CKM matrix) [10, 45], which connects the weak
states (d′, s′, b′) to the mass eigenstates (d, s, b):




d′

s′

b′


 =



Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb







d
s
b


 . (2.9)
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2.1 Standard model of particle physics

The elements of the matrix are free parameters of the standard model. Due to the large diagonal
elements of the mixing matrix charged current interactions within the same generation are still
preferred for quarks. This holds especially for the top quark, which almost exclusively decays to
a bottom quark due to ♣Vtb♣ ≈ 1.

2.1.5 Elektroweak symmetry breaking

Potential mass terms for the weak gauge bosons would break the local gauge invariance of the
corresponding Lagrangian, as discussed in the previous section. In order to generate masses for
the gauge bosons while still keeping the gauge invariance intact the so-called Brout-Englert-Higgs
mechanism [13, 14], which spontaneously breaks the electroweak symmetry, is introduced. For
this mechanism, a new SU(2) isospin doublet ϕ of complex scalar Ąelds, also called Higgs Ąeld,
with hypercharge Y = 1 and potential V (ϕ) is introduced:

ϕ =
1√
2

(
ϕ1 + iϕ2

ϕ3 + iϕ4

)
and V (ϕ) = µ2ϕ†ϕ+ λ(ϕ†ϕ)2 . (2.10)

For λ > 0 and µ2 < 0, the potential has a ŤMexican hatŤ shape, where the potential itself is
symmetric under the SU(2) and U(1) transformation, but the ground state ϕ0 ̸= 0 is not, which
spontaneously breaks the symmetry.

The interactions between the weak gauge Ąelds and the Higgs Ąeld are again a consequence of
maintaining local gauge invariance under SU(2) and U(1) which yields the following Lagrangian:

L = LEWK +
∣∣∣∣

i∂µ − gTiW

i
µ − g′Y

2
Bµ


ϕ

∣∣∣∣
2

︸ ︷︷ ︸
♣Dµϕ♣2

−V (ϕ) , (2.11)

where LEWK corresponds to Eq. (2.7). Choosing a ground state, with ϕ1 = ϕ2 = ϕ4 = 0 and
ϕ2

3 = −µ2/λ = v2 spontaneously breaks this invariance and leads to the desired behavior of the
Higgs Ąeld. Since the third component of the weak isospin T3 equals −1/2, the electric charge of
the Ąeld is zero based on Eq. (2.2). Thus, there is no coupling between the photon and the Higgs
Ąeld keeping the photon massless. By inserting the ground state into the new interaction term
of Eq. (2.11) and applying Eq. (2.8) the mass terms of the EWK gauge bosons can be identiĄed:

∣∣Dµϕ0

∣∣2 =
1

8
ν2g2

[
(W 1

µ)2 + (W 2
µ)2
]

︸ ︷︷ ︸
M

2

WW
+

µ W
−µ

+
1

8
ν2
[
gW 3

µ − g′Bµ
]2

︸ ︷︷ ︸
1

2
M

2

ZZµZ
µ

+ 0
[
gW 3

µ + g′Bµ
]2

︸ ︷︷ ︸
1

2
M

2

AAµA
µ

, (2.12)

with the mass of the EWK gauge bosons given by MW = νg/2 and MZ = ν
√
g2 + g′2/2 and

the mass of the photon MA equal to zero.
Out of the four additional degrees of freedom introduced by the isospin doublet ϕ, three degrees,
also known as Goldstone bosons, can be absorbed into the polarization of the gauge bosons by
choosing a speciĄc gauge. The only remnant of the Higgs Ąeld is then given by the Higgs boson,

which has a mass of MH =
√

−2µ2 as denoted in the mass term of the potential V (ϕ).
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2 Theoretical foundation and motivation

While the Lagrangian in Eq. (2.11) does only describe the couplings between the Higgs boson
and the gauge bosons as well as the Higgs self coupling given by the cubic and quartic terms of
the Higgs potential, the same mechanism as described above can be applied to introduce mass
terms for the fermions. The corresponding couplings between fermions and the Higgs Ąeld are
known as Yukawa couplings. Similar to the interaction between the Higgs Ąeld and the gauge
bosons, the strength of these couplings is proportional to the corresponding particle masses. This
dependency has been conĄrmed by the comparison of different coupling measurements as shown
in Fig. 2.3, where the measured strengths of all observed couplings between massive particles
and the Higgs Ąeld are summarized.
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Figure 2.3: Coupling strengths of the Higgs boson to fermions and massive gauge bosons mea-
sured by the CMS experiment [46]. The coupling strengths given in terms of the
coupling modiĄers for fermions κf and for bosons κV, where ν is the vacuum expec-
tation value of the Higgs Ąeld, are shown as a function of the particle mass. The
dashed line shows the prediction by the standard model given by κf = κV = 1. The
ratio between the measurements and the SM prediction is shown in the lower part.

So far the couplings of the Higgs Ąeld with the EWK gauge bosons as well as with the two
heaviest leptons and quarks have been observed or strong evidence has been found [46]. All
measured couplings are well in agreement with predictions of the standard model showing the
connection between particle mass and coupling strength and conĄrming the last missing piece
of the standard model.

2.1.6 Shortcomings and open questions

So far multiple experimental tests and precision measurements have conĄrmed the standard
model. Over the last decades, various particles have been observed only after their prediction by
the standard model. Examples of such particles are the Higgs boson, discussed in the previous
section, or the c quark, which was proposed in 1970 [47] and measured at SLAC and BNL in
1974 [48, 49]. Despite this large success of the model, there are some striking experimental results
which can not be explained by the SM as well as Ćaws in the model itself. To motivate the need
for extensions of the standard model, some of these shortcomings are brieĆy discussed in the
following.
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Dark Matter

The existence of non-baryonic matter, so-called dark matter (DM), in our universe has been
conĄrmed by various astrophysical results [17]. One of the strongest evidence for the existence
of dark matter is based on the measurement of rotation curves of galaxies [50, 51]. An example
of such a measurement is shown in Fig. 2.4. From Newtonian dynamics, one would expect
the rotational velocities inside the visible mass distribution Ąrst to increase with increasing
distance R and then to decrease outside of the visible mass as shown by the contribution of the
stellar disk. However, the measured rotational velocities show an almost Ćat behavior outside
the visible mass, which matches an additional contribution expected from a dark matter halo
inside the galaxy.

Halo

Stellar Disk

Gas

Figure 2.4: Measured rotational velocities as a function of the distance to the galactic center
given in kpc ≈ 3 · 1019 m of the M33 galaxy [51]. In addition, the best Ąt (continuous
line) as well as contributions from the DM halo, the stellar disk and gas are shown.

Further evidence for the existence of dark matter can be found in observations of gravitational
lensing [52, 53] and measurements of bullet clusters [54], which consist of two colliding galaxy
clusters. From measurements of the Cosmic Microwave Background (CMB) [55] and analyses of
the large-scale structures of the universe [56], it can be concluded that around 85% of the total
matter of the universe is not made of ordinary baryonic matter but consists of dark matter. Since
dark matter does not interact via the electromagnetic interaction, the only potential particle of
the standard model to account for DM is the neutrino. However, neutrinos can only account for
a small part of DM. The neutrino mass is too small to be the only source of the entire dark
matter in the universe. In addition, neutrinos can only contribute to so-called hot dark matter
consisting of light relativistic particles, which due to constraints from early universe structure
formation can only account for a fraction of the DM [57].

Hierarchy problem

Due to the coupling between the Higgs Ąeld and massive particles, discussed in Sec. 2.1.5, the
mass of the Higgs boson mH receives quantum corrections [58]. For a Dirac fermion, whose

13



2 Theoretical foundation and motivation

coupling to the Higgs Ąeld H is given by −λfHf f in the Lagrangian, the Higgs boson mass
obtains a correction of

∆m2
H = −♣λf ♣2

8π2 Λ2
UV + ... , (2.13)

where λf corresponds to the strength of the Yukawa coupling and ΛUV is an energy cutoff scale
up to which the SM is assumed to be valid. The largest corrections are introduced by the coupling
between the top quark and the Higgs Ąeld, where the corresponding Yukawa coupling is almost
unity. Assuming that the SM is valid up to the Planck scale of around 1019 GeV, the Higgs mass
would receive corrections, which are tens of orders of magnitude larger than the Higgs mass
itself. In order to still end up with a Higgs mass of around 125 GeV the corrections to the mass
would need to almost perfectly cancel each other. This cancellation, which is considered to be
unnatural, is also known as the hierarchy problem of the standard model.

Neutrino masses

During the last two decades, several experiments have observed neutrino oscillations for solar,
atmospheric, reactor as well as accelerator neutrinos [18Ű22]. Since these oscillations can only
occur if there is a mass difference between the neutrino mass eigenstates, the neutrinos them-
selves cannot be massless as assumed by the standard model. Although the neutrino masses
are small compared to the remaining massive SM particles, with current neutrino mass limits
below 1 eV [59], an extension of the SM is required to account for the mass of the neutrinos.
An example of such an extension is the addition of right-handed sterile neutrinos to the SM.
Due to their sterile nature, these additional particles do not interact via any of the three fun-
damental interactions of the SM. However, including right-handed neutrinos would allow for
Yukawa couplings between the neutrinos and the Higgs Ąeld introducing a Dirac mass for the
neutrinos similar to the mechanism assumed for charged leptons. In addition, neutrinos could
also be their own antiparticle (Majorana particle), which would introduce an additional mass
term in the Lagrangian [60]. This assumption is used in the so-called seesaw mechanism, in which
the left-handed neutrinos can acquire small masses of the order of eV, while the right-handed
neutrino masses get large. Based on this mechanism the large mass difference between neutrinos
and the remaining massive SM particles could be explained.

2.2 Physics beyond the standard model

As discussed in the previous section, there are multiple experimental results as well as short-
comings of the standard model itself, which call for extensions of the SM also known as physics
beyond the SM or BSM physics. Over the last decades, numerous extensions have been pro-
posed by theoretical physicists [61]. In the following, supersymmetry as one of the most famous
extensions as well as different models explaining dark matter are brieĆy introduced.

2.2.1 Supersymmetry

One of the most elegant extensions of the standard model, which accounts for some of the
shortcomings introduced in Sec. 2.1.6, is the theory of supersymmetry (SUSY) [58, 61, 62]. In
this theory, the particle content of the SM is extended by assigning an additional supersymmetric
partner to each elementary particle of the SM, together forming a supermultiplet. The particles
inside such a supermultiplet share the same quantum numbers except for their spin, which differs
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by half a unit. Thus, the supersymmetric extension effectively introduces a symmetry between
bosonic and fermionic states by adding an operator Q which transforms bosonic into fermionic
states and vice versa. This operator commutes with the generators of the remaining SM gauge
transformations keeping all quantum numbers except for the spin unchanged.
The symmetry is also represented in the naming scheme of the additional SUSY particles, which
are usually marked with a tilde. The names of the superpartners of the fermions are built with
a prepending ŤsŤ, e.g., smuon and stop. For the bosonic superpartners, an ŤinoŤ is appended to
the corresponding SM particle name, e.g., higgsino.

The extension introduced above adding only one superpartner for each SM particle corresponds
to the Minimal Supersymmetric Standard Model (MSSM). The complete particle content of the
MSSM is shown in Fig. 2.5. In order to account for gravitation an additional graviton can be
added in the MSSM. Furthermore, the Higgs sector has to be extended to two Higgs doublets to
avoid gauge anomalies and to introduce the correct Yukawa couplings. These doublets correspond
to Hu, which is responsible for the up-type quark masses, and Hd, which introduces masses to
the down-type quarks as well as to the charged leptons. Due to EWK symmetry breaking
these doublets mix into Ąve Higgs scalar mass eigenstates including the SM Higgs boson. In a
similar fashion the superpartners of the SM gauge eigenstates, namely bino B̃, winos W̃, and
higgsinos H̃, mix to mass eigenstates. These eigenstates are grouped by their electrical charge
into charginos χ̃±

1,2 and neutralinos χ̃0
1-4, where higher indices correspond to larger masses.

h

A

Figure 2.5: Particle content of the MSSM. The left side shows the standard model content.
The SM particles are grouped into quarks (purple), leptons (green), gauge eigen-
states (red), and two Higgs doublets (yellow), which mix to mass eigenstates. The
corresponding supersymmetric partners are shown on the right. Gauginos (red) and
higgsinos (yellow) mix to the mass eigenstates χ̃0

1-4 and χ̃±
1,2.

While all fermions introduce a correction to the Higgs boson mass given by Eq. (2.13), the
coupling between the Higgs Ąeld H and a scalar boson S with a term −λS ♣H♣2♣S♣2 in the
Lagrangian introduces a correction of

∆m2
H =

λS

16π2 Λ2
UV + ... . (2.14)

This correction exactly cancels the contribution from the fermions assuming ♣λf ♣2 = λS holds
for a given supermultiplet and taking into account that each fermion is accompanied by two
scalars due to the two helicity states of the fermion. Thus, the supersymmetric extension of the
SM introduced above would solve the hierarchy problem.
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In general, a supersymmetric extension of the SM does not forbid baryon number B and lepton
number L violating terms in the Lagrangian, which could, for example, allow for proton de-
cays [58]. Since there are strong constraints on the stability of the proton [63] as well as on other
processes violating the baryon or lepton number [37], the effects of these violating terms have
to be either negligible or B and L have to be conserved in SUSY. Postulating the conservation
of the so-called R-parity

R = (−1)3B+L+2S , (2.15)

would be one way to enforce the B and L conservation in a supersymmetric extension. Taking
the different spin S of the superpartners into account, the R-parity yields +1 for SM particles
and −1 for SUSY particles. As a consequence of R-parity conservation SUSY particles would
be only produced in pairs and the lightest supersymmetric particle (LSP) would be stable. If
the LSP is electrically neutral and interacts only via EWK interactions, it could serve as a dark
matter candidate and thus solve the dark matter problem of the SM introduced earlier.

Since so far no supersymmetric particles have been experimentally observed up to particle masses
of a few TeV [37], the masses of the SUSY particles have to be signiĄcantly larger than the masses
of the corresponding SM partners. Such a mass difference would follow if SUSY is not an exact
symmetry but is broken due to some additional mechanism. In order to avoid reintroducing
large corrections to the Higgs boson mass caused by the symmetry breaking, usually a breaking
mechanism similar to the spontaneous EWK symmetry breaking is introduced also known as soft
symmetry breaking. However, for broken SUSY theories to be able to account for the hierarchy
problem, especially mass differences between superpartners, where the SM particle yields large
contributions to the Higgs mass corrections, can not be too large [64].

2.2.2 Dark Matter

As discussed in Sec. 2.1.6 the lack of an adequate DM candidate is one of the most striking
shortcomings of the standard model. While R-parity conserving supersymmetric extensions can
offer a DM candidate given by the LSP, there are many other theories predicting weakly inter-
acting massive particles (WIMPs), which could account for the DM in our universe [17, 65, 66].
WIMPs are among the most popular DM candidates since based on their mass of the order
of the EWK scale and their weak coupling they can quite precisely account for the measured
DM relic density.
Along with SUSY, extensions based on extra spatial dimensions are another group of theories
predicting WIMPs. In these theories, the 3+1 dimensional spacetime is expanded by adding
additional dimensions which appear at higher energy scales. An example of such theories are
Kaluza-Klein theories [17], which predict compactiĄed extra dimensions. SM particles propagat-
ing in these extra dimensions have their momenta quantized due to the limited size of the extra
dimension. This quantization corresponds to excited states similar to a particle in an inĄnite
potential wall. In certain cases, the lightest of these states, also known as Lightest Kaluza-Klein
particle (LKP), can be stable and serve as a DM candidate.
Other theories implementing DM candidates different from WIMPs are often based on so-called
hidden sectors [65]. These additional hidden sectors could contain new particles, which have
no SM gauge interactions, as well as new non-SM-like gauge interactions. In general, the new
particles of the hidden sector could be only detected based on their gravitational interaction.
However, there are certain models predicting particles, so-called mediators, connecting the SM
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2.3 Top quark physics

and the hidden sector. Mediators would have to interact via at least one of the SM interactions
making models including mediators accessible for particle collider experiments.

2.3 Top quark physics

Being the heaviest of all known elementary particles with a mass of 172.69 ± 0.30 GeV [37], the
top quark plays an important role in many aspects of the standard model as well as in BSM
theories. It was predicted in 1973 by Kobayashi and Maskawa [10] together with the bottom
quark forming the third generation of quarks. Its existence was experimentally conĄrmed in 1995
by the CDF and the D0 experiments at the Tevatron proton-antiproton collider [11, 12].
In the following, the production of top quarks at hadron colliders, the different decay modes of
the top quark as well as its role concerning BSM physics is discussed and a short introduction
of the strategy applied in the present analysis is given.

2.3.1 Production and decay

At hadron colliders, the top quark is predominantly produced in quark-antiquark pairs (tt).
The two dominant production mechanisms of top pairs are shown in Fig. 2.6. While at Teva-
tron, where proton-antiproton collisions were studied, the largest contribution to the top-pair
production was given by quark-antiquark annihilation, at the LHC, which collides protons, the
production is dominated by gluon-gluon fusion, accounting for around 90% of the total tt pro-
duction [37].

Figure 2.6: Example diagrams for two top-pair production mechanisms at hadron colliders. The
diagram on the left corresponds to production via gluon-gluon fusion while the dia-
gram on the right shows quark-antiquark annihilation.

The difference between the dominant production mechanism at Tevatron and LHC originates
from the parton density functions (PDFs) of the colliding particles, which include antiquarks
as valence quarks in case of proton-antiproton collisions. Using the factorization theorem, the
total top-pair production cross section can be derived as a convolution of the PDFs fi and the
partonic cross section σ̂ [67]:

σpp→tt(s,mt) =
∑

i,j=q,q,g

∫
dxidxjfi(xi,µ

2
F )fj(xj ,µ

2
F ) σ̂ij→tt(ŝ,mt,µF ,µR,αs) , (2.16)

where s is the squared center-of-mass energy of the collider, mt is the top-quark mass and xi are
the momentum fractions of the colliding partons. The partonic cross section is derived as a
function of the partonic center-of-mass energy ŝ, the top-quark mass, factorization and renor-
malization scales µF,R and the strong coupling constant αs. The total tt production cross section
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has been measured at multiple center-of-mass energies as shown in Fig. 2.7. The measurements
across the entire studied energy range up to a center-of-mass energy of 13.6 TeV show good
agreement with the corresponding theoretical predictions.
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Figure 2.7: Measurements of the inclusive top-pair production cross section as a function of
the center-of-mass energy [68] conducted at the LHC and Tevatron. The results are
compared to theory predictions derived with Top++ [69].

Due to its short lifetime of the order of 10−25 s, the top quark is the only quark which decays
before hadronization [37, 67]. Thus, at particle colliders, the properties of the bare quark rather
than its hadrons can be tested. Caused by the large diagonal element ♣Vtb♣ of the CKM matrix,
shown in Eq. (2.9), top quarks decay almost exclusively to a W boson and a bottom quark.
Focusing on tt production the signatures produced at particle colliders can be grouped into three
different decay channels depending on the decay modes of the two W bosons. The all-hadronic
decay channel includes signatures where both W bosons decay hadronically. Signatures where
only one of the two W bosons decays into quarks while the other boson decays into a charged
lepton and a neutrino are denoted as semileptonic decays. The channel, which is of most interest
in this thesis, is given by the dileptonic channel, where both W bosons decay leptonically. The
different contributions as well as the branching ratios of the three different decay channels taking
into account different lepton Ćavors are shown in Fig. 2.8.

While the all-hadronic decay channel accounts for almost half of the tt decays, the reconstruction
of its Ąnal states in a particle detector is rather challenging due to the hadronization of its decay
products and large background contributions from QCD events, which can mimic the signatures
of the all-hadronic channel. The dileptonic channel on the other hand, ignoring Ąnal states
with τ leptons, amounts to only 4% of the total branching fraction. However, the rather small
contributions from other SM processes to this Ąnal state as well as the more precise detection
of charged leptons in a particle detector compared to quarks yield much cleaner signatures in
the dileptonic decay channel.

2.3.2 Top quarks and BSM physics

There are several ways in which the top quark could be connected to physics beyond the stan-
dard model. The main argument why the top quark might play an important role in potential
extensions of the SM is usually based on its large mass and therefore the large Yukawa coupling
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 all-hadronic

semileptonicdileptonic

Figure 2.8: The sketch on the left shows the compositions of the three tt decay channels grouped
into the all-hadronic, the lepton+jets (semileptonic) and the dilepton channel de-
pending on the decay of the two W bosons [70]. In the diagram on the right, the
corresponding branching fractions of the different decay channels are displayed based
on the same color coding as shown in the sketch on the left [71].

between the Higgs Ąeld and the top quark [58, 67]. As a consequence, the top quark contributes
to the largest corrections of the Higgs boson mass, which give rise to the hierarchy problem of
the SM as introduced in Sec. 2.1.6. Following the same argumentation, also the stability of the
electroweak vacuum is strongly correlated to the mass of the top quark. Depending on the Higgs
mass a top-quark mass which is too large leads to a meta-stability of the vacuum [72].

Contributions from top quarks are also well motivated in terms of experimental signatures
covered by searches for BSM physics. As discussed in Sec. 2.2.1, the mass difference between
superpartners, where the SM particle yields large corrections to the Higgs mass, can not be too
large in order to solve the hierarchy problem. Therefore, the mass of the stop, the superpartner
of the top quark, should not be too large motivating searches for signatures which include
stops. Since the stop predominantly decays to top quarks and LSPs [67], such searches naturally
include top quarks in their targeted Ąnal states, making SM tt production one of the main
SM backgrounds in searches for supersymmetry as well as dark matter.

Two examples of such signatures including two top quarks and two BSM particles in the Ąnal
state are shown in Fig. 2.9 and compared to the signature of SM tt production [73Ű75]. All
three signatures include the production of two top quarks, while the Ąnal states of the two BSM
signatures hold additional BSM particles, which are assumed to interact only via the weak force.

2.3.3 Cross section measurement in a BSM phase space

This thesis focuses on the difference between the BSM signatures discussed above and the
signatures produced in SM tt production using the dileptonic decay channel of the top pair.
The top-quark decays in both types of processes produce two charged leptons originating from
the W-boson decays and two jets produced by the bottom quarks, which both can be detected in
a particle detector. The remaining Ąnal state particles given by the neutrinos from the W-boson
decays as well as the potential BSM particles interact only via weak interactions and therefore
escape a particle detector, like the CMS or ATLAS detector, undetected. The only way to
still measure these particles is to make use of the momentum imbalance introduced by the
non-detected particles quantiĄed by the so-called missing transverse momentum p⃗miss

T , which
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Figure 2.9: The left diagram shows a pair production of the lightest stop quark t̃1, where both
stops decay to a top quark and the lightest neutralino χ̃0

1. The diagram in the middle
sketches tt production in association with a (pseudo-)scalar DM mediator ϕ(a) de-
caying to a pair of DM Dirac fermions. The diagram for SM tt production is shown
on the right. The blobs in the diagrams represent different production mechanisms
of the corresponding pair production.

is introduced in Sec. 6.2.6. While the missing transverse momentum yields a measure of the
transverse momentum of undetected particles in an event, there is no way to distinguish between
the different contributions to the transverse momentum imbalance.

However, comparing the BSM and SM process shown in Fig. 2.9, different particles contribute to
the transverse momentum imbalance. While for the SM process only the neutrinos from the lep-
tonic W-boson decays account for the missing transverse momentum, additional contributions
from the neutralinos or the DM fermions are present in the BSM signatures. These additional
contributions will on one hand affect the magnitude2 of p⃗miss

T , also denoted as pmiss
T , and on the

other hand also affect the correlation between the directions of pmiss
T and the remaining detected

particles. The left plot in Fig. 2.10 shows a comparison between the normalized pmiss
T spectra

of the SM tt process and the two BSM processes introduced above. Due to additional contri-
butions to the momentum imbalance caused by the BSM particles, both BSM processes show
a signiĄcantly harder spectrum compared to the SM process. The impact on the correlation
between the directions of pmiss

T and the leptons, quantiĄed by the minimal azimuthal distance
between pmiss

T and a lepton min[∆ϕ(pmiss
T ,ℓ)], can be seen in the right plot of Fig. 2.10. For events

with a signiĄcant missing transverse momentum, the BSM contributions yield a much weaker
correlation due to the additional undetected particles.

In the present analysis, both observables shown in Fig. 2.10 will be employed to separate
SM tt events from potential BSM contributions. Unlike conventional searches for new physics,
as performed by CMS [76] and ATLAS [77] based on the signatures introduced before, this
analysis will not focus only on the phase space where large contributions from BSM processes
could be present but measure the entire spectrum to also characterize the SM tt process itself.
This translates into a method where in case no signiĄcant BSM contributions are found in the
measurement on detector level, differential cross section results for the dileptonic tt process
are derived, rather than improving the limits for different BSM scenarios. The corresponding
studies on detector level are performed following a strict blinding strategy, where the sensitive
detector-level distributions are only studied in recorded data once all analysis ingredients are
Ąxed. To derive the differential cross section results the measured spectra are unfolded to a
Ąducial phase space by correcting for detector and acceptance effects, as further discussed in
Sec. 8. The cross sections are measured in one and two dimensions as a function of the quanti-
ties matching the two observables introduced above for the dileptonic tt process. Assuming the

2
In the following, the distinction between the vectorial missing transverse momentum p⃗

miss

T and its magni-
tude p

miss

T is usually neglected.
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Figure 2.10: Normalized distributions of pmiss
T (left) and minimal azimuthal distance between

pmiss
T and a lepton (right) comparing SM tt production (red), stop-pair produc-

tion (blue) and tt production in association with a scalar DM mediator (green).
For the comparison on the right only events with pmiss

T above 200 GeV are taken into
account. The SUSY process is based on stop and neutralino masses of 650 GeV and
350 GeV, respectively. The DM process is simulated with DM fermion and scalar
masses of 200 GeV and 1 GeV, respectively.

dileptonic tt process and neglecting any mismeasurements and neutrinos produced in b-meson
decays present in the hadronization of b quarks, the missing transverse momentum is caused by
the momentum sum of the two neutrinos denoted as pννT . Thus, if no signiĄcant BSM contribu-
tions are observed, the analysis would yield differential cross sections as a function of pννT and
min[∆ϕ(pννT ,ℓ)] as well as the 2D combination of both observables.

With this approach, the dileptonic tt cross section can be measured up to a phase where potential
BSM contributions become relevant. This enables potential re-interpretations of the results in
a BSM context, e.g., by using effective Ąeld theory methods [78, 79]. In addition, taking into
account that the SM tt process is often the main background in BSM searches, where missing
transverse momentum plays a major role, the results allow to validate existing background
estimation methods. Furthermore, the analysis provides a precise SM tt measurement on its own
in a phase space not yet measured at the LHC, which can be compared to theory predictions.
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Particle colliders are among the most powerful tools to test the standard model and to search for
BSM physics. The collider currently providing particle collisions with the highest center-of-mass
energies of up to 13.6 TeV is the Large Hadron Collider (LHC), located at the European Center
of Nuclear Research (CERN). The proton-proton (pp) collisions provided by the LHC, which
are analyzed in this thesis, were recorded by the Compact Muon Solenoid (CMS), which is a
multi-purpose detector located at one of the four interaction points of the LHC. In this chapter,
the main aspects of the LHC are brieĆy introduced in Sec. 3.1, while the main part of the chapter
is dedicated to the CMS experiment, where the coordinate system, the different subdetectors
and the trigger system are described in Sec. 3.2.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [23] based at CERN is the largest and most powerful parti-
cle accelerator and collider ever built. The LHC has a circumference of 26.7 km and is located
in the tunnel already used for the Large Electron-Positron Collider (LEP) [80] at a depth be-
tween 45 and 170 m underground. It is designed to collide proton beams at a center-of-mass
energy of

√
s = 14 TeV and heavy ions with an energy of up to 2.8 TeV per nucleon using two

separate rings, which allow to simultaneously accelerate same-charged particles in opposite di-
rections.

At the LHC, there are four interaction points, where the two separate rings cross and the beams
can collide. The particle collisions at the interaction points are recorded by four different particle
detectors, as sketched in Fig. 3.1. The CMS detector (Compact Muon Solenoid) [25] and ATLAS
detector (A Toroidal LHC Apparatus) [24] are the most complex out of the four detectors and
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located at the northernmost and southernmost interaction point, respectively. Both detectors are
multi-purpose detectors designed to perform precision measurements of the standard model as
well as searches for physics beyond the standard model. The remaining two detectors, the ALICE
detector (A Large Ion Collider Experiment) [81] and the LHCb detector (LHC beauty) [82],
cover more speciĄc topics of particle physics research. The ALICE detector is mainly designed
to record heavy ion collisions enabling studies of the quark-gluon plasma. The physics program
of the LHCb detector, which unlike the three other detectors has an asymmetric design, is
dedicated towards heavy Ćavor physics focusing on CP violation and rare decays of beauty and
charm hadrons.

Figure 3.1: Sketch of the LHC accelerator scheme used for proton acceleration during Run 2
of the LHC [83]. The four large detectors located at the LHC are shown as yel-
low dots. Before injection into the LHC, the protons run through a linear accelera-
tor (LINAC 2) and three synchrotrons (PSB, PS and SPS). For the circular acceler-
ators, the beginning of operation as well as the circumference of the accelerator are
given.

Following the scheme shown in Fig. 3.1, before injection into the LHC the protons run through
a set of different acceleration steps. In the Ąrst step, the protons are accelerated by a linear
accelerator (LINAC 2)1 up to an energy of 50 MeV. In the following steps, the protons are further
accelerated by three synchrotrons with increasing size. The Proton Synchrotron Booster (PSB)
accelerates the protons to an energy of 1.4 GeV, while the Proton Synchrotron (PS) and the
Super Proton Synchrotron (SPS) increase the energy of the protons to 25 GeV and 450 GeV,
respectively. The protons are then injected every 25 ns into the LHC Ąlling up to 2808 bunches,
which each hold around 1011 protons. In the last step, the protons are further accelerated by
the LHC up to their collision energy.

1
In 2020, LINAC 2 was replaced by LINAC 4, which accelerates negative hydrogen ions up to 160 MeV [84].
Both electrons are then stripped during the injection into the PSB.
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Apart from the center-of-mass energy, which affects the cross section for a given process, as
shown in Eq. (2.16), the performance of a particle collider is quantiĄed by its instantaneous
luminosity L and integrated luminosity Lint given by

L =
nbfN

2F

4πσxσy
, Lint =

∫
L · dt . (3.1)

The instantaneous luminosity is proportional to the number of bunches nb, the number of parti-
cles per bunch N and the revolution frequency of the bunches f . The additional factor F takes
losses due to the crossing angle at the interaction point into account. The denominator accounts
for the beam geometry, where σx and σy denote the Gaussian width of the beam in the plane
perpendicular to the beam direction [85]. Based on the luminosity, the rate Ṅ as well as the
total number of events Ntot of a process with a given cross section σ can be expressed as

Ṅ = L · σ , Ntot = Lint · σ . (3.2)

Vice versa, as performed in this thesis, the cross section σ of a speciĄc process can be derived
by measuring the total number of events at a known integrated luminosity.

Since the Ąrst collisions at the LHC in 2010, the center-of-mass energy and the instantaneous lu-
minosity of the pp collisions have been constantly increased across several different data-taking
periods [86, 87]. Starting with collisions at a center-of-mass energy of 7 TeV (2010-2011) and
8 TeV (2012), the Ąrst period of data-taking, denoted as Run 1, reached an instantaneous lumi-
nosity of up to 0.8 · 1034 cm−2s−1. The second data-taking period started in 2015 with collisions
at

√
s = 13 TeV and provided a total integrated luminosity of around 160 fb−1 across the four

years of data taking (2015-2018), as shown in Fig. 3.2, while reaching an instantaneous lumi-
nosity of up to 2.1 · 1034 cm−2s−1. In 2022, the latest data-taking period (Run 3) started with
an even higher center-of-mass energy of 13.6 TeV already improving on the peak instantaneous
luminosity reached during Run 2.

Figure 3.2: Cumulative luminosity delivered by the LHC (blue) and recorded by CMS (yellow)
as a function of time for Run 2 and the Ąrst year of Run 3 (left) [87]. The integrals
of both measures are shown in the legend. Recorded luminosity as a function of the
mean number of interactions per bunch crossing (pileup) for the years of data taking
between 2015 and 2022 (right). The mean number of interactions for each year is
denoted in the legend.
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One way to achieve higher luminosities is to squeeze the proton beam, effectively decreasing
the σi in Eq. (3.1). As a consequence, the number of simultaneous interactions during a bunch
crossing, known as pileup, increases, which is shown in Fig. 3.2. Therefore, while larger luminosi-
ties allow collecting more collision data on shorter time scales, the reconstruction of individual
events becomes more involved due to the increasing number of simultaneous interactions, which
will be one of the main challenges when entering the era of the High-Luminosity-LHC [88].

3.2 The Compact Muon Solenoid detector

The Compact Muon Solenoid (CMS) detector [25, 89], sketched in Fig. 3.3, is a multi-purpose
detector located at the northernmost interaction point of the LHC. With a length of 21.6 m and
a diameter of 14.6 m the detector is rather compact compared to the ATLAS detector [24], the
second multi-purpose detector located at the LHC, but has a signiĄcantly larger total weight
of around 12500 t. The CMS detector is designed to cover a wide physics program ranging from
precision measurements of the standard model including measurements of the Higgs boson and
the top quark to heavy-Ćavor physics and searches for various BSM signatures.

Figure 3.3: Sketch of the CMS detector showing the main components of the different subdetec-
tors and the solenoid magnet [90].

The detector is composed of four main subdetectors, which are cylindrically placed around the
interaction point in the center of the detector. The innermost part of the detector corresponds to
the tracking system recording the trajectories of charged particles. The electromagnetic calorime-
ter (ECAL) and hadron calorimeter (HCAL) are built around the tracking system allowing
for precise energy measurements of various types of particles. The tracking system and both
calorimeters are surrounded by a superconducting solenoid, which provides an almost homoge-
neous magnetic Ąeld of 3.8 T inside the solenoid enabling a precise momentum measurement for
charged particles based on their trajectories. The muon system, which is partly embedded into
the iron return yoke of the solenoid, marks the outermost part of the detector and allows for
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3.2 The Compact Muon Solenoid detector

efficient detection of muons escaping the calorimeters. Each of the four subdetectors consists of
a barrel part, which is built around the beam pipe and two so-called endcaps, which close both
open ends of the barrel part. Besides high energy and momentum resolution, another key aspect
in the design of the subdetectors is given by the radiation tolerance of detector components
close to the beam pipe and the high occupancy caused by the large Ćux of particles produced
in the pp collisions. In the following, an overview of the main features including the solenoid
magnet, the different subdetector systems as well as the triggering system, which is crucial for
a reasonable data acquisition, is given.

3.2.1 Coordinate system

The coordinate system adopted at the CMS detector, which is sketched in Fig. 3.4, is centered
around the nominal collision point. The x-axis of the system points radially inward towards the
center of the LHC, while the y-axis is chosen to point vertically upward. In order to create a
right-handed coordinate system, the z-axis, which runs parallel to the beam axis, is selected to
point towards the direction of the beam running counter-clockwise in the collider.

IP

z

y

x

η = 0

η > 0

η < 0

η = ∞

η = −∞

p⃗
ϕϕϕ

θ

η

ϕϕϕ

center of
the LHC

Figure 3.4: Sketch of the coordinate system used at the CMS detector [91]. The system is cen-
tered around the interaction point (IP). The red arrow visualizes a potential particle
momentum.

At the CMS detector, particle trajectories are usually described using spherical coordinates as
well as transverse properties. The spherical coordinates are deĄned such that the azimuthal an-
gle ϕ describes the direction inside the xy-plane starting from the x-axis in a range from −π to π.
The polar angle θ, ranging between 0 and π, yields the direction in the yz-plane starting from
the z-axis. To simplify the discussion of tracks from relativistic particles, the polar angle θ is
usually replaced by the pseudorapidity

η = − ln


tan
θ

2


. (3.3)

Unlike distances with respect to the beam plane described by ∆θ, distances in ∆η are invariant
against Lorentz boosts along the z-axis in the limit of massless particles. Distances combining
the azimuthal angle and the pseudorapidity are usually given in ∆R:

∆R =
√

(∆η)2 + (∆ϕ)2 , (3.4)

27



3 The CMS experiment at the LHC

which is also invariant against the Lorentz boost described above. The transverse properties
of particle trajectories usually include the transverse momentum pT and transverse energy ET,
which are projections onto the xy-plane:

pT =
√
p2
x + p2

y , ET =
√
E2
x + E2

y , (3.5)

where the x- and the y-component correspond to the particle momenta (energy) times the cosine
and sine of the azimuthal angle, respectively. Similar to differences in the pseudorapidity, both
transverse quantities are invariant against Lorentz boosts along the z-axis.

3.2.2 Solenoid magnet

One of the key features of the CMS detector is its superconducting solenoid, which has a
length of 12.5 m and an inner diameter of 6 m. Inside the coil, which consists of four layers
of Niobium-titanium (NbTi) conductors, an almost homogeneous magnetic Ąeld of 3.8 T is pro-
vided. The strong magnetic Ąeld leads to a large stress on the components of the magnet, which
is partially compensated by using the conductors themselves as part of the structural material of
the coil. The Ćux of the solenoid is returned by an iron return yoke, which marks the outermost
part of the detector and makes up for roughly 80% of the total detector weight.
The magnetic Ąeld inside the coil is employed to bend the trajectories of charged particles,
recorded by the tracking system allowing for a precise momentum measurement of charged par-
ticles. In addition, the magnetic Ąeld inside the return yoke is used by the muon system, which
is partly embedded in the yoke, to derive an independent measurement of the muon momenta.

3.2.3 Tracking system

The tracking system of the CMS detector built around the beam pipe is the innermost part of
the detector. It has a total length of 5.8 m and extends to a radius of 1.1 m with respect to the
beam pipe. The tracking system is designed to provide efficient and precise measurements of
charged particle trajectories used to derive their momenta and to reconstruct secondary vertices
crucial for the identiĄcation of b hadrons. In addition, the high granularity and the fast response
time of the subdetector allow for a precise assignment of the trajectories to the correct bunch
crossing as well as the correct vertex. The different parts of the subdetector are sketched in
Fig. 3.5. Based on the sensor type used for the detection of charged particles and the distance
to the interaction point, the tracking system can be divided into two parts given by the inner
pixel detector and the outer strip detector.

The inner pixel detector provides tracking measurements in the region closest to the interaction
point enabling a precise reconstruction of primary and secondary vertices. Due to the small
distance between the interaction point and the pixel detector, the original pixel detector, which
was only designed for luminosities up to 1034 cm−2s−1, had to be replaced after the data-taking
period in 2016 by the new CMS Phase-1 pixel detector [92]. In the following, the details of the
new CMS Phase-1 pixel detector used for the majority of pp collisions analyzed in this thesis
are brieĆy discussed. The features of the old pixel detector can be found in [25].

The Phase-1 pixel detector includes a total of 1856 individual silicon sensor modules, where
1184 modules are located in the barrel part (BPIX) and the remaining 672 modules are used
in the two endcap parts (FPIX). The main part of each module is a sensor consisting of
160 × 400 pixels, where each pixel has a size of 100 × 150µm2, enabling a precise track res-
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PIXEL

TIB

TOB

TID

TEC

Figure 3.5: Sketch of one quarter of the CMS tracking system shown in the rz-plane as used
for the data taking in 2017 and 2018 [93]. The dashed lines in light blue mark the
different parts of the subdetector. The pixel detector is shown in green, while the
single-sided and double-sided components of the strip detector are visualized in red
and blue, respectively.

olution of the order of O(10µm) in the rϕ- and z-direction and yielding a small occupancy
despite the high particle Ćux. The BPIX is built in four layers placed at radii of 29, 68, 109
and 160 mm around the beam pipe, as shown in Fig. 3.5. Each layer is formed by a different
number of ladders, where each ladder holds eight modules. Each of the two parts of the FPIX
contains three disks placed at distances of 291, 396 and 516 mm from the center of the detector,
where each disk consists of 112 modules. Combining BPIX and FPIX, the Phase-1 pixel detector
employs a total of 124 million readout channels and has a total silicon area of 1.9 m2 covering a
range up to ♣η♣ < 2.5.

The outer strip detector is built around the pixel detector extending the radius of the tracking
system from 0.2 m up to 1.1 m. Here, silicon microstrip sensors with different pitch sizes between
80 and 180µm are used, matching the decreasing particle Ćux with increasing distance to the
interaction point. Similar to the pixel detector, the strip detector is divided into a barrel and
an endcap part, as shown in Fig. 3.5. The barrel part includes the Tracker Inner Barrel (TIB)
built from four layers covering a range up to ♣z♣ < 65 cm and the Tracker Outer Barrel (TOB),
which consist of six layers extending up to ♣z♣ < 110 cm. The main structure of the endcap part
corresponds to the Tracker End Cap (TEC), which consists of nine disks. The second structure
of the endcap part, the Tracker Inner Disk (TID), Ąlls the gap between the TIB and the TEC
and includes three disks. To enable track measurements in the rϕ- as well as in the rz-direction,
doubled-sided modules, also known as stereo modules, with a stereo angle of 100 mrad are used
in parts of the strip detector (cf. Fig. 3.5). In total, the strip detector is built from more than
15000 individual modules covering a combined area of around 200 m2.

With the combination of both parts of the tracking system, a precise momentum measurement
of charged particles based on their bent trajectories as well as a high resolution in the vertex
reconstruction can be achieved. In Fig. 3.6, examples for momentum and vertex resolution are
shown comparing the tracking system used during the data-taking periods in 2016 and 2017,
which were based on the old and new inner pixel detector, respectively. In the central part of
the detector, a relative transverse momentum resolution of up to 1% can be realized, while in
the region of the endcaps, the resolution is reduced to around 2-5%. The improvement in the
transition region between the barrel and endcap part (1.2 < ♣η♣ < 1.6) is caused by the additional
BPIX layer of the Phase-1 pixel detector, which improves the track extrapolation from the pixel
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region to the strip detector. An even larger effect of the upgraded pixel detector can be found in
the vertex resolution shown in Fig. 3.6. While at large track multiplicities, a vertex resolution
of the order of 10µm can be achieved with both pixel detectors, at smaller track multiplicities
the Phase-1 pixel detector can improve the resolution by up to 50%. One key requirement in
realizing such precise momentum measurements and vertex resolutions of O(10µm) is a correct
alignment of the different components of the tracking system, which are only mounted with a
precision of O(100µm). For this, CMS employs a complex track-based alignment [94], which is
further discussed in Sec. 4.
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Figure 3.6: Relative resolution of the transverse momentum as a function of the track η (left) [95].
Transverse vertex resolution as a function of the number of tracks used in the Ąt of
the vertex (right). Both plots are based on simulated top-pair events using a mean
pileup of 35. The results for the data-taking periods of 2016 (blue) and 2017 (red),
which use the old and new pixel detector, respectively, are compared.

3.2.4 Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) is one of the two calorimeter systems of the CMS
detector. Its main purpose is the precise energy measurement of electrons and photons based
on their electromagnetic shower induced in the calorimeter. While electrons and photons lead
to similar signatures in the ECAL, the combination of signals in the ECAL and the tracking
system is used to accurately identify both particle types.

The ECAL system of the CMS detector is a homogeneous calorimeter built from scintillating lead
tungstate (PbWO4) crystals, which act as absorbing and scintillating material at the same time.
The crystals have a high density of 8.27 g/cm3 as well as a short radiation length of X0 = 0.89 cm
and a small Molière radius of 2.2 cm, which allows for a compact calorimeter design with Ąne
granularity. Due to the short scintillating decay time of the crystals, around 80% of the total
light yield, which is proportional to the energy deposit in a crystal, is emitted within the nominal
LHC bunch crossing time of 25 ns. The light yield produced inside the crystals is detected by
avalanche photodiodes and vacuum phototriodes in the barrel (EB) and endcap (EE) part of
the ECAL, respectively, which are placed at the back side of each crystal. Due to the close
placement of the ECAL to the interaction point, the crystals, especially in the EE, are exposed
to high radiation levels and particle Ćuxes, which lead to a wavelength-dependent loss of light
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transmission inside the crystals. This damage is tracked and corrected using a laser monitoring
system, which measures the optical transparency of the crystals in different regions of the ECAL.

The ECAL is divided into three different parts as shown in Fig. 3.7. The EB consists of a total
of 61200 crystals, covers a range up to ♣η♣ < 1.479 and extends up to a radial distance of 1.77 m
from the beam pipe. The crystals installed in the EB have a length of 230 mm, corresponding
to 25.8 X0, and a front face cross section of 22×22 mm2 matching the Molière radius of the crys-
tals. Each of the two endcap parts of the ECAL cover a pseudorapidity range of 1.479 < ♣η♣ < 3.0
and include a total of 7324 crystals with a length of 220 mm (24.7 X0) and a front face cross
section of 28.6 × 28.6 mm2. An additional two-layer sampling calorimeter called preshower (ES),
which consists of alternating lead and silicon strip sensor layers, is installed in front of the endcap
parts covering a range of 1.653 < ♣η♣ < 2.6. The preshower system allows for a better rejection of
photons originating from π0 decays as well as an improved position determination for electrons
and photons in the endcap due to the high-granularity design of the preshower.

Figure 3.7: Sketch of one quarter of the CMS electromagnetic calorimeter shown in the longitu-
dinal plane [89]. The three different parts of the calorimeter are denoted in red.

The electron reconstruction performance of the ECAL is shown in Fig. 3.8. For electrons with
a transverse momentum between 20 and 500 GeV, a Ćat reconstruction efficiency of about 96%
can be achieved up to a pseudorapidity of ♣η♣ < 2.5, which corresponds to the coverage of the
tracking system. Only the transition region between EB and EE at ♣η♣ ≈ 1.5 shows a slight
reduction in efficiency and is therefore usually excluded when analyzing electrons or photons.
The energy resolution of the ECAL can be parameterized as a function of the energy taking
three different contributions into account:


σ

E

2

=

S√
E

2

+

N

E

2

+ C2 , (3.6)

where S describes a stochastic contribution including, for example, Ćuctuations in the number of
photons, N represents a noise term originating from electronic noise and pileup contributions and
C covers constant contributions like non-uniformities of the light collection [96]. The measured
electron energy resolution based on simulation can be found in Fig. 3.8. At low energies, the
tracking system yields a better resolution compared to the ECAL. At high energies, the energy
measurement is dominated by the ECAL resolution, where a relative resolution of around 1%
can be achieved for electrons with a transverse momentum above 100 GeV.
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Figure 3.8: Left plot: Electron reconstruction efficiency as a function of the pseudorapidity for
different electron pT ranges measured in data recorded in 2017 [97]. The lower panel
shows the ratio to a measurement based on simulation. Right plot: Relative en-
ergy resolution versus electron pT measured by the tracking system (green), the
ECAL (orange) and the combination of both measurements (blue) in simulation for
the 2016 data-taking period. The vertical error bars in both plots correspond to the
total uncertainty.

3.2.5 Hadron calorimeter

The second of the two CMS calorimeter systems is the hadron calorimeter (HCAL), which,
unlike the ECAL, is a sampling calorimeter with individual absorber and scintillator layers. Its
main purpose is the energy measurement of charged and neutral hadrons based on their hadronic
showers induced in the HCAL. It is also designed to provide good containment and hermeticity
in order to improve the resolution of the missing transverse momentum used to detect neutrinos
or potential BSM particles. As shown in Fig. 3.9, the HCAL contains four individual parts, out
of which the barrel part (HB) and the endcap part (HE) are contained within the magnetic
coil. The HCAL is completed by an outer part (HO) placed just outside the magnetic coil and
a forward part (HF) covering the high pseudorapidity range.

The HE and HB are designed to maximize the absorber material within the magnetic coil. They
are built from alternating layers of brass absorbers and plastic scintillators, which for most
of the layers have a thickness of 3.7 mm and are connected via wavelength-shifting Ąbers and
clear Ąbers to photodetectors. To increase the structural stability of the HB, its innermost and
outermost absorber layers are made from steel. The HB extends from a radial distance of 1.77 m
to 2.95 m with respect to the beam pipe and covers a range up to ♣η♣ < 1.3. It is built from a
total of 32 sectors in η, also called towers, and 36 wedges in ϕ, which are each divided into four
sections, resulting in a scintillator granularity of ∆ϕ× ∆η = 0.087 × 0.087. The total absorber
thickness of the HB ranges from 5.8 interaction lengths (λl) at η = 0 up to 10.6λl at ♣η♣ = 1.3.
The HE consists of 13 towers in η extending the range of the HCAL to ♣η♣ < 3.0. While for the
Ąrst Ąve towers, the granularity matches the one used in the HB, for the remaining towers it is
increased up to 0.17 × 0.17. Including the ECAL crystals, the total length of the calorimeter in
the forward directions sums up to around 10λl.
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Figure 3.9: Sketch of one quarter of the CMS hadron calorimeter as used during the 2016
data-taking period shown in the longitudinal plane [98]. The calorimeter consists
of four individual parts given by the barrel (HB), endcap (HE), outer (HO) and
forward part (HF). The coloring scheme marks individual readout channels, while
the numbers denote the layers and towers.

The energy resolution of the barrel and endcap part of the calorimeter has been measured in
pion test beams and can be parametrized as follows:

σE
E

=
A√

E/GeV
⊕B (3.7)

For the HB, using pions with energies between 20-300 GeV a resolution with A = 115% and
B = 5.5% was measured [99], while for the HE using pions in an energy range of 5-300 GeV, the
parameters were measured to A = 106% and B = 4.0% [100].

In order to increase the effective thickness provided by the HB, an additional part of the HCAL,
also called tail catcher or HO, is installed just outside the magnetic coil as shown in Fig. 3.9.
The HO is designed to employ the coil as an additional absorber layer and to sample the energy
of hadronic showers leaking through the end of the HB. For the sampling, two scintillation layers
with an iron absorber layer in between are used in the most central part, while for the more
forward parts, only one scintillation layer is installed. Due to the HO, the minimum length of the
total calorimeter system is increased to around 11.8λl, neglecting the boundary region between
HE and HO.

The most forward part of the HCAL corresponds to the hadron forward calorimeter (HF), which
is placed at a distance of 11.2 m with respect to the interaction point and covers a range up to
♣η♣ < 5.0. The HF is built from steel absorbers and embedded radiation-hard quartz Ąbers, to
withstand the extreme particle Ćuxes present in the region close to the beam line. The signal
in the HF is generated by Cherenkov light produced by charged particles inside the hadronic
shower, which is channeled by the quartz Ąbers to photomultipliers. To enable the detection of
electromagnetic showers originating from electrons and photons, which in this pseudorapidity
range are not measured by the ECAL due to its smaller coverage, the HF is divided into two
longitudinal parts. In the Ąrst 22 cm long part, only one set of quartz Ąbers is embedded,
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while for the remaining part, a second set of Ąbers is installed with both sets being read out
separately. Since electrons and photons deposit the main part of their energy in the Ąrst part,
while hadrons produce similar signals in both parts, the showers originating from hadrons and
electrons or photons can be distinguished.

3.2.6 Muon system

The muon system marks the outermost part of the CMS detector and is partially embedded
into the return yoke of the solenoid magnet. Its main purposes are detection, identiĄcation and
triggering of muons, which are usually not stopped by the inner subdetectors. The system also
provides a precise measurement of the muon momentum which is independent of the one derived
in the tracking system. To cope with the large detection surface to be covered as well as the
different radiation environments and muon rates in the barrel and endcap part of the system,
three different types of gaseous detectors are used (cf. Fig. 3.10).

Figure 3.10: Sketch of one quarter of the CMS muon system, which is partially embedded in the
return yoke (dark grey), as used for the data-taking periods between 2016 and 2018
shown in the longitudinal plane [101]. The drift tubes (DTs) are shown in orange, the
cathode strip chambers (CSCs) in green and the resistive plate chambers (RPCs)
in blue. The remaining CMS subdetectors are shown in light gray and white.

In the barrel part of the muon system, which covers a range up to ♣η♣ < 1.2, a total of 250 drift
tube chambers are installed in four layers, also called stations (MB1-MB4), at radial distances
of approximately 4 to 7 m from the beam axis. Each chamber in the Ąrst three layers contains
a total of twelve drift tubes (DTs), where the four inner- and outermost DTs are built from
rϕ-measuring planes, while the four DTs in the middle correspond to z-measuring planes. In
the chambers of MB4, no z-measuring planes are installed. Inside the DTs, which are Ąlled with
a gas mixture of 85% Ar and 15% CO2, muons have a maximal drift length of 2.0 cm. With
the design of the chambers, a spatial resolution of about 100µm and an angular resolution of
about 1 mrad can be achieved. The DT chambers are complemented by a total of 480 resistive
plate chambers (RPCs), which due to their precise time resolution yield an important input to
the CMS hardware trigger (cf. Sec. 3.2.7). As shown in Fig. 3.10, the Ąrst two muon stations in
the barrel are sandwiched between two layers of RPCs, while for MB3/4 only one layer of RPCs
is installed in front of the station.
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The endcap part of the muon system, covering a range up to ♣η♣ < 2.4, consists of a total
of 468 cathode strips chambers (CSCs), which can cope with the higher muon rates and the
non-uniform magnetic Ąeld present in the endcap region. The CSCs are grouped into four muon
endcap stations (ME1-ME4), installed at longitudinal distances between about 5.7 to 10.6 m from
the interaction point. The chambers consist of six gas gaps, which are each Ąlled with a plane of
radial cathode strips and anode wires running perpendicular to the strips. While the wire planes
enable fast signals, which are also used in the CMS hardware trigger, the position measurement
is improved by including the slower signals from the cathode strips. This results in a spatial
resolution of about 200µm (100µm for ME1/1) and an angular resolution of about 10 mrad.
Similar to the barrel part, the CSCs in the endcaps are complemented by RPCs covering a range
up to ♣η♣ < 1.9 [101]. The distribution of the RPC layers in the endcap part is shown in Fig. 3.10.

An estimation of the muon momentum resolution achieved with the muon system is shown in
Fig. 3.11. The estimation is based on a method introduced in [101] and employs the difference of
the momentum measurements in the upper and lower half of the detector using cosmic ray muons,
which cross the detector. For low-pT muons, the resolution is dominated by the momentum
measurement derived in the tracking system, while at transverse momenta above ∼ 200 GeV the
measurement from the muon system signiĄcantly improves the resolution. This effect is caused
by multiple scattering, which occurs when muons transverse the material before the muon system
and has a much larger impact on low-pT muons.
As pointed out above, parts of the muon system contribute to the muon hardware trigger of
the CMS detector, introduced in Sec. 3.2.7. An example of an efficiency measurement for this
trigger is shown in Fig. 3.11. Across all data-taking periods between 2016 and 2018, the trigger
shows a sharp turn-on at the pT threshold and a constant efficiency of about 96% across the
measured muon-pT range.
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35



3 The CMS experiment at the LHC

3.2.7 Trigger system

A dedicated trigger system [103, 104] is used to reduce the enormous event rates of the or-
der of 109 Hz, which are produced at the LHC running with 40 MHz bunch crossings, by six
orders of magnitude. To cope with the high rates and to ensure that predominantly events of
potential interest for physics analyses are stored to permanent storage by the data acquisition
system (DAQ), the trigger system is divided into two main levels. The Ąrst level of the sys-
tem (L1 trigger), which is entirely hardware-based, is dedicated to a fast decision process based
on simple detector information. The second level, also called high-level trigger (HLT), corre-
sponds to a software-based trigger and processes more complex detector information and event
reconstruction.

At the L1 trigger, information from both calorimeter systems as well as the muon system are
processed by programmable electronics towards a trigger decision. For this, data with a reduced
resolution and granularity from the three subdetectors are used to build so-called trigger prim-
itive objects, which correspond to photons, electrons, muons or jets. The trigger decision is
then based on the presence of such objects with a given energy or momentum threshold or the
combination to global sums like the total transverse energy or the missing transverse energy.
The L1 trigger processes an event within a Ąxed trigger latency of 4µs, during which the high-
resolution data is held in pipelined memory. The event rate is reduced by the L1 trigger from
O(109 Hz) to a maximal design rate of 100 kHz, which is usually not fully employed to keep a
safety margin. An example of the efficiency of a particular L1 trigger can be found in Fig. 3.11.

After an event has been accepted by the L1 trigger, the high-resolution event data are read from
multiple front-end readout buffers. Combining the information from several readout buffers, the
complete data of one single event are transferred to a processor, which runs the high-level trigger
software. The HLT software contains similar reconstruction and selection algorithms as used in
the CMS offline reconstruction (cf. Sec. 6), which in the case of the HLT are usually tuned
towards shorter processing times. These algorithms, which unlike the L1 trigger also have access
to information from the tracking system, are usually employed in different steps. First, only
partial reconstructions of the event are produced aiming to discard an event as fast as possible.
To maximize the Ąlter efficiency, only during later steps the full event information including a
full reconstruction of the tracks is processed and used for the trigger decision. At the HLT, the
maximal incoming event rate of 100 kHz is reduced by another two orders of magnitude yielding
an event rate of O(1 kHz), which is stored to permanent storage. During the data-taking period
of 2018, a computing farm of up to 30000 cores was employed at the HLT to achieve this kind
of rate reduction [105].
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The tracking system of the CMS detector is the worldŠs largest silicon tracker and is crucial for
the vertex reconstruction and momentum measurement of charged particles. To capitalize on
the excellent hit resolution of its silicon sensors, their positions and orientations in the tracking
system have to be precisely known. At the CMS detector, a procedure based on reconstructed
tracks, also called track-based alignment, is used to derive these sensor-speciĄc parameters. To
mitigate the impact of magnet cycles and temperature variations and to cope with the aging
of the sensors, the geometry of the tracking system has to be updated regularly. For this, an
automated online alignment procedure for the inner pixel detector was implemented for Run 2
of the LHC, which supplies geometries on short-time scales supporting the manually derived
offline alignments. During Run 2, this automated alignment was only based on movements of
larger-scale structures of the pixel detector. Within the scope of this thesis, a detailed discussion
of the method and the performance of the automated alignment used during Run 2 has been
published [94]. For Run 3, the automated alignment procedure has been updated as part of
this thesis towards an alignment with a signiĄcantly increased granularity. In this chapter,
the general concept of track-based alignment including the alignment algorithm and different
validation methods are brieĆy explained in Sec. 4.1. In Sec. 4.2, the interplay between sensor
aging due to radiation and the tracker alignment is discussed, while in Sec. 4.3, the automated
alignment procedure including its high-granularity update for Run 3 is reviewed.

4.1 Track-based alignment

The main goal of the track-based alignment [94] used for the CMS tracking system is to im-
prove the precision of the position measurement of the individual components from O(100µm)
achieved by the mechanical alignment down to O(10µm) matching the hit resolution of the sili-
con sensors. Without this precise alignment, biases in the track and vertex reconstruction could
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be introduced, leading, e.g., to degradation in the identiĄcation of jets from b quarks or ineffi-
ciencies already at trigger level when tracker information is used at the HLT. The parameters
of the correction, also called alignment parameters, are derived by performing track Ąts based
on the hits in the tracking system and minimizing the distance (residuals) between Ątted tracks
and measured hits, which is sketched in Fig. 4.1 and further discussed in the next section.

Figure 4.1: Sketch of a comparison between a Ątted trajectory (solid blue) with misaligned (left)
and aligned modules (right) [106]. The true trajectory of the charged particle is
shown as a dashed blue line, while the predicted and measured hits are shown as
blue-red and orange-red dots, respectively. The residuals between both hit types are
visualized as solid red lines.

The alignment parameters usually include three translational and three rotational degrees of free-
dom1 per aligned structure, leading to a total of several hundreds of thousands of parameters, if
each module of the pixel and strip detector is individually aligned. Such complex alignments with
high granularity, also called offline alignments in the following, are usually performed manually
and only a few times during each data-taking period. Movements of larger-scale structures of
the pixel detector, like the two half barrels of the BPIX and the two half cylinders of each FPIX
endcap, are derived on much shorter time scales by an automated online alignment. Besides the
difference in granularity, also the type of events differ between the offline and online alignment.
The online alignment is only based on collision data, while for the offline alignment also special-
ized data sets including events containing dimuon resonances or cosmic muons, which cross the
entire detector, are used to correlate groups of modules in different detector regions.

4.1.1 Alignment algorithm

As pointed out in the previous section, the alignment parameters are derived based on minimizing
the residuals between the hits predicted by a Ątted trajectory and the hits measured by the
modules (cf. Fig. 4.1). This track-based approach is formalized in the following χ2 function:

χ2(p,q) =
tracks∑

j

hits∑

i

(
mij − fij(p,qj)

σij

)2

, (4.1)

where the χ2 is a function of p corresponding to the alignment parameters and q representing
the track parameters. The measured hits are given by m with a measurement uncertainty of σ,
while the hits predicted by the Ątted track are denoted by f . The χ2 function is derived by
summing over all hits of all tracks in a given data set of events.

1
Here, surface deformations of modules, which are usually only used for offline alignments, are neglected.
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To solve the minimization problem, which, depending on the number of alignment parameters
and tracks, can have millions of parameters, the prediction term f is linearized. This is achieved
by assuming only small corrections ∆p and ∆q from an initial set of parameters (p0, q0), which
are usually derived from a starting geometry. The resulting set of linear equations is further
reduced using block matrix algebra effectively removing blocks of equations that determine only
the track parameters. This method yields a reduced set of linear equations

C′ × ∆p = b′ , (4.2)

which includes the corrections ∆p of the alignment parameters, whose correlation with the
track parameters is encoded in the global matrix C′ and the source term b′. To derive the
corrections ∆p, the matrix C′ has to be inverted, which can be performed exactly in case of a
small number of alignment parameters, but is usually achieved with approximative methods.

At the CMS detector, the task of collecting all necessary inputs to construct the ingredients of
Eq. (4.2) and solving the set of linear equations by inverting the global matrix is mainly per-
formed by the Millepede-II algorithm [107Ű109]. The algorithm is structured in two steps. The
Ąrst step, also called mille step, is integrated into the CMS track Ątting software and produces
the residuals for each hit of a track including uncertainties as well as the derivatives required
for the linearization of Eq. (4.1). In the second step, called pede step, the linear equation sys-
tem shown in Eq. (4.2) is constructed and solved by inverting the global matrix either with an
exact or approximative method. While the alignment results discussed in this work are derived
using the Millepede-II algorithm, results from an independent algorithm, called HipPy algo-
rithm [110, 111], have been mainly used in the commissioning of the detector and to cross-check
the results derived by the Millepede-II algorithm.

4.1.2 Validation methods

The performance of geometries derived in the track-based alignment is evaluated based on several
different validation methods. While all of these methods in some way test the accuracy achieved
by the alignment process, a part of the validation methods has been developed to also detect
speciĄc systematic misalignments of the detector. These systematic misalignments include the
so-called weak modes, which are systematic distortions that transform a set of valid tracks into
another set of valid tracks and have a negligible impact on the χ2 minimization. A full discussion
of systematic distortions and the validation methods employed to detect such distortions can be
found in [94]. In the following, two validation methods, which are mainly studied when evaluating
the performance of the automated online alignment, are further discussed.

Track-hit residuals

One of the main validation methods to evaluate the accuracy of the local alignment of individual
modules is based on track-hit residuals. The residuals are derived by reĄtting a track without
the hit of interest and measuring the distance between the measured hit and the hit predicted
by the reĄtted track with respect to the local module coordinates2. Based on these residuals,
distributions of median residuals (DMRs) per module are derived for individual substructures
of the tracking system. For a perfect alignment, the distributions are expected to be centered

2
The local coordinates are defined for each module, with the x

′

-direction corresponding to the most precisely
measured coordinate. The y

′

-direction is orthogonal to x
′

in the module plane and z
′

is orthogonal to the
module plane.
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around zero, while shifted distributions would indicate a systematic misalignment. The width
of the distributions is a measure of the remaining random misalignments, but also includes a
statistical component based on the number of tracks used for the validation. An example of a
DMR validation for the BPIX comparing three different geometries is shown in Fig. 4.2. The
alignment derived during data taking, which is mainly based on the automated online alignment
correcting the high-level structures of the pixel detector, shows a rather broad distribution. The
two remaining alignments, which utilize a much Ąner granularity as well as additional specialized
data sets, show a reduced width indicating an improved accuracy derived in the alignment.
In addition to the nominal DMR validation, where the median for each module of a substructure
is taken into account, so-called split DMR validations are derived by separating different types of
modules. The separation is performed based on the orientation of the electric Ąeld distinguishing
between modules with an electric Ąeld pointing towards the center of the detector (inward-
pointing) and towards the muon system (outward-pointing). The difference between the means
of the DMRs derived for the two different module types can be used as a measure of the residual
bias caused by radiation in the silicon sensors, further discussed in Sec. 4.2.

Figure 4.2: Left plot: DMRs for each module of the BPIX for the local x′-direction measured
for an example run in 2017 [112]. The mean and the width of the distributions
are shown in the legend. Right plot: Mean track-vertex impact parameter in the
transverse plane as a function of track azimuthal angle averaged for the data-taking
periods between 2016 and 2018. For both plots, the results from an alignment
during data taking (blue), an improved alignment derived during the end-of-year
re-reconstruction (red) and the Ąnal legacy alignment (green) are compared.

Track-vertex residuals

Since the reconstruction of the primary vertex (PV) is mainly driven by the inner pixel detector,
one of the main validation methods to evaluate the alignment of the pixel detector is based on the
residuals between reconstructed vertices and tracks. In this method, the PV is reconstructed for
each associated track without the track of interest. The track-vertex residual corresponds to the
distance between the reconstructed PV and the given track measured by the impact parameter
in the longitudinal (dz) and transverse plane (dxy). The mean of the impact parameters as a
function of the track azimuth and pseudorapidity yields a measure of the alignment quality.
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4.2 Impact of radiation effects

A perfect alignment would lead to Ćat distributions centered around zero. The same holds
for a geometry including random misalignments, which would only affect the width but not
the mean of the track-vertex residuals. Thus, signiĄcant deviations from a Ćat distribution
would indicate a systematic misalignment. An example of a validation based on the transverse
track-vertex residuals derived as a function of track azimuth is shown in Fig. 4.2, which indicates
that the alignment derived during data taking might not be able to correct for all systematic
misalignments.

4.2 Impact of radiation effects

The main goal of the track-based alignment is to correct for physical movements of the detector
modules caused by, e.g., cycles of the magnet or temperature variations. However, it has been
observed that an alignment based on a sufficiently high granularity can also account for shifts
of the measured hit position on an individual module. Such shifts occur based on changes in the
characteristics of a module being operated in a high-radiation environment, including changes
in the electric Ąeld, the thickness of the active layer and the mobility of charge carriers.

The Lorentz drift of the charge carriers inside a module, which is sketched in Fig. 4.3, is sensitive
to the impact of radiation effects on an individual detector module. A charged particle crossing
a module creates electron-hole pairs, which are collected by an electric Ąeld resulting in a cluster
charge, from which the hit position can be derived. Due to the external magnetic Ąeld, the
charge carriers experience a lateral shift orthogonal to the electric Ąeld of the module, also
called Lorentz drift. While changes in the external magnetic Ąeld are negligible, the size of the
drift strongly depends on the strength of the electric Ąeld as well as on the mobility of the charge
carriers, which is affected by the irradiation of a module and therefore highly time-dependent.
The impact of the shift on the hit position is quantiĄed by the Lorentz angle (LA), which is
deĄned as the angle between the electric Ąeld and the drift direction of the charge carriers. The
Lorentz angles of individual modules, which can be used to correct the shifted hit position, are
derived based on dedicated calibration methods [92, 113].
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Figure 4.3: Sketch of a transverse slice of a silicon module, which operates in an external mag-
netic Ąeld and is traversed by a charged particle (blue line) with an incident angle
of θtrk [94]. The true and shifted hit positions, which have a residual of ∆x′, are
shown as blue-cyan and red-orange dots, respectively. The grey lines indicate the
direction of the Lorentz drift, whose angle to the electric Ąeld is given by θLA. The
volume where charge carriers are released is visualized by the magenta-shaded area,
while the corresponding cluster charge is shown as magenta bars.
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While the calibrations of the LA are usually only performed on larger time scales during
data-taking, the alignment of the detector can be used to absorb residual effects caused by
radiation-induced changes of the LA. Since the sign of the hit shift caused by the Lorentz drift
depends on the orientation of the electric Ąeld with respect to the external magnetic Ąeld, the hit
position is shifted in opposite directions for modules with inward- and outward-pointing electric
Ąelds. An alignment, which distinguishes between these two module types, can therefore intro-
duce artiĄcial movements of the modules to correct for the shifted hit positions. This correction
can be validated based on the split DMR validation by monitoring the difference ∆µ between
the means of the DMRs for modules with inward- and outward-pointing electric Ąelds. Changes
in this parameter as a function of the delivered integrated luminosity, which can be used as a
proxy for the radiation dose, would indicate residual effects caused by radiation, which are not
absorbed in the alignment or dedicated calibrations.
In Fig. 4.4, the trend of the ∆µ parameter for the data-taking periods between 2016 and 2018
comparing different alignments is shown. For the alignment during data taking, a continuous
slope in ∆µ as a function of the delivered integrated luminosity can be observed. This contin-
uous change in ∆µ is caused by cumulative radiation effects, which can not be absorbed by
the alignment during data taking. The reason is the granularity used in the automated online
alignment employed during Run 2 (cf. Sec. 4.3.1), which is too coarse and does not distinguish
between the two module types discussed above. The slope is only absorbed by updates of the
LA calibration or manually derived offline alignments with a higher granularity usually provided
with the pixel calibration updates. For the other two sets of alignments, the ∆µ parameter is sig-
niĄcantly more stable due to the higher granularity used in these approaches. Here, the largest
differences between the two offline alignments can be observed at the beginning of the 2017
data-taking period, when the new CMS pixel detector was put into operation. In this period,
only the legacy reprocessing, which includes much more frequent geometry updates, is able to
absorb the radiation effects, which are especially large at the beginning of a detectorŠs lifetime.

Figure 4.4: Difference ∆µ between the means of the DMRs with respect to the local x′-direction
for modules of the BPIX with inward- and outward-pointing electric Ąelds as a
function of the delivered integrated luminosity [94]. The results for the data-taking
periods between 2016 and 2018 from an alignment during data taking (blue), an
alignment derived during the end-of-year re-reconstruction (red) and the Ąnal legacy
alignment (green) are compared. The vertical bands correspond to the widths of the
DMRs. The horizontal bands indicate the interval of validity for a given alignment.
Updates of the pixel calibration are shown as vertical dashed lines.
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4.3 Automated alignment in the Prompt Calibration Loop

For Run 2 of the LHC, an automated online alignment, which aims to correct movements of the
pixel detector components on a short time scale, has been put in place. Based on this online
alignment, the alignment parameters of the inner pixel detector can be updated within 48 hours
after the end of an individual collision run to be used for the Ąrst main reconstruction available
for physics analysis (prompt reconstruction). For this, the online alignment runs as part of
the prompt calibration loop (PCL) [114], which processes different calibration and alignment
routines and automatically updates the corresponding detector-related parameters. This enables
a much faster response to potential movements compared to the nominal offline alignments,
which require signiĄcant preparation and computing time and therefore usually lead to a delay
of the order of one week.

4.3.1 Low-granularity alignment for Run 2

The online alignment procedure employed during Run 2 of the LHC has been designed to correct
the movements of the high-level structures of the pixel detector, which include the two half
barrels of the BPIX and two half cylinders in each of the two endcaps of the FPIX. For each
of the substructures, changes in the position (x, y, z) and the rotation (θx, θy, θz) are derived
based on the Millepede-II algorithm leading to a total of 36 alignment parameters. The online
alignment is performed based on events selected by an inclusive L1 trigger selection and does not
include any specialized data sets. A new set of parameters is triggered if at least one movement
with respect to the previous geometry is observed, which has a signiĄcance of at least 2.5σ and
lies above a given threshold. The thresholds for the positions and rotations are given in Tab. 4.1.
In addition, the uncertainty of each movement derived by the alignment procedure is checked
as well as the compliance with a maximal movement, which prevents unphysical shifts from
being deployed. If one out of the 36 parameters does not Ąt the requirements regarding maximal
uncertainty or maximal movement, which are shown in Tab. 4.1, the update of the geometry is
vetoed.

Table 4.1: Threshold values, maximal movements and maximal uncertainties used for the update
logic of the automated online alignment employed during Run 2. The values are shown
for the six different parameter types and hold for all high-level structures of the pixel
detector.

Parameter Threshold Max. Movement Max. Uncertainty

∆x 5 µm 200 µm 10 µm

∆y 10 µm 200 µm 10 µm

∆z 15 µm 200 µm 10 µm

∆θx 30 µrad 200 µrad 10 µrad

∆θy 30 µrad 200 µrad 10 µrad

∆θz 30 µrad 200 µrad 10 µrad

The success of the automated online alignment can be seen in Fig. 4.5, which shows the move-
ment in the x-direction of all six high-level structures for a speciĄc data-taking period in 2016.
During this period, three individual magnet cycles were performed, which can cause rather large
movements of the high-level structures. After each of these cycles, the online alignment observed
signiĄcant movements in parts of the pixel detector, which triggered the deployment of a new
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geometry. In all three cases, the movements observed in the following alignment are signiĄcantly
reduced indicating that the update was able to correct for the movements caused by the magnet
cycles.

Figure 4.5: Observed movements in the x-direction for the six high-level structures of the in-
ner pixel detector as a function of run number for a speciĄc data-taking period in
2016 [94]. Each point corresponds to a run, where the deployment of a new geometry
was triggered by at least one of the 36 alignment parameters derived in the online
alignment. The thresholds for movements in the x-direction are indicated as hori-
zontal lines, while the periods during which the magnet was not at 3.8 T are shown
as grey-shaded bands.

In summary, the online alignment employed during Run 2 was able to successfully cope with
movements of the larger structures of the pixel detector as induced by magnet cycles or temper-
ature variations. However, due to the limited granularity used in this alignment procedure, it
did not succeed in absorbing the radiation effects as shown in Fig. 4.4 and discussed in Sec. 4.2.

4.3.2 High-granularity alignment for Run 3

Motivated by the shortcomings of the automated online alignment regarding the absorption of
residual radiation effects during Run 2, an improved version of the online alignment for Run 3
has been developed within the scope of this thesis. The main change applied to the online
alignment concerns the granularity used in the alignment procedure, which is increased from
the high-level structures of the pixel detector, denoted as low granularity (LG), to a granular-
ity incorporating ladders in the BPIX and individual modules in the FPIX, denoted as high
granularity (HG). This increase in granularity is sufficient to separate modules with inward- and
outward-pointing electric Ąelds (cf. Sec. 4.2), since all modules of an individual BPIX ladder have
the same electric-Ąeld orientation. Another motivation for this update of the online alignment is
the potential reduction of the number of manual offline alignments required during data-taking
periods.
All main challenges introduced by the higher granularity concern the increased complexity of
the alignment problem, where the number of alignment parameters grows from 36 parame-
ters considered during Run 2 to more than Ąve thousand parameters. Due to the increased
complexity, the absolute computing time required to derive the alignment parameters with the
Millepede-II algorithm grows signiĄcantly. Nevertheless, the online alignment has to run with-
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out any manual intervention and is required to supply the updated alignment parameters within
48 hours to be used in the prompt reconstruction process. Another challenge concerns the in-
creased number of tracks and hits required for the alignment, which still have to be supplied by
individual collision runs. Finally, also the update logic employed during Run 2 has to be revised,
to cope with the increased number of parameters.

Hits per substructure

In the LG online alignment, the movement of a structure is only derived if at least 500 hits for
the given structure are recorded. While this requirement is usually not a limitation when aligning
only the high-level structure, for the increased granularity its impact has to be studied. For this,
the HG online alignment was performed with 50, 300 and 500 required hits per structure using
dedicated runs with low pileup, which include signiĄcantly fewer tracks per bunch crossing. The
track-vertex residuals for one of these runs are shown in Fig. 4.6. The alignment based on 50 re-
quired hits shows a signiĄcantly reduced performance. The remaining two alignments perform
on a similar level, with small improvements from the alignment with 300 and 500 required hits
in the azimuth- and pseudorapidity-dependent validation, respectively. Based on this study and
on the observation that also for the HG alignment the requirement of 500 hits per structure is
usually fulĄlled in nominal pp-collision runs, it was decided to keep the conservative option and
align only structures with at least 500 hits.

Figure 4.6: Mean track-vertex impact parameter in the transverse plane as a function of track
azimuthal angle (left) and track pseudorapidity (right) for a dedicated low-pileup run
in 2018. The results for the HG online alignment based on 50, 300 and 500 required
hits per structure are shown in yellow, blue and red, respectively. The vertical error
bars correspond to the statistical uncertainty.

New update and veto logic

The HG online alignment requires a revised update and veto logic to cope with the increased
number of parameters. The logic used during Run 2 is not feasible anymore, since individual
outliers, which are expected when aligning more than Ąve thousand parameters, would essentially
trigger the deployment of a new geometry after each run. This would lead to a large frequency
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of geometry updates, which are only based on statistical Ćuctuations or on movements of small
individual structures, which have no signiĄcant impact on the track reconstruction. This problem
is solved by implementing a collective threshold logic per substructure of the pixel detector. In
this context, the substructures of the pixel detector distinguish between the different layers of the
BPIX and the different disks of the FPIX. The collective logic triggers an update of the geometry
if a given fraction of aligned ladders (modules) in at least one layer (disk) shows a signiĄcant
change above a given threshold in the same parameter type. The values for the thresholds as well
as the fractions used for the collective threshold for the six different parameter types are shown
in Tab. 4.2. The threshold values are kept unchanged compared to the set used in the online
alignment during Run 2 (cf. Tab. 4.1). The fraction parameters, however, have been optimized
based on dedicated long-term studies reanalyzing pp-collision runs of the 2018 data-taking period
using fraction values between 0 and 0.5. It has been observed, that the choice of the fraction
parameters has no signiĄcant impact on the performance of the alignment. To avoid updates of
the geometry triggered by each run while still keeping a reasonably large update frequency, a
fraction parameter of 0.25 is selected for all parameter types.

Table 4.2: Threshold values, threshold fractions and maximal movements for the BPIX and FPIX
structures used for the update logic of the automated online alignment employed
during Run 3. The values are shown for the six different parameter types.

Parameter Threshold Fraction Max. Movement BPIX Max. Movement FPIX

∆x 5 µm 0.25 150 µm 200 µm

∆y 10 µm 0.25 150 µm 200 µm

∆z 15 µm 0.25 150 µm 300 µm

∆θx 30 µrad 0.25 150 µrad 2000 µrad

∆θy 30 µrad 0.25 2000 µrad 5000 µrad

∆θz 30 µrad 0.25 150 µrad 1000 µrad

In the same long-term studies, the values for the maximal allowed movements were optimized
by analyzing the typical size of the movements derived in the HG online alignment. In contrast
to the setup used for Run 2, the thresholds for the maximal movements distinguish between
BPIX and FPIX, since larger and more frequent outliers have been observed in the alignment of
the individual FPIX modules compared to the BPIX ladders. While this difference is especially
present in the rotational parameters, for both types of structures, only small sensitivities for
rotations around the y-axis (∆θy) have been observed motivating the large values for the maximal
movements regarding this parameter. A check of movement uncertainties with respect to a
maximal threshold is currently not used in the veto logic.

Performance during Run 3

While all the components of the HG online alignment were in place for the beginning of Run 3 in
mid-2022, the Ąrst set of pp-collision runs of Run 3 was used to validate the performance of the
new alignment setup without enabling the automated deployment of geometry updates. During
this period, the automated deployments were still produced by the LG online alignment, allowing
for comparisons between the performance of the HG and LG online alignments. An example of
such a comparison is shown in Fig. 4.7, where the track-vertex residuals in the transverse plane
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are compared for the two alignment setups. In both validations, the geometries derived by the
HG online alignment show a signiĄcant improvement compared to the LG online alignment.

Figure 4.7: Mean track-vertex impact parameter in the transverse plane as a function of track
azimuthal angle (left) and track pseudorapidity (right) for a random pp-collision run
in 2022. The result for the HG online alignment is shown in blue and the result of
the LG online alignment, which was used for the automated deployment in this run,
is shown in black.

Similar improvements can be observed for the split DMR validation, which is shown in Fig. 4.8.
As expected, the ∆µ parameter for the BPIX is signiĄcantly reduced in the HG online alignment
due to the separation between modules with inward- and outward-pointing electric Ąelds. In the
FPIX, the main improvement is observed with respect to the width of the combined DMR, which
indicates a smaller residual misalignment in the HG online alignment. The difference between
the widths of the DMRs in the BPIX and FPIX for the HG online alignment can be explained by
the different granularities used for the alignments. While in the BPIX, ladders of eight modules
are aligned, in the FPIX, the alignment is performed for individual modules allowing for a more
precise correction of the geometry.

Based on these comparisons, it was decided to activate the new HG online alignment includ-
ing the automated deployment of the geometry updates derived by the new HG setup. The
performance of the HG online alignment for the runs of the 2022 data-taking period after its
activation, which coincides with a technical stop of the LHC, can be seen in Fig. 4.9. For the
period before the technical stop, the alignment during data taking was derived based on the
LG online alignment and an additional manual offline alignment was required to cope with the
remaining misalignments. For the period after the technical stop, the performance of the HG on-
line alignment was sufficient to be used for the end-of-year re-reconstruction and no additional
manual offline alignment was performed. Using the revised update and veto logic introduced
above, new geometries have been triggered by about 45% of the nominal pp-collision runs3 in
2022, while the old setup employed during Run 2 only triggered updates in about 20% of the
runs.
The trend of the mean of the DMR in the FPIX shows a signiĄcant improvement introduced by
the activation of the HG online alignment. The validation for the LG online alignment yields a

3
Here, only runs after the activation of the new HG online alignment are considered.
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Figure 4.8: Distribution of median residuals for each module of the BPIX (left) and the
FPIX (right) for the local x′-direction measured for a random pp-collision run in
2022. The results based on distinguishing between modules with different orienta-
tions of the electric Ąeld are shown as dashed and dotted lines, while the solid lines
are based on the combined result. The mean and the width of the individual dis-
tributions as well as the difference between the mean of the two module types are
shown in the legend. The result for the HG online alignment is shown in blue and
the result of the LG online alignment, which was used for the automated deployment
in this run, is shown in black.

constant increase in the mean, while with the HG online alignment, a Ćat mean close to zero
can be achieved after the technical stop. This improvement in performance is mainly based on
increasing the granularity from half cylinders to individual modules in the FPIX. The largest
improvement can be found in the trend of the ∆µ parameter only taking the Ąrst layer of the
BPIX into account. Since this layer was replaced at the beginning of Run 3, a large impact of the
radiation effects is expected for this layer. This is conĄrmed by the signiĄcant decrease of ∆µ
as a function of the delivered integrated luminosity visible in the LG online alignment, which
is not able to account for the radiation effects. While the additional manual offline alignment is
able to recover the Ćat behavior before the technical stop, for the remaining runs, the HG online
alignment is able to cope with the radiation effects without any additional offline alignment. This
clearly indicates the improvement introduced by aligning the individual ladders of the BPIX in
contrast to considering only the two half barrels. In addition, also the trend of the RMS for the
vertex-track residuals shows a signiĄcant improvement introduced by the HG online alignment,
which supplies a quite stable performance across the luminosity range after the technical stop.

In summary, the performance during Run 3 shows that the new HG online alignment can absorb
the residual radiation effects, as intended, by using a higher granularity and providing more
frequent updates compared to the online alignment employed during Run 2. In addition, the
necessity of manual offline alignments can be signiĄcantly reduced by the HG online alignment.
However, the new online alignment is not able to completely replace the offline alignments, since
the outer strip detector is not aligned and so far there is no method implemented to reduce the
impact of weak modes by including specialized data sets (cf. Sec. 4.3). These two points could
be potential goals for further developments of the online alignment.
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4.3 Automated alignment in the Prompt Calibration Loop

Figure 4.9: Different trends of validation parameters as a function of the delivered integrated
luminosity [115]: Mean of the DMR derived for the FPIX (top). Difference between
the means of the DMRs for modules with inward- and outward-pointing electric
Ąelds derived for layer 1 of the BPIX (center). RMS of the vertex-track residual in
the transverse plane as a function of the track azimuthal angle (bottom). In all trends,
the results from the LG online alignment (black), the HG online alignment (blue)
and an offline alignment (red) are shown. The activation of the HG online alignment
and the updates of the pixel calibration are indicated as yellow- and grey-dashed
lines, respectively.
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In this thesis, proton-proton (pp) collision data recorded by the CMS detector are used to derive
differential cross section measurements for the tt process in the dileptonic channel. The collision
data have been collected over a period of three years using different sets of high-level triggers
matching the targeted event signatures. In addition to the recorded data, Monte Carlo (MC)
simulation is employed in many parts of this analysis, e.g., to predict contributions from non-tt
SM processes, to correct for detector effects such as resolution or acceptance or to interpret the
Ąnal cross section results. The recorded pp-collision data sets and the corresponding high-level
triggers used to collect these data are summarized in Sec. 5.1. The different steps towards a
reliable Monte Carlo simulation and the simulated data sets used in this analysis are brieĆy
introduced in Sec. 5.2. In the last part of this chapter (Sec. 5.3), the estimation of trigger
efficiencies and the difference between the efficiencies in recorded data and simulation, which is
one of the main corrections applied to the simulated samples, are discussed.

5.1 Triggers and primary data sets

The pp-collision data analyzed in this thesis were recorded by the CMS detector in the period
between 2016 and 2018, during which the LHC provided pp collisions at a center-of-mass energy
of

√
s = 13 TeV. The data set combined across the three years corresponds to a total inte-

grated luminosity of 138 fb−1 [116Ű118]. To consider different detector setups and data-taking
conditions, the recorded data set is split into four separate data-taking periods, whose partial
integrated luminosities are listed in Tab. 5.1. The collision data recorded in 2015, which corre-
spond to about 2 fb−1, are not used in this analysis. The data set recorded in 2016 is split into
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two separate data-taking periods motivated by a change of detector settings related to the strip
tracker readout [119, 120]. At the beginning of 2016, inefficiencies in the hit detection by the strip
tracker were observed. These inefficiencies were caused by the higher instantaneous luminosity,
which resulted in a saturation of a readout chip used in the strip tracker. The efficiency was fully
recovered by adapting the settings of the so-called PreampliĄer Feedback Voltage Bias (VFP).
To take this change into account, the recorded data set as well as the simulated samples are split
into a period before the change (2016preVFP) corresponding to about 19.5 fb−1 and a period
after the change (2016postVFP) corresponding to about 16.8 fb−1.

Table 5.1: Integrated luminosity and corresponding uncertainty for each of the four data-taking
periods [116Ű118].

Period Int. Luminosity [fb−1] Uncertainty [%]

2016preVFP 19.52 1.2

2016postVFP 16.81 1.2

2017 41.48 2.3

2018 59.83 2.5

Run 2 137.64 1.6

While all four data-taking periods are based on the same collision energy, the instantaneous
luminosity differs signiĄcantly between the periods [87], leading to different pileup distributions,
as shown in Fig. 3.2. Here, the largest differences can be observed between both 2016 periods,
which yield a mean pileup of 27 collisions per bunch crossing, and the 2017/2018 data-taking
periods, which show on average 37 to 38 collisions per crossing.
The collision data analyzed in this thesis are selected according to the latest list of runs and
lumisections1 certiĄed as Ťgood for physics analysisŤ [121]. This certiĄcation is only granted if
all subdetectors and triggers as well as physics objects, introduced in Sec. 6.2, show a reason-
able performance. Furthermore, the latest and most precise set of calibrations, alignments and
corrections, also known as legacy reprocessing, is applied to the data analyzed in this thesis.

A variety of different high-level triggers are used to collect the collision data. The triggers
are mainly selected to match the expected event signature of two charged leptons (electrons or
muons) produced by tt processes in the dileptonic channel. The transverse momentum thresholds
employed in these dilepton triggers range from 17 to 23 GeV for the leading lepton and from
8 to 12 GeV for the subleading lepton depending on the lepton Ćavor and data-taking period. For
all dilepton triggers, different sets of additional requirements are imposed. These requirements
are, for example, based on the lepton isolation, identiĄcation criteria related to the track or
calorimeter entries, constraints on the maximal longitudinal impact parameter or lower bounds
on the invariant dimuon mass to reduce contributions from low-mass resonances like J/ψ. To
account for potential inefficiencies of the dilepton triggers, a selection of single-lepton triggers is
employed. Here, the requirements on the transverse momentum range between 24 and 27 GeV
for muons and between 27 and 32 GeV for electrons. In addition to the lepton triggers, also
denoted as signal triggers, triggers based on the missing transverse momentum are used for the
estimation of the trigger efficiencies, which is further discussed in Sec. 5.3. The complete set of
high-level triggers employed in this analysis can be found in Appx. 1.
Depending on the sets of triggers, which require similar high-level objects, the recorded data sets
are divided into individual primary data sets (PDs), also known as data streams. In this analysis,

1
One lumisection corresponds to approximately 23 seconds of data-taking [114].
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the DoubleMuon, the DoubleEG
2 and the MuonEG PDs containing dimuon, dielectron and

electron-muon triggers, respectively, are analyzed. To increase the overall trigger efficiency, events
from the SingleMuon and SingleElectron PD collected by the corresponding single-lepton
triggers, but not selected by the employed dilepton triggers, are taken into account. In addition,
the Met PD is used to provide event samples collected with independent pmiss

T -triggers, which
are used in the measurement of the trigger efficiencies discussed in Sec. 5.3. The full list of PDs
for all four data-taking periods including the paths used to access the data sets via the CMS
data set bookkeeping service (DBS) [122] can be found in Appx. 2.

5.2 Monte Carlo simulation

The simulation of the SM tt process as well as other SM processes [123], which contribute to
the background considered in this analysis, plays a large role in the measurement of the tt cross
section. The applications of simulated event samples include the estimation of SM background
contributions, the correction of detector effects and the interpretation of the Ąnal cross section
results. All these parts of the analysis rely on an accurate simulation of the given processes,
which usually contain hundreds of particles in the Ąnal state, whose momenta range across
many orders of magnitude. The simulation of such events is split into different steps according
to the scale of momentum transfer. The highest scales are covered by the hard process. At
smaller scales, the parton shower followed by a potential hadronization of produced particles
has to be taken into account. In addition, contributions to the Ąnal state not originating from
the hard process, also known as underlying event, have to be generated. Finally, the interactions
between the particles and the detector material resulting in the detector response are produced
by a dedicated detector simulation. In all of these steps, which are brieĆy introduced in the
following, several Monte Carlo techniques are employed to generate the different ingredients of
a simulated event.

5.2.1 Hard process

The core of the event generation is given by the simulation of the hard process, which corresponds
to the subprocess with the largest momentum transfer. The hard process describes the interaction
between partons, which are the constituents of the colliding protons. The cross section of the
hard process can be derived based on the factorization theorem, as given by Eq. (2.16), using
the parton distribution functions (PDFs) for the incoming partons as well as a parton-level cross
section σ̂ of the process of interest. The parton-level cross section for producing a Ąnal state n
from the incoming partons a and b is given by an integral over the phase space of the Ąnal state:

σ̂ab→n(ŝ,µF ,µR) ∼
∫

1

2ŝ
♣Mab→n♣2(Φn,µF ,µR)dΦn , (5.1)

where Φn denotes the Ąnal-state phase space, ŝ corresponds to the partonic center-of-mass
energy and M is the matrix element (ME) of the hard process, also called amplitude, which
depends on the factorization scale µF and the renormalization scale µR. Since the integral
can get rather involved due to the complexity of the Ąnal state, it is usually solved based on
Monte Carlo sampling methods. The matrix element itself can be described by perturbation
theory in the strong coupling constant αs. The accuracy of the matrix element is given by the
order in αs. In this analysis, simulated samples based on matrix elements, where the leading

2
For the 2018 data-taking period, the DoubleEG PD and the SingleElectron PD are replaced by the
EGamma PD containing electron- and photon-related triggers.
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order (LO) and next-to-leading order (NLO) in αs are considered, are used. While in general, the
factorization theorem holds to all orders in perturbation theory, simulating the hard process up
to NLO becomes much more involved, since additional virtual- and real-emission contributions
have to be taken into account. The additional contributions introduce ultraviolet and infrared
divergences, which have to be absorbed, and increase the complexity of the combination between
the hard process and the parton shower due to the additional emissions considered in the matrix
elements. While simulations based on NLO matrix elements have been made available for some
of the main SM processes, such as Drell-Yan or tt production, more complex SM processes are
still described based on LO ME simulation. To improve the accuracy of the LO simulation,
additional k-factors, which correspond to the ratio between the NLO and LO total cross section
of a given process, are applied to the overall normalization of the simulated samples.

The hard process in the simulated samples used in this analysis is provided by different ME gen-
erators. For the majority of the simulated samples the PowhegV2 [124Ű129] generator, which
supplies NLO matrix element computations, and the MadGraph5 aMC@NLO [130Ű132] gen-
erator, where the matrix element computation is performed either at LO or NLO, are used.
Both generators are not self-contained and have to be interfaced with a simulation of the
parton shower, hadronization and underlying event. In a few cases, the hard process is also
supplied by the Pythia8 [133] generator, which is self-contained and therefore contains said
additional steps. The parton distribution functions are provided by the NNPDF3.1 set [134]
computed at next-to-next-to-leading-order (NNLO) accuracy, which, based on the factorization
theorem (cf. Eq. (2.16)), can be also applied to LO and NLO ME simulation.

5.2.2 Parton shower, hadronization and underlying event

The simulation of the hard process includes only effects up to a Ąxed order in αs and is there-
fore not sufficient to describe the internal structure of jets or additional gluon emission. These
higher-order effects are simulated by dedicated parton shower algorithms. The algorithms are
formulated in an evolution of the momentum transfer from a scale Q associated with the hard
process down to a cutoff scale Q0, where perturbation theory breaks down and hadronization ef-
fects of the partons have to be taken into account. Within this range, successive gluon emissions
based on the corresponding probability distributions starting from the incoming and outgoing
partons, also known as initial-state radiation (ISR) and Ąnal-state radiation (FSR), are gener-
ated iteratively. The ordering of the emissions differs between different algorithms, which usually
employ an ordering based on the momentum transfer or the opening angle of the emission. For
the simulated samples used in this analysis, the parton shower is generated by the Pythia8 [133]
generator. Here, an ordering based on the momentum transfer is applied, but the gluon emis-
sions are generated with respect to color dipoles, which are given by parton pairs, instead of
individual partons.
The parton shower algorithms are based on approximations, which only cover the soft and
collinear emissions of gluons. Thus, hard wide-angle emissions, which are usually of interest,
have to be still included in the matrix element of the hard process. Combining both parts to get
an accurate description of different partonic states is a complex procedure, especially for NLO
matrix element generators, and problems like potential double counting or undercounting in spe-
ciĄc phase spaces have to be taken into account. For this task, different matching and merging
methods have been developed including the MLM [132] and FxFx [131] algorithms, which are
applied for the LO and NLO ME simulation, respectively, using the MadGraph5 aMC@NLO

generator, or the POWHEG method [124], which is used for the PowhegV2 generator.
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The transition from the partonic state produced by the parton shower to the hadronic Ąnal state
consisting of color-neutral hadrons is simulated in the hadronization step. Unlike the previous
steps, the hadronization can not be derived from Ąrst principles but has to be described by
QCD-inspired models. There are two different main classes of models describing the hadroniza-
tion [123], known as string models and cluster models.
The hadronization step for the samples used in this analysis is simulated by a string model. In
string models, the hadronization is based on linear color conĄnement (cf. Sec. 2.1.3), which oc-
curs at large distances between color-charged particles. The force Ąeld between a quark-antiquark
pair is described by a color Ćux tube also called string, which corresponds to a linearly rising
potential V (r) = κr, with κ ≈ 1 GeV/fm. For growing distance between the quark and anti-
quark (qq), the potential energy stored in the string increases up to a point where the energy is
large enough to produce a new quark-antiquark pair (q ′

q
′), which breaks the initial string but

introduces two new strings within the two color-neutral systems (qq
′ and q

′
q). If the invariant

mass of the systems is large enough, this process can repeat multiple times up to a point where
the energy is not sufficient to produce additional quark-antiquark pairs. At this point, each
color-neutral system corresponds to a hadron. The production of baryons is taken into account
by creating two diquarks in a string break instead of a quark-antiquark pair. The hadronization
step for the samples used in this analysis is implemented in the Pythia8 [133] generator based
on the Lund string model [135].

While all steps discussed so far are based on particles produced in the hard process, additional
contributions which are not connected to the hard process have to be covered by the MC sim-
ulation. Some of these contributions are summarized within the underlying event (UE), which
consists of two main sources. The Ąrst source, called multiple-parton interactions (MPI), de-
scribes additional soft parton-parton interactions which occur within the same proton-proton
collision. The second source covers the contribution originating from the beam remnants, which
do not interact in the hard process. For the samples used in this analysis, the UE contributions
as well as their impact on the color Ćow, known as color reconnection (CR), are modeled by the
Pythia8 [133] generator. Similar to the modeling of the hadronization, the contributions from
the UE and the impact of CR can not be derived from Ąrst principles but are described by phe-
nomenological models, whose set of adjustable parameters are optimized from comparisons to
data. The parameter set used in this analysis corresponds to the CP5 tune [136] taking different
CR models [137] into account. Other contributions not connected to the hard process correspond
to pileup interactions. Such contributions are simulated separately based on soft QCD processes
and overlayed with the simulation of the main pp collision.

5.2.3 Detector simulation

The simulation steps discussed in the two previous sections produce events at a stage before the
interaction with the particle detector, also known as generator level or MC truth, and are there-
fore independent of the experiment used for the recording of the collisions. The detector-speciĄc
part of the simulation is covered by the detector simulation, which for many high-energy exper-
iments, including the CMS experiment, is supplied by the GEANT4 toolkit [138]. The CMS
detector simulation based on this toolkit provides an accurate and comprehensive description of
the entire set of complex subdetectors and the magnetic Ąeld, discussed in Sec. 3.2.
The simulation is based on sets of physics models, which cover different processes across a wide
energy range from a few hundred eV up to TeV energies. These models describe the detector
geometry and detector material as well as the interaction between particles and the magnetic
Ąeld or the detector material, which can lead to the production of secondary particles. In ad-
dition, the detector response is generated by simulating hits and energy losses caused by the
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particles traversing the detector followed by a simulation of the electrical readout, also known as
digitization, and a simulation of the trigger response. Based on these last steps and the interface
of the detector simulation with the CMS software framework, simulated events, which contain
the same information as the events recorded in real pp collisions, can be generated. This enables
the comparison between simulated events and real events, whereas the simulated events also
include information regarding the generator level.

The full detector simulation is the most time-consuming step of the simulation chain and takes
between a few tens of seconds up to about 100 seconds depending on the type of simulated
event and computing hardware [139]. A faster detector simulation is provided by the CMS Fast
Simulation [140], which can speed up the detector simulation step by a factor of about 100.
However, since for this analysis, an accurate detector simulation is crucial (cf. Sec. 8), only the
full simulation based on the GEANT4 toolkit is used.

5.2.4 Simulated samples

In this analysis, different simulated samples describing the SM tt process, other SM background
contributions as well as a BSM process are employed at different steps of the analysis. For
most of these steps, a reasonable agreement between the simulated samples and the recorded
collision data is crucial. This calls for additional modiĄcations of the simulated samples, apart
from the generation of individual samples per data-taking period to match the corresponding
data-taking conditions. In this context, the number of additional pp collisions (pileup) considered
in the simulation is reweighted to match the pileup distributions observed in the recorded data,
shown in Fig. 3.2, based on a total inelastic pp cross section of 69.2 mb [141]. Here, contributions
originating from the same bunch crossing as well as contributions from the bunch crossing before
and after a triggered event are taken into account. To derive a proper estimation of events for a
given process with cross section σ in a given data set, the simulated events have to be weighted by

w =
σ · Lint

Ngen
, (5.2)

where Ngen denotes the total number of generated events in a sample and Lint corresponds to
the integrated luminosity of the recorded data set. As already pointed out in Sec. 5.2.1, the cross
sections used for this reweighting do not have to match the accuracy of the matrix element used
in the simulation process but can be based on higher-order predictions to improve the precision
of the normalization of the simulated sample. Additional weights taking into account the trigger
efficiencies as well as efficiencies regarding the identiĄcation of different objects, like leptons and
jets, are applied to the simulated samples and are further discussed in Sec. 5.3 and 6.2.

In the following, the details of the simulation and the normalization of the different samples used
in this analysis are summarized. The full list of simulated samples including the cross section
values used for their normalization can be found in Appx. 3.

tt(ll): Simulations of the main process of interest given by tt events where both W bosons
decay leptonically are used in several parts of the analysis, including, e.g., the correction of
detector effects and the interpretation of the Ąnal results. The nominal sample used for this
process only contains events of the dileptonic decay channel (cf. Sec. 2.3.1) and is produced
using the PowhegV2 generator based on NLO ME accuracy. Events, where at least one of the
W bosons decays to a τ lepton are removed from the samples and included in the tt other con-
tribution discussed below. An alternative simulation, where the hard process is generated by
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the MadGraph5 aMC@NLO generator at NLO accuracy, is used as additional independent
simulation. In the alternative simulation, all tt decay modes are included but only events of the
dileptonic channel are selected based on generator-level information, which reduces the avail-
able statistical precision of the alternative simulation compared to the nominal dileptonic tt
sample. Both samples are normalized using cross sections derived at NNLO accuracy including
the next-to-next-to-leading-logarithm (NNLL) [142Ű146] by the Top++ [69] program assum-
ing a top-quark mass of 172.5 GeV. For the nominal simulation, this cross section is multiplied
by the corresponding leptonic branching fractions [37]. In addition, k-factors as a function of
the top-quark pT based on ratios between NNLO QCD + NLO EWK calculations [147] and the
nominal signal simulation described above, are applied to all tt samples [148]. To derive system-
atic uncertainties connected to the simulation of this process and tt processes with other Ąnal
states, additional simulated samples are used, as further discussed in Sec. 9.2.

tt other: This SM background contribution summarizes all tt processes, which do not match
the signal process of interest introduced above, namely the all-hadronic and semileptonic decay
channel as well as tt events where at least one of the W bosons decays to a τ lepton. For all
processes, the ME is generated at NLO using the PowhegV2 generator. Similar to the signal
process, the samples are normalized using cross sections derived at NNLO+NNLL accuracy by
the Top++ [69] program and applying the corresponding branching ratios [37].

Single top: Contributions from single top events are split into three different production chan-
nels. The largest contributions arise from single top production in association with a W bo-
son (tW), where the samples are generated at NLO accuracy using the PowhegV2 generator
without taking fully hadronic decays of both W bosons into account. The same generator is
used for simulating the t-channel production, while the production via the s-channel is gen-
erated by the MadGraph5 aMC@NLO generator at NLO accuracy. For the tW produc-
tion and the t-channel production, separate samples for top and anti-top production are used.
The cross section applied for the normalization of the tW sample is derived at approximate
NNLO [149, 150] taking the corresponding branching fractions of the W boson into account. For
the samples covering the t-channel and s-channel, cross sections at NLO accuracy derived with
the HathorV2.1 [151, 152] program are applied. Due to the NLO accuracy used in the simula-
tion of the ME for the tW process, potential overlap between the tt process and the tW process
has to be taken into account, which is further discussed in Sec. 5.2.5. Unless otherwise stated,
the diagram removal scheme is used to describe the tW process.

DY+jets: Contributions from Drell-Yan (DY) production are simulated in two separate in-
variant mass regions of the two leptons, where the lower region includes the range between
10 and 50 GeV and the higher region covers the mass range above 50 GeV. For both regions, the
MadGraph5 aMC@NLO generator at NLO accuracy is used. In both samples, the process is
simulated in association with up to two additional partons at the ME level and only leptonic
decays of the Z/γ∗ are considered. The normalization is based on NNLO QCD + NLO EWK
cross sections derived with FEWZ3.1 [153, 154] and NLO cross sections derived by the Mad-

Graph5 aMC@NLO generator for the high mass and the low mass region, respectively.

Diboson: This contribution combines the simultaneous production of two vector bosons given
by the WW, WZ and ZZ processes. For each of the processes, an individual sample is gener-
ated based on the Pythia8 generator at LO accuracy. The samples are normalized using cross
sections derived at NNLO accuracy [155] for the WW process and at NLO accuracy with the
MCFM6.6 [156, 157] program for the remaining two processes.

ttW/Z: Contributions from tt production in association with a vector boson (W, Z) are simu-
lated at NLO accuracy using the MadGraph5 aMC@NLO generator. For both contributions,
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individual samples for the leptonic and hadronic decay of the vector boson are generated. The
cross sections used for the normalization of the samples are based on NLO accuracy and are
provided by the MadGraph5 aMC@NLO generator.

W+jets: Contributions from W boson production in association with jets are simulated with
up to four additional partons at LO accuracy using the MadGraph5 aMC@NLO generator.
Here, only the leptonic decay of the boson is taken into account. The sample is normalized based
on a cross section at NNLO QCD + NLO EWK accuracy provided by the FEWZ3.1 program.

BSM: One simulated sample of the stop-pair production, shown in Fig. 2.9, with a stop mass
of 525 GeV and a neutralino mass of 350 GeV, available with the full CMS detector simu-
lation, is used in this analysis. The sample is generated at LO accuracy using the Mad-

Graph5 aMC@NLO generator. The cross section used for the normalization is derived at
approximate NNLO+NNLL accuracy using the NNLL-fast [158, 159] program.

5.2.5 Interference between tW and tt

Contributions from single top production in association with a W boson (tW) are simulated
based on NLO accuracy at the ME level. Due to the additional real emission generated by the
NLO ME, the tW process can produce a Ąnal state, which is identical to the Ąnal state of the
tt process given by two top quarks and two W bosons. The corresponding diagrams for both
processes leading to the identical Ąnal state are shown in Fig. 5.1. In the single-resonant case,
the second bottom quark is produced by additional emission, while for the double-resonant case,
the invariant mass of the second Wb system is close to the top-quark mass leading to an on-shell
top-quark propagator and therefore to a tt process at LO.

Figure 5.1: Example diagrams for the single-resonant (left) and the double-resonant (right) con-
tribution to the WWbb Ąnale state.

While in the NLO tt simulation, only the double-resonant contributions are generated, the NLO
simulation of the tW process includes both types of contributions, which can lead to a potential
double counting of events. In addition, potential interferences between both contributions are
not correctly taken into account when using two separate samples for tt and tW. The combined
amplitude squared of both contributions can be written as

♣M♣2 = ♣MtW + Mtt ♣
2 = ♣MtW ♣2 + 2Re(MtWM⋆

tt) + ♣Mtt ♣
2 , (5.3)

where MtW and Mtt denote the amplitudes of all single-resonant and all double-resonant con-
tributions, respectively. The interference between both types of contributions is introduced by
squaring the combined amplitude.
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To avoid the problems described above, two different techniques called diagram removal (DR)
and diagram subtraction (DS) [160, 161] are applied in the NLO tW simulation. In the DR ap-
proach, the double-resonant contributions given by Mtt are completely removed from the
tW calculation at NLO leading to an amplitude given by ♣M♣DR = ♣MtW ♣, which is not
gauge-invariant and does not include the interference between both types of contributions. In
the DS approach, a local counterterm is added to suppress the double-resonant contributions
when the invariant mass of the second Wb system (MWb) approaches the top-quark mass:

♣M♣2DS = ♣MtW + Mtt ♣
2 − Ctt(pi) with Ctt(pi) = f(MWb)♣Mtt(qi)♣

2 . (5.4)

The counterterm Ctt is a function of the momenta of the external particles pi and is given
by a product of a function f , which equals unity for MWb = mt , and the double-resonant
contributions with reshuffled external momenta qi. The reshuffling of the external momenta
is required to ensure that Mtt(qi) always describes an exactly double-resonant conĄguration.
For f , a ratio of two Breit-Wigner functions is used. This approach is gauge-invariant and takes
the interference between both types of contributions into account, but also leads to problems
with the appropriate cancellation of collinear singularities [160].

The two different approaches introduced above can lead to signiĄcant differences in the simu-
lation of the tW background process, as observed for the normalized distribution as a function
of the generated pmiss

T (cf. Sec. 6.2.6) shown in Fig. 5.2. While both schemes agree up to a gen-
erated pmiss

T of around 140 GeV, the simulation based on the DR scheme yields a signiĄcantly
harder spectrum compared to the DS scheme for the phase space above 140 GeV.
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Figure 5.2: Normalized distribution as a function of the generated pmiss
T comparing the sin-

gle top simulation based on the diagram removal (red) and the diagram subtrac-
tion scheme (green) for the 2018 data-taking period. Contributions from the t- and
s-channel production agree between both results. The lower part shows the ratio
between both methods. The error bars indicate the statistical uncertainty of the cor-
responding simulated sample.

To account for the differences observed in the generated pmiss
T spectrum in the Ąnal cross section

measurements, two different options are considered: The Ąrst option corresponds to adding an
additional uncertainty to the measurement, which takes the difference between both schemes
into account. However, given that both descriptions of the tW process are not fully accurate, this
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option would introduce a rather artiĄcial uncertainty. The second option, which is pursued in the
present analysis, introduces a second set of measurements, where the tW process is described
based on the DS scheme rather than the DR scheme. Based on this option, two well-deĄned
sets of measurements, which emphasize the impact of the description of the tW process on the
measurements, can be provided and studied.
A fully accurate description of both contributions can be achieved by the BB4L generator [162]
which combines both contributions at ME level including the correct interference as well as
off-shell effects and top-quark decays at NLO. Adequate simulated samples generated by this
generator were not available within the scope of this thesis. However, for future measurements
of the tt cross section, the use of the BB4L generator should be considered.

5.3 Trigger efficiencies

The collision data analyzed in this thesis are collected by a variety of different single-lepton
and dilepton triggers, as discussed in Sec. 5.1. The same set of triggers is also available in the
MC event samples, where the trigger response is simulated as part of the detector simulation.
Thus, identical trigger selections can be applied to the collision data and the simulated event
samples. However, potential differences in the trigger efficiencies between data and simulation
have to be taken into account and corrected. Therefore, trigger efficiencies are separately mea-
sured for data and simulation. Based on the measured trigger efficiencies, scale factors correcting
the efficiencies in the trigger simulation are derived taking different sources of systematic uncer-
tainties into account.

5.3.1 Efficiency measurement

The trigger efficiency measurement is performed based on events selected by a set of pmiss
T -baseline

triggers (cf. Appx. 1), whose efficiency should be independent of the single-lepton and dilepton
triggers of interest. Potential correlations between both sets of triggers are taken into account
by applying an additional systematic uncertainty as discussed in the next section. The efficiency
measurement is performed separately for simulation, using the nominal tt signal sample, and
for data, where events from the Met PD are analyzed. To avoid any bias by additional selection
steps, the trigger efficiency is measured in a phase space that matches the full event selection
introduced in Sec. 6.3. In addition, the measurement is split between different data-taking peri-
ods and decay channels to account for the different trigger selections used. The trigger efficiency
for a set of events is based on

ε =
Nevt(baseline ∩ selection ∩ signal)

Nevt(baseline ∩ selection)
, (5.5)

where the nominator is given by events, which pass the set of baseline and signal triggers and
fulĄll the event selection, while for the events in the denominator, the requirement regarding
the signal triggers is not enforced. The efficiency in the same-Ćavor channels is measured as a
function of the transverse momentum of the leading and subleading lepton, where the former
corresponds to the lepton with a larger pT. For the e±µ∓ channel, the measurement is also
performed in bins of lepton pT, but separating the leptons by Ćavor.
In Fig. 5.3, examples of the measurement performed based on the 2018 data-taking period are
shown. For all three channels, a constant efficiency above 95% across most parts of the considered
pT-range is observed in data and simulation. Only at low-pT bins, smaller inefficiencies caused
by the momentum threshold of the lepton triggers, also known as turn-on effect, which are of
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5.3 Trigger efficiencies

the same order in data and simulation, can be found. In general, a good agreement between the
efficiencies measured in data and simulation across the considered momentum range is observed.
The entire set of results as a function of lepton pT including the measurements for the remaining
data-taking periods, which show similar behavior as discussed above, can be found in Appx. 4.
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Figure 5.3: Signal trigger efficiencies for 2018 measured in data (black) and simulation (red) for
the e+e− (top left), µ+µ− (top right) and e±µ∓ (bottom) channel. The efficiencies
are shown as a function of the leading lepton pT for the same-Ćavor channels and
as a function of the electron pT for the e±µ∓ channel. In the legend, the overall
efficiencies for data and simulation are given. The vertical lines correspond to the
asymmetric statistical uncertainties derived using Clopper-Pearson intervals [163].
The last bin in each distribution corresponds to an overĆow bin.

5.3.2 Scale factors

Even though the differences between the trigger efficiencies in data and simulation are small,
scale factors (SFs) based on the ratios of the efficiencies are derived to correct the trigger
response in the simulated samples. Similar to the measurement of the efficiencies, the scale
factors are constructed as a function of lepton pT and are split between different lepton channels
and data-taking periods. The SFs derived for the 2018 data-taking period including their total
uncertainties are shown in Fig. 5.4. For all three lepton channels, SFs close to unity across the
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entire phase space are observed conĄrming the good agreement between the efficiencies measured
in data and simulation. The SFs for the remaining data-taking periods can be found in Appx. 4.
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Figure 5.4: Trigger scale factors for 2018 derived for the e+e− (top left), µ+µ− (top right) and
e±µ∓ (bottom) channel. The SFs are shown as a function of leading and subleading
lepton pT or electron and muon pT. The values of the SFs including their total
uncertainties for each bin are visualized by black digits.

The uncertainties derived for the SFs are based on four different sources, which are further
discussed in the following. The total uncertainty, which, similar to the individual contributions,
strongly depends on the lepton channel and data-taking period, ranges between 0.2 and 4.8%
across different lepton-pT bins. The impact of the scale-factor uncertainties on the Ąnal cross
section results can be found in Sec. 9.3.

Run era dependencies cover potential differences between individual run eras within the
same data-taking period, which can originate from different trigger combinations used for the
eras (cf. Appx. 1) and from changes in the data-taking conditions within the same period. The
corresponding uncertainty is derived by measuring the SFs individually for each run era and
comparing the luminosity-weighted combination of the individual SFs with the nominal result
per bin. This uncertainty varies between 0.1 and 0.6%.

Phase space dependencies are derived to evaluate differences in the trigger efficiencies caused
by other observables than the lepton pT. Here, the SFs are derived individually for six different
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phase space regions given by Njets < 3 vs. Njets ≥ 3, pmiss
T < 150 GeV vs. pmiss

T ≥ 150 GeV and
NPV < 30(25) vs. NPV ≥ 30(25), where the relaxed cut on the number of primary vertices NPV

is used for both 2016 data-taking periods, which contain less pileup. The Ąnal contribution from
this uncertainty is derived per bin based on the largest difference between the SFs derived for
the different phase spaces and the nominal SFs and varies between 0.1 and 4.0%.

Trigger correlations between the lepton signal triggers and the pmiss
T -baseline triggers used

for the efficiency measurement could affect the SFs. Their impact is estimated by deriving the
correlation between both trigger sets in simulation based on

α =
εlep · ε

p
miss

T

ε
lep+p

miss

T

, (5.6)

where εlep and ε
p

miss

T

denote the efficiencies of the signal and baseline triggers, respectively and

ε
lep+p

miss

T

corresponds to the efficiency of requiring both trigger sets. These efficiencies are derived

in simulation without the use of another independent set of baseline triggers. The bin-wise
uncertainty due to the trigger correlation is given by

σcorr = (1 − α) · Snom , (5.7)

where Snom denotes the nominal scale factor. While for a few bins, this contribution is negli-
gible, for the remaining bins it can range up to 0.4%, with the largest impact observed in the
e+e− channel.

Statistical uncertainties include the impact of the limited statistics available in the data sets
and simulated samples used for the efficiency measurement. The uncertainty is derived based on
Clopper-Pearson intervals [163] and varies between 0.1 and 3.0%, where the largest contributions
originate from the available statistics in the Met PD.
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Event reconstruction and selection
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The various particles produced in the pp collisions recorded by the CMS detector introduce
different electrical signals in different parts of the detector. These signals are combined to re-
construct the initial physics objects produced in the collisions. This task is performed by the
particle-Ćow (PF) algorithm [164], which is further introduced in Sec. 6.1. The objects recon-
structed by the PF algorithm have to fulĄll different sets of identiĄcation criteria, which depend
on the particle type, to increase their selection efficiency and reduce contributions from misiden-
tiĄed objects. This step is discussed in Sec. 6.2. Based on the identiĄed objects and further
global observables, an event selection aiming to collect dileptonic tt events is deĄned in Sec. 6.3,
followed by Ąrst comparisons between the recorded data and event simulations.

6.1 Particle flow algorithm

The complex design of the CMS detector, which includes a large magnetic Ąeld, a highly-granular
tracker, a highly-segmented ECAL and a hermetic HCAL as well as a precise muon tracking
system, allows for a particle-Ćow reconstruction algorithm to be applied for the Ąrst time at
a hadron collider [164]. Unlike previous reconstruction algorithms used at hadron colliders,
the PF algorithms take advantage of the correlations between signals in different subdetectors
leading to an improved event description. In a Ąrst step, PF elements consisting of tracks re-
constructed in the inner tracker, clusters of calorimeter entries and signatures from the muon
system are derived. In a second step, the PF elements from different subdetectors are linked
using a set of requirements, creating PF blocks. In the Ąnal step, the physics objects, also called
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PF candidates, which include muons, electrons/photons as well as charged and neutral hadrons,
are reconstructed within each individual PF block. This procedure is sketched in Fig. 6.1. In the
following, the three different steps are brieĆy introduced, while the speciĄcities of the electron
and muon track reconstructions are discussed in Sec. 6.2.2 and 6.2.3, respectively.

Figure 6.1: Sketch of the procedure applied by the particle Ćow algorithm [165]. On the left, the
individual entries in the tracker (black), ECAL (green), HCAL (violet) and muon
system (red) are visualized. The physics objects reconstructed by the PF algorithm
based on the detector entries are shown on the right and include charged and neutral
hadrons, photons, electrons and muons.

Trajectories

The hits produced by charged particles traversing the pixel and strip detector are used to re-
construct the corresponding trajectories within the tracker system. For the reconstruction, a
combinatorial track Ąnder based on Kalman Filtering [166] is applied. The track Ąnder con-
sists of three steps starting with generating track seeds from a few neighboring hits, which are
compatible with a charged-particle track hypothesis. Based on the seeds, pattern recognition
techniques are used to gather additional matching hits from all tracker layers. In the last step,
a Ąnal trajectory Ąt is performed combining all gathered hits to derive the origin, transverse
momentum and the direction of the trajectory.
To increase the overall tracking efficiency, the track Ąnder is applied in an iterative way starting
with stringent quality criteria enforced in the three steps of the track Ąnding. For the subsequent
iterations, the hits associated with tracks by earlier iterations are masked and reduced quality
criteria in the track Ąnding are applied. With this iterative procedure, a signiĄcantly higher pu-
rity in the track reconstruction can be achieved compared to a procedure with one iteration and
relaxed quality criteria, which would lead to large contributions from random hit combinations.

Calorimeter clusters

The entries in the calorimeters are clustered to determine the energy and direction of neutral
particles (photons and neutral hadrons) as well as to reconstruct the electron energy taking
potential photons produced via bremsstrahlung into account and to improve the energy mea-
surement of charged hadrons. For this, a dedicated clustering algorithm is applied separately
for ECAL and HCAL clusters. In a Ąrst step, cluster seeds are generated based on calorimeter
cells with an energy above a given threshold and above the energy recorded by neighboring
cells. Here, neighboring cells correspond to four cells, which share one side with the seed candi-
date, and eight cells, which share at least one corner with the cell candidate, in the ECAL and
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HCAL, respectively. Starting from the cluster seeds, topological clusters are formed by adding
cells, which have an energy above twice the noise level and share at least one corner with a cell
already in the cluster. Finally, individual clusters within a topological cluster are reconstructed
by an expectation-maximization algorithm and used as PF elements. Within this algorithm, a
model postulating N Gaussian energy deposits in a topological cluster with N cluster seeds is
employed. The Ąnal energy and position of an individual cluster are then given by the parameters
of the corresponding Gaussian function.

Linking and identification

Particles traversing the detector should usually be the origin of multiple PF elements, e.g.,
charged hadrons producing tracks and HCAL clusters, which motivates a linking between in-
dividual PF elements. For this task, a linking algorithm is employed which checks potential
links between neighboring elements with respect to the ηϕ-plane and yields a link distance be-
tween linked elements taking the quality of the link into account. Links between trajectories
and calorimeter clusters are produced based on the extrapolation of the trajectory from its last
measured hit. A link is accepted if the extrapolated track lies within the cluster area and the
link quality is deĄned by the distance between the cluster position and the extrapolated track. If
a track can be linked to multiple clusters, only the link with the smallest distance is kept. Links
between ECAL and HCAL clusters are generated if the ECAL cluster position lies within the
cluster envelope of the HCAL cluster. The quality of the link is given by the distance between
the two cluster positions. In case of multiple potential links for the same ECAL cluster, only the
link with the smallest distance is kept. The last type of links is given by links between trajecto-
ries and entries in the muon system, which are further discussed in Sec. 6.2.3. As a result of the
linking algorithm so-called PF blocks are produced, which contain directly- and indirectly-linked
PF elements.
Based on the PF blocks, the Ąnal PF candidates are identiĄed iteratively per individual block,
while after each identiĄcation the corresponding PF elements are removed from the PF block.
First, muons are identiĄed based on links between trajectories and entries in the muon sys-
tem. In a second step, isolated photons and electrons are identiĄed based on ECAL clusters
and track-ECAL-cluster links, respectively. For the electron identiĄcation, contributions from
bremsstrahlung are taken into account. In the Ąnal step, neutral and charged hadrons as well as
non-isolated photons are identiĄed based on the remaining HCAL and ECAL clusters without
linked tracks and track-HCAL-cluster links.

6.2 Physics object reconstruction

The PF candidates produced by the PF algorithm build the base of the event selection aiming
to collect dileptonic tt events. Further selection and identiĄcation criteria are applied to the
candidates to improve the object reconstruction and reduce contributions from misidentiĄed
objects. Furthermore, additional physics objects such as jets or global event observables are
constructed based on the PF candidates and used in the event selection. The reconstruction
and identiĄcation steps for the physics objects used in this thesis1 are brieĆy introduced in the
following.

1
Photons are not discussed but further details on their reconstruction and identification can be found in [97].
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6.2.1 Primary vertex

For an accurate reconstruction of the pp collisions, the produced tracks and particles have
to be assigned to the different simultaneous interactions per bunch crossing. To do so, primary
interaction vertices are reconstructed based on the tracks of charged particles [167]. The primary
vertex reconstruction is performed in three individual steps. First, tracks that are consistent with
originating from the primary interaction region and being promptly produced are selected by
applying a number of quality criteria such as a minimum required number of hits associated with
a track. In the second step, the selected tracks are clustered according to their z-coordinates
closest to the beam spot, which corresponds to the center of the luminous region averaged over
several events. This task is performed by a deterministic annealing algorithm [168]. The last step
is based on applying an adaptive vertex Ątter [169] for vertex candidates, which have at least two
associated tracks, to reconstruct the exact position of the corresponding vertex. In this analysis,
only vertices with at least four associated tracks and a maximal radial and longitudinal distance
of 2 cm and 24 cm from the beam spot, respectively, are considered. The vertex of main interest
is the vertex whose associated tracks yield the largest sum of squared transverse momenta, also
known as leading vertex (LV). The remaining vertices correspond to pileup interactions, which
are not further analyzed.

6.2.2 Electrons

Electrons traversing the detector lead to tracks in the inner tracking system and associated clus-
ters in the ECAL motivating the general electron reconstruction employed by the PF algorithm.
Due to the signiĄcant thickness of the tracker system, the probability of electrons emitting pho-
tons via bremsstrahlung is large, which has to be taken into account in the reconstruction of
electron tracks and clusters [164]. In case of the ECAL clustering, radiated photons are consid-
ered by combining electron clusters with potential photon clusters from bremsstrahlung creating
so-called superclusters (SC). To account for the bent electron tracks in the longitudinal magnetic
Ąeld, which prefer potential radiation with small η- and large ϕ-distance from the electron direc-
tion, the superclusters are created with a small longitudinal but a large transverse acceptance. To
consider the impact of the radiation with respect to the electron tracks, the corresponding tracks
are reĄtted using a Gaussian-sum Ąlter (GSF) [170], which is better suited to handle tracks with
abrupt and large energy losses compared to the nominal iterative tracking introduced above.

To improve the reconstruction and to reduce the probability of misidentiĄed electrons, the
electron candidates used in this analysis have to fulĄll a set of additional criteria [97], whose
parameters are brieĆy introduced below and listed in Tab. 6.1. Furthermore, only electrons with
a transverse momentum of at least 15 GeV reconstructed up to ♣η♣ < 2.4 are considered. Due to
inefficiencies in the transition region between the barrel and endcap part of the ECAL, electrons
with 1.4442 < ♣ηSC♣ < 1.5660, where ♣ηSC♣ denotes the pseudorapidity of the ECAL supercluster,
are not taken into account.

♣∆ηseed♣, ♣∆ϕin♣ measure the distance between the track extrapolated to the ECAL with
respect to the cluster seed position in ∆η and with respect to the energy-weighted position of
the supercluster in ∆ϕ. Both observables quantify the agreement between the track and cluster
position and can reduce contributions from wrong PF links.

♣E−1
SC − p−1♣ considers the difference between the energy measured in the supercluster and

the track momentum derived in the inner tracker. For nearly massless electrons, where the
corresponding track and cluster are linked correctly, this difference should be small.
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σiηiη takes the width of the electromagnetic shower in the ECAL into account. It is derived
based on the distribution of the crystal energies with respect to their pseudorapidity for the
5 × 5 cells around the most energetic crystal in a SC. Requirements on this observable can
reduce the contributions from hadrons misidentiĄed as electrons or photons, which tend to
induce a broader electromagnetic shower than isolated electrons and photons.

H/E denotes the ratio of hadronic over electromagnetic energy. The nominator corresponds
to the energy deposited in the HCAL in a cone of ∆R < 0.15 around the SC direction. The
denominator is given by the energy of the electron candidate. Upper limits on this parameter can
reduce the contributions from misidentiĄed hadrons. Here, limits depending on the energy ESC

of the supercluster and the median transverse energy density ρ per unit area in an event are
used to account for different contributions from HCAL noise, pileup and leakage of EM showers
to the HCAL.

♣d0♣, ♣dz♣ denote the transverse and longitudinal distance of the reconstructed track to the
primary vertex, respectively. Requirements on these parameters, which are known as impact pa-
rameters, can reduce contributions from electrons originating from pileup or secondary vertices.

Nmiss, conv. veto correspond to criteria that reduce contributions from nonprompt elec-
tron/positron pair production. The signatures of such contributions usually contain tracks with
missing hits in the Ąrst layers of the tracking system, whose number is restricted in the electron
identiĄcation. In addition, a pixel conversion veto [171] aiming to identify electrons from photon
conversion is employed.

riso denotes the relative combined PF isolation, which takes contributions from the transverse
momenta of charged hadrons (Ich), photons (Iγ), neutral hadrons (In) and pileup (IPU) inside
a cone of ∆R < 0.3 around the electron direction into account. The isolation itself is deĄned by

riso =
[
Ich + max

(
0, In + Iγ − IPU

)]
/ET , (6.1)

where the maximization in the second summand is motivated by the fact that contributions from
neutral components, which can not precisely be associated with a vertex, have to be corrected
by pileup contributions. The transverse energy of the electron is given by ET.

Table 6.1: Additional criteria employed for the cut-based electron identiĄcation [172] for elec-
trons reconstructed in the barrel (left) and endcap region (right).

Parameter ♣ηSC♣ < 1.4442 ♣ηSC♣ > 1.5660

♣∆ηseed♣ < 0.00255 < 0.00501

♣∆ϕin♣ < 0.022 < 0.0236

♣E−1
SC − p−1♣ < 0.159 GeV−1 < 0.0197 GeV−1

σiηiη < 0.0104 < 0.0353

H/E < 0.026 + 1.15/ESC + 0.0324ρ/ESC < 0.0188 + 2.06/ESC + 0.183ρ/ESC

♣d0♣ < 0.05 cm < 0.10 cm

♣dz♣ < 0.10 cm < 0.20 cm

Nmiss ≤ 1 ≤ 1

conv. veto yes yes

riso < 0.0287 + 0.506/pT < 0.0445 + 0.963/pT
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Differences between the electron identiĄcation efficiencies in simulation and data are corrected by
applying dedicated scale factors [97, 173] to the simulated events, which are derived as a function
of the electron pT and the pseudorapidity of the ECAL supercluster using a tag-and-probe
method. To correct the energy measurement of the reconstructed electrons, scale corrections
based on multivariate regressions and comparisons between data and simulation are applied
to the electron energies [97]. Since the energy resolution observed in data and simulation does
not agree, the electron energies in simulation are additionally smeared to match the resolution
observed in data.

6.2.3 Muons

Muons are mainly identiĄed based on links between trajectories in the tracker and entries in
the muon system. However, in general, there are three different ways how muons are recon-
structed [101, 164]. Standalone muons are built based on entries in the muon system only. Here,
hits in the DTs and CSCs are clustered to muon track seeds. To gather hits in all three muon
detector types along the muon trajectory, pattern recognition based on a Kalman Ąltering tech-
nique is employed. Global muons are reconstructed by matching the standalone-muon tracks to
trajectories reconstructed in the inner tracking system. This matching is performed by comparing
the parameters of the two tracks propagated onto a common surface. For the Ąnal global-muon
track, the hits from both tracks are combined and the trajectory is reĄtted. Tracker muons are
built by inverting the logic used for the global muons. Here, inner tracks above a given mo-
mentum threshold are extrapolated to the muon system. A tracker muon is reconstructed if the
extrapolated track matches at least one segment2 in the muon system. The use of tracker muons
leads to an improved efficiency for muons with a transverse momentum below 10 GeV.

Since in this analysis, muons have to fulĄll pT > 15 GeV, only global muons are taken into
account. In addition, only muons reconstructed within the acceptance of the muon system given
by ♣η♣ < 2.4 are considered. Additional identiĄcation criteria applied to the reconstructed muons
are brieĆy introduced below and summarized in Tab. 6.2. The observables regarding the impact
parameters and the relative isolation match the deĄnition introduced in the discussion of the
electron reconstruction (cf. Sec. 6.2.2), except for small differences in the latter concerning the
correction of pileup contributions [101].

χ2/dof denotes the χ2 value per degree of freedom for the Ąt of the global-muon track. Limits
on this observable reduce the contributions from hadrons escaping the HCAL leading to entries
in the muon system (hadronic punch-through) as well as muons originating from the in-Ćight
decay of other particles.

Nµ
hits, Nµ

stat correspond to the number of hits in the muon system included in the global-muon
track and the number of muon stations, in which segments matched to the inner track are found,
respectively. The latter implies that the muon is also reconstructed as a tracker muon. These two
observables reduce the contributions from hadronic punch-throughs and wrong track-to-segment
matches.

Npixel
hits , Nlay denote the number of hits in the pixel tracker and the number of tracker layers

with a hit, respectively. For both observables, the hits are part of the inner track. While both
observables reduce muons from decays in Ćight, the latter also guarantees a precise measurement
of the transverse momentum in the tracker.

2
A segment corresponds to a straight-line part of a muon track built within each DT and CSC chamber.
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Table 6.2: Additional criteria employed for the muon identiĄcation [174]. No distinction between
muons reconstructed in the barrel or endcap region is applied.

Parameter χ2/dof Nµ
hits Nµ

stat Npixel
hits Nlay ♣d0♣ ♣dz♣ riso

Requirement < 10 > 0 > 1 > 0 > 5 < 0.2 cm < 0.5 cm < 0.15

Differences between the muon identiĄcation efficiencies in simulation and data are corrected by
applying dedicated scale factors [101, 175] to the simulated events, which are derived as a function
of the muon pT and the muon pseudorapidity using a tag-and-probe method. The momentum
measurements of the reconstructed muons are corrected and the momentum resolution for muons
in simulation is smeared to match the resolution observed in data. For this, dedicated calibrations
based on Z/γ∗ → µ+µ− events are performed [176, 177].

6.2.4 Jets

Hadronic showers produced by the hadronization of quarks and gluons contain multiple individual
particles. To properly reconstruct the initial quark or gluon, the individual particles given by
PF candidates are clustered and reconstructed as jets. In this analysis, jets clustered with the
anti-kT algorithm [178] provided within the FastJet [179] package are used. Similar to other
sequential recombination jet algorithms, two different distances are deĄned in the anti-kT algo-
rithm:

dij = min
(
k−2

T,i, k
−2
T,j

 ∆y2
ij + ∆ϕ2

ij

R2 and diB = k−2
T,i , (6.2)

where kT,i denotes the transverse momentum of particle i, while ∆y2
ij and ∆ϕ2

ij correspond to
the squared rapidity distance and azimuthal distance between particle i and j, respectively. The
parameter R deĄnes the radius of the jet cone and is set to 0.4 for jets used in this analysis.
The clustering itself is performed iteratively employing both types of distances. In each step,
the smallest distance is identiĄed. If the smallest distance corresponds to dij , the entities i and j
are clustered together and the distances are derived again. Once diB is the smallest distance,
entity i is found to be a jet and removed from subsequent clustering steps.
Before clustering the jets, contributions from pileup vertices have to be removed to avoid bias-
ing the clustering procedure. Here, two different methods known as charged-hadron substrac-
tions (CHS) [164] and pileup per particle identiĄcation (PUPPI) [180] are used. While for the
jets employed in this analysis, the CHS method is applied, the PUPPI method is introduced
further in the context of the missing transverse momentum in Sec. 6.2.6. In the CHS method,
charged hadrons, which are matched to vertices other than the leading vertex are removed from
the list of PF candidates before the jet clustering.

In this analysis, only jets with transverse momenta above 30 GeV reconstructed within ♣η♣ < 2.4
are taken into account. In addition, jets reconstructed within ∆R < 0.4 of a selected electron
or muon are removed to avoid any overlap between selected jets and leptons. Additional identi-
Ącation criteria [180], which mainly aim to reduce jets originating from noise or failures in the
reconstruction, are summarized in Tab. 6.3. For jets with pT < 50 GeV, further loose identiĄca-
tion criteria [181] discarding contributions from jets originating from pileup vertices, which are
derived based on multivariate techniques, have to be fulĄlled. In the 2018 data-taking period,
two HCAL modules were not available during the second half of the period affecting the jet
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reconstruction in the area deĄned by −1.57 < ϕ < 0.87 and −3.0 < η < −1.3. To avoid any bias
introduced by this malfunction, events that contain reconstructed jets with pT > 15 GeV in this
area are not considered in the affected period.

Table 6.3: Additional criteria employed for the jet identiĄcation [182] taking contributions from
different particle types to the jet energy and jet multiplicity into account.

Parameter Requirement

Neutral hadron energy fraction < 0.9

Neutral EM energy fraction < 0.9

Number of constituents > 1

Muon energy fraction < 0.8

Charged hadron energy fraction > 0

Charged multiplicity > 0

Charged EM energy fraction < 0.8

The energy of the jets, also denoted as jet energy scale (JES), is corrected in multiple steps
compensating different effects [183, 184] to achieve an improved agreement between the energy
of a reconstructed jet and the corresponding true jet. In a Ąrst step, pileup contributions from
neutral particles or charged hadrons not associated with any vertex are taken into account
event-by-event based on the effective jet area and the average energy density in the event.
These corrections are derived using simulation of QCD dijet events with and without pileup
overlay. Additional residual effects between data and simulation are taken into account based on
a random cone method. In a second step, the jet response as a function of pseudorapidity and
transverse momentum is corrected. Here, the corrections are derived by comparing the momenta
between reconstructed jets and the corresponding true jets in simulations of QCD dijet events.
In a last step, the remaining small differences in the jet energy response between data and
simulation are taken into account. Residual corrections derived based on simulations of QCD
dijet and multijet events as well as Z/γ∗ events are applied to jets in data. To match the jet
energy resolution (JER) in simulation to the reduced resolution observed in data, the resolution
of jets in simulation is smeared based on a matching between the reconstructed jet and the
corresponding jet clustered from generator-level particles [183, 185].

6.2.5 Heavy-flavor jets

The identiĄcation of heavy-Ćavor (HF) jets originating from b quarks is essential for the selec-
tion of tt events. Three main characteristics of heavy-Ćavor jets are usually employed in such
identiĄcations, also called heavy-Ćavor tagging [186], which in general hold for jets originating
from b and c quarks. The HF hadrons produced in these jets have signiĄcantly longer lifetimes
compared to light-Ćavor (LF) hadrons. The increased lifetime, which for b hadrons is of the or-
der of 1.5 ps, can lead to a signiĄcant Ćight distance of the HF hadrons before their decay. This
Ćight distance can be measured based on the reconstruction of secondary vertices, as sketched
in Fig. 6.2, using the inner pixel detector. The second characteristic is based on the larger mass
of b and c quarks compared to the LF quarks, which leads to a harder fragmentation. Thus,
HF jets tend to consist of particles, which on average have a higher transverse momentum rel-
ative to the jet axis. Furthermore, HF hadrons are much more likely to contain electrons and
muons in their decay chain. Hence, also the presence of charged leptons within a jet can be used
in the tagging of HF jets.
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Figure 6.2: Sketch of the identiĄcation of a heavy-Ćavor jet [186] based on the reconstruction of a
secondary vertex (SV), which is signiĄcantly displaced from the primary vertex (PV),
quantiĄed by the large impact parameter (IP). The tracks used for the reconstruction
of the SV are shown in red and violet.

In this analysis, the DeepJet tagger [187] is employed to tag jets originating from b quarks.
This HF tagger is based on multivariate techniques and uses a total of up to 650 low-level input
features, which, among others, also encode the three characteristics discussed above. In more
detail, the input features are split into global variables, which contain observables like the jet
kinematics and number of constituents in a jet, and into features containing information about
the charged and neutral PF candidates of the jet as well as features related to the secondary
vertices. The architecture of the DeepJet tagger includes combinations of convolutional, recurrent
and fully-connected layers and enables a multi-classiĄcation based on six output nodes. Here,
the tagger can distinguish between jets originating from b quarks, c quarks, LF quarks as well
as from gluons, which also enables the application as a c-jet tagger. The b-quark category is
further divided into three sub-categories with jets containing two b hadrons, a leptonically or a
hadronically decaying b hadron.
Within this analysis, the DeepJet tagger is operated at a loose working point, which yields a
probability of around 10% for jets from LF quarks and gluons to be misidentiĄed as b jets. For
jets from c quarks, this probability increases to around 40 to 45%, while for the b-tagging itself,
an efficiency of up to 95% is observed in simulated tt events.

Differences in the b-tagging efficiency between data and simulation are taken into account by
applying additional weights to the simulated events. The weights are derived based on the
probabilities for a given conĄguration of tagged and non-tagged jets in data and simulation [188].
These probabilities take analysis-speciĄc tagging efficiencies, which are derived on simulation and
depend on the true Ćavor of a jet, as well as centrally provided scale factors (SFs) per data-taking
period into account.

6.2.6 Missing transverse momentum

One of the main observables employed in this analysis is the missing transverse momentum,
as already discussed in Sec. 2.3.3. Before the collision, the incoming protons have a negligible
transverse momentum, which due to momentum conservation should also hold for the vectorial
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momentum sum of all particles produced in the same pp collision. Particles not detected by the
detector, such as neutrinos or BSM particles, which only interact weakly, introduce an imbalance
in this momentum sum, which can be quantiĄed by the missing transverse momentum:

pmiss
T =

∣∣∣p⃗miss
T

∣∣∣ =

∣∣∣∣∣−
N∑

i

p⃗Ti

∣∣∣∣∣ , (6.3)

where the sum runs over all particles reconstructed in an event. Thus, for a signature with
only one undetected particle, pmiss

T corresponds to the transverse momentum of the undetected
particle, while in general, pmiss

T equals the transverse momentum of the system of all undetected
particles. Since every reconstructed particle contributes to the sum in Eq. (6.3), the missing
transverse momentum is highly sensitive to the momentum resolution of different particle types.
Hence, mismeasurements of any kind as well as detector artifacts can have a large impact on the
pmiss

T reconstruction and have to be taken into account. Such contributions are also known as
fake pmiss

T , while contributions originating from weakly-interacting particles escaping detection
are called genuine pmiss

T .
In this thesis, four different reconstruction methods for the missing transverse momentum are
considered. One of these methods, also called DNN pmiss

T , has been developed within the scope
of this thesis and is discussed in detail in Sec. 7. The remaining three reconstruction methods
including applied corrections are introduced in the following:

Particle flow pmiss
T

This reconstruction of the missing transverse momentum [189], which is denoted as PF pmiss
T in

the following, is the most straightforward method and is entirely based on the use of candidates
reconstructed by the PF algorithm. Here, the sum in Eq. (6.3) runs over all PF candidates
reconstructed in a given event. In a following step, the result of this rather simple approach
is corrected based on the JES corrections introduced in Sec. 6.2.4. The JES corrections are
propagated by

p⃗miss
T = p⃗miss,raw

T −
∑

jets

(
p⃗ corr

T,jet − p⃗T,jet

)
, (6.4)

where p⃗miss,raw
T , p⃗ corr

T,jet and p⃗T,jet denote the uncorrected PF pmiss
T , the jet pT corrected by the JES

corrections and the uncorrected jet pT, respectively. For the sum, only jets with pT > 15 GeV
are considered and overlaps between jets and charged leptons or photons are taken into account.
The impact of these corrections, also known as type-1 corrections, is shown in Fig. 6.3. By
propagating the JES corrections, the pmiss

T response can be signiĄcantly improved.
A second set of corrections is applied to the PF pmiss

T in order to reduce modulations in ϕ(pmiss
T ),

which are observed with a period of around 2π and whose amplitude scales roughly linearly with
the number of observed vertices Nvtx. The potential cause of these modulations can be found
in anisotropic detector response, detector misalignment or the displacement of the beam spot.
Since in general the azimuthal distribution of pmiss

T should be Ćat, dedicated corrections as a
function of Nvtx are derived [190] and applied on top of the type-1 corrections.
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Figure 6.3: Left plot: Response of different pmiss
T reconstructions measured in γ+jets events as a

function of the photon transverse momentum qT [191]. The response is derived based
on a method taking the hadronic recoil parallel to the photon axis into account [189].
The response for the uncorrected (empty markers) and corrected (Ąlled markers) for
the PF (blue) and PUPPI (green) pmiss

T reconstruction are compared. Right plot:
Comparison between the PF pmiss

T spectrum of QCD dijet events in simulation and
recorded data with (black) and without (red) anomalous pmiss

T Ąlters applied [189].

PUPPI pmiss
T

An alternative reconstruction method of the missing transverse momentum is based on the
pileup per particle identiĄcation (PUPPI) [180], which aims to mitigate the impact of pileup on
observables of clustered hadrons, such as pmiss

T or jets. In this method, Eq. (6.3) is altered by
assigning a weight wi between 0 and 1 to each PF candidate, which rescales the corresponding
momentum in the sum. This weight quantiĄes the probability of a particle originating from
PU (wi = 0) or from the LV (wi = 1). For charged particles, the assignment of the weight is
straightforward and based on the association of the corresponding charged particle track with
the LV or a PU vertex. This weight assignment does not hold for charged hadrons without an
associated vertex. Here, the closest distance to the LV along the z-axis is taken into account. For
distances below (above) 0.3 cm, a weight of 1(0) is applied to the charged hadron. The main part
of the PUPPI algorithm is dedicated to the weight assignment for neutral particles, where the
local particle distribution around the particle of interest is taken into account. The probability
of a neutral particle i originating from a PU collision is encoded in

αi = log
∑

j ̸=i,∆Rij<R0

(
pT, j

∆Rij

)2{
for ♣ηi♣ < 2.5, j = charged particles from LV,

for ♣ηi♣ > 2.5, j = all reconstructed particles.
(6.5)

Here, the sum runs over all particles j in a cone of ∆R < 0.4 around the particle of interest i.
In the acceptance region of the tracker (♣η♣ < 2.5), only charged particles from the LV are taken
into account to describe the local particle distribution around particle i, while for the remaining
region all reconstructed particles are taken into account. Particles originating from a parton
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shower are expected to be surrounded by other particles from the same shower leading to a
large αi. This does not hold for particles, which are diffusely radiated from PU collisions. Based
on the observable αi, the weight wi is derived using an expected α distribution derived from
PU contributions in an event. Finally, an additional condition for neutral particles as a function
of Nvtx based on tuned parameters is applied to remove residual dependencies on the number
of interactions.
Similar to the PF reconstruction, additional corrections are applied taking into account the JES
corrections, where jets reconstructed based on the PUPPI algorithm are considered (cf. Fig. 6.3).
In addition, corrections regarding the ϕ(pmiss

T ) modulation, which are signiĄcantly smaller com-
pared to PF pmiss

T , are used.

Deep pmiss
T

While the two results of the methods introduced above (PF and PUPPI pmiss
T ) and the DNN pmiss

T

reconstruction, developed in the scope of this thesis, are employed in the Ąnal tt cross section
measurement, the results of the Deep pmiss

T reconstruction [192, 193] are only used for comparisons
discussed in Sec. 7.6. This reconstruction is based on a deep neural network approach deriving
weights (wi) and biases (bx,i, by,i) for the momentum of each PF candidate i, which are combined

to reconstruct the x- and y-component of pmiss
T separately:

pmiss
x =

∑

i

(
wi · px,i + bx,i

)
and pmiss

y =
∑

i

(
wi · py,i + by,i

)
, (6.6)

where px,i and py,i denote the two components of the transverse momentum of the PF candidate.
A total of eleven features per PF candidate are used as inputs for the network. These include
inputs regarding the four-momenta of the candidates, impact parameters, the particle type, the
electric charge as well as the weights derived by the PUPPI algorithm and the association with
the LV, if available. The network itself is trained on simulation of Z/γ∗+jets and tt events.
The Deep pmiss

T reconstruction is provided based on two different tunes, which differ in the loss
function used for the training of the network. For the resolution tune, only the mean squared
errors between the reconstructed and true values of pmiss

x and pmiss
y are considered. For the

response tune, additional terms, which aim to balance the response at different scales of the
transverse momentum, are added.

Generated pmiss
T and pνν

T

The three different observables introduced above all correspond to different reconstruction meth-
ods of the missing transverse momentum and thus serve as a proxy of the true missing transverse
momentum present in an event. In this thesis, two different deĄnitions of the true pmiss

T in an
event are employed. The generated pmiss

T describes the missing transverse momentum at gener-
ator level (cf. Sec. 5.2.3). Here, the contributions from all particles, which interact only weakly
and escape the detector, are taken into account. In case of dileptonic tt events, this includes
neutrinos originating from the two W-boson decays but also potential additional neutrinos pro-
duced, e.g., in the decays of b mesons usually present in the hadronization of b quarks.
The second deĄnition, denoted as pννT , corresponds to the transverse component of the vectorial
momentum sum of two neutrinos and is therefore only deĄned for events with two neutrinos in
the Ąnal state. For dileptonic tt events, these two neutrinos correspond to the neutrinos from the
W-boson decays. Unlike for the generated pmiss

T , any additional non-prompt neutrinos produced
in the hadronization process are not considered in the pννT observable. Hence, the two deĄnitions
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of the true pmiss
T only agree for events without additional non-prompt neutrinos or contributions

from other undetected weakly-interacting particles.

Anomalous pmiss
T filters

To remove events with anomalous high pmiss
T caused by failures in the reconstruction or artifacts

in the detector, additional event Ąlters are applied. ECAL-related Ąlters consider contributions
from noisy sensors or spurious signals from particle interactions with the photodetectors. Similar
effects are taken into account by HCAL-related Ąlters. In addition, contributions from particles
produced by proton collisions upstream of the detector, also called beam halo, as well as events
including poorly reconstructed muons are removed. The impact of the cleaning based on these
Ąlters is shown in Fig. 6.3. The agreement between data and simulation as a function of the
missing transverse momentum for dijet events is signiĄcantly improved. This conĄrms the high
efficiency of the Ąlters of around 85-90% combined with a small misidentiĄcation probability of
less than 0.1% [189].

6.3 Event selection

The event selection introduced in the following aims to collect a set of events containing a
large number of dileptonic tt events while keeping the contributions from other SM processes
as small as possible. The selection is mainly guided by matching the Ąnal state of the dileptonic
tt process, as introduced in Sec. 2.3.1, which includes two charged leptons of opposite electrical
charge, two neutrinos as well as two b quarks.
The different steps in the event selection are summarized in Tab. 6.4, distinguishing between
the same-Ćavor (SF) channels e+e−/µ+µ− and the different-Ćavor (DF) channel e±µ∓. The
requirements regarding the transverse momenta of the two selected leptons are driven by the
lepton triggers used to collect the collision data (cf. Sec. 5.1). Since for dileptonic tt events, no
additional charged leptons are expected, events with a third charged lepton with pT > 15 GeV
are vetoed. The lower limits on the invariant mass of the two leptons are motivated by reducing
contributions from low-mass DY processes and heavy-Ćavor resonances. In the SF channels,
resonant contributions from the DY process are removed by vetoing events with an invariant mass
around the Z boson mass. For all channels, at least two reconstructed jets are required to match

Table 6.4: Summary of the different detector level event selection criteria for the same-Ćavor
channels (e+e−/µ+µ−) and the different-Ćavor channel (e±µ∓). The two selected lep-
tons have to be oppositely charged.

Parameter e+e−/µ+µ− e±µ∓

Number of leptons (Nℓ) = 2 = 2

Leading lepton pT > 25 GeV > 25 GeV

Subleading lepton pT > 20 GeV > 20 GeV

Third lepton veto yes yes

Invariant mass (mℓℓ)
> 20 GeV

/∈ [76,106] GeV
> 20 GeV

Number of jets (Njets) ≥ 2 ≥ 2

Number of b jets (Nb) ≥ 1 ≥ 1

Missing transverse momentum (pmiss
T ) > 40 GeV −
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the tt Ąnal state while also considering tt events with additional jets from FSR/ISR. Out of these
jets, at least one jet has to be b-tagged by the DeepJet tagger. No second b-tagged jet is required
due to the limited efficiency of the tagger and the presence of other SM contributions, which
can not be further reduced by higher requirements on the b-jet multiplicity. The Ąnal selection
step, which is only applied to the SF channels, contains a lower limit on the missing transverse
momentum to reduce contributions from DY events, where no genuine pmiss

T is expected. This
last step is performed based on the DNN pmiss

T introduced in the next chapter.

6.3.1 Total yields

The total number of expected events derived from simulation as well as the number of events
observed in collision data after the full event selection are shown in Tab. 6.5. The event selection
yields a rather pure set of dileptonic tt events, which sum up to a contribution of 77.5% across all
channels. The DF channel yields a tt signal fraction of almost 80%, while for the SF channels, this
fraction is slightly reduced due to larger contributions from the DY+jets background process,
which reaches up to more than 8% for the SF channels. The largest background contributions
in all channels correspond to events from the tt other processes (cf. Sec. 5.2.4). Background
contributions originating from single top production make up for around 4.5% of the events in
each of the three channels, while the remaining SM background processes account for only less
than one percent of the total event count. Comparisons of the total number of events between
the three channels show the expected results. The largest number of signal events is observed in
the DF channel due to combinatorics, which in theory yield a factor of two with respect to each
of the SF channels, and due to the relaxed requirements used in the DF channel (cf. Tab. 6.4).

Table 6.5: Total number of events per channel after the full event selection combining all four
data-taking periods. The upper part of the table shows the individual contributions
to the total event prediction derived from simulation (Sum MC). The ratio of the
individual contributions and the total prediction in percent is shown in round brackets.
The lower part of the table contains the uncertainty on the total prediction, which
includes systematic and statistical contributions, as well as the number of events in
data and the ratio between data and simulation (Data/MC).

Channel e+e− µ+µ− e±µ∓ all

C
on

tr
ib

u
ti

on

tt (ll) 115513.6 (74.7) 221061.4 (73.7) 530937.9 (79.9) 867513.0 (77.5)

tt other 18156.9 (11.7) 38517.6 (12.8) 90397.1 (13.6) 147071.7 (13.1)

Single top 7118.7 (4.6) 13370.8 (4.5) 31522.6 (4.7) 52012.1 (4.6)

DY+jets 12602.9 (8.1) 24752.4 (8.3) 6867.2 (1.0) 44222.4 (4.0)

Diboson 700.0 (0.5) 1235.8 (0.4) 2429.0 (0.4) 4364.9 (0.4)

ttW/Z 476.7 (0.3) 862.6 (0.3) 1766.2 (0.3) 3105.5 (0.3)

W+jets 75.4 (0.0) 75.1 (0.0) 881.6 (0.1) 1032.1 (0.1)

Sum MC 154644.2 299875.7 664801.8 1119321.6

σ(Sum MC) 9702.6 13844.8 27151.5 47269.8

Data 151568 302168 649504 1103240

Data/MC (%) 98.0 100.8 97.7 98.6
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The difference between both SF channels is a consequence of the reduced electron reconstruction
efficiency compared to the muon reconstruction.

For all three channels as well as for the combined yield, good agreement between the number of
events predicted by simulation and observed in data is found. The differences between both yields
for all channels range well below one standard deviation with respect to the total uncertainty
of the predicted number of events. The individual contributions to the systematic uncertainty
are further introduced in Sec. 9. The total number of events separated by the four data-taking
periods can be found in Appx. 5. Here, similar conclusions compared to the combined yields can
be drawn.
In Fig. 6.4, the comparison between the total number of events in simulation and data is shown
for different steps of the event selection. Starting with the selection of two oppositely-charged
leptons, the selected set of events is dominated by contributions from the DY+jets process.
Only after applying the criteria regarding the invariant dilepton mass and the number of jets,
the relative contribution from the dileptonic tt process becomes dominant and is signiĄcantly
increased by the following requirements concerning the number of b-tagged jets and the missing
transverse momentum. Across all selection steps, a good agreement between simulation and data
can be observed, implying a reasonable normalization of the different SM contributions. Similar
histograms split by tt decay channel are shown in Appx. 5.
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Figure 6.4: Total number of events after different steps of the event selection for all channels
and data-taking periods combined. In the upper part of the plot, the individual
contributions to the yield predicted by simulation are shown including the total
uncertainty (hatched area) and the observed data yield (black). The lower part of
the plot shows the ratio between data and simulation as well as the systematic and
total uncertainties on the predicted yields.

6.3.2 Control distributions

Basic validations of the agreement between observed data and simulation can be performed
based on simple control distributions, which take the different reconstructed physics objects into
account, as shown in Fig. 6.5 and 6.6. Any signiĄcant differences between data and simulation
could hint at missing or faulty corrections applied to the simulated events or contributions from
additional SM processes not taken into account in the simulation. The agreement in distributions
sensitive to potential BSM contributions, discussed in Sec. 10, is only studied once all analysis
ingredients are Ąxed following a strict blinding strategy.
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Figure 6.5 shows the control distributions based on the transverse momenta of the reconstructed
leptons, which can be used to validate the corrections regarding the lepton identiĄcation and
lepton energy. Even though the simulated spectra are slightly harder compared to the observed
data, for both distributions reasonable agreement between data and simulation taking into ac-
count the corresponding uncertainties is observed. The simulated and observed distributions of
the leading and subleading transverse jet momenta are also compared in Fig. 6.5. Here, good
agreement between data and simulation is observed indicating reasonable corrections of the jet
energy scale and jet energy resolution. Only in the high-pT range of the leading jet, smaller dif-
ferences between data and simulation are found, though well within the systematic uncertainties
which increase up to more than 20% in this region.

Comparisons regarding the multiplicities of the reconstructed jets and b-tagged jets are shown
in Fig. 6.6. Based on the multiplicity of jets, which shows a good agreement between data and
simulation up to eight reconstructed jets, the simulation of additional FSR and ISR can be
validated. Good agreement between data and simulation is also found in the number of b-tagged
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Figure 6.5: Control distributions as a function of the leading (left) and subleading (right) lep-
ton (top) and jet (bottom) transverse momentum for all channels and data-taking
periods combined. The upper parts of the plots show the observed data (black) and
the contributions predicted by simulation including the total uncertainty (hatched
area). The lower parts of the plots show the ratio between data and simulation as
well as the systematic and total uncertainty on the predicted distributions. In all
distributions, the last bin includes all events above the plotted range.
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Figure 6.6: Control distributions as a function of the number of selected jets (top left), the
number of selected b jets (top right) and the invariant mass of both leptons (bottom)
for all channels and data-taking periods combined. The upper parts of the plots show
the observed data (black) and the contributions predicted by simulation including
the total uncertainty (hatched area). The lower parts of the plots show the ratio
between data and simulation as well as the systematic and total uncertainties on the
predicted distributions. In all distributions, the last bin includes all events above the
plotted range.

jets up to a multiplicity of four jets indicating a reasonable application of the b-tagging scale
factors discussed in Sec. 6.2.5. Here, the largest contributions from the signal tt process are
observed for events with two b-tagged jets, as expected for the dileptonic tt signature.
The distribution of the invariant mass of the two reconstructed leptons is also shown in Fig. 6.6.
Similar to the other control distributions, a good agreement between data and simulation is
found, indicating a reasonable correction of the lepton energy scale. The dip in the distribution
around the Z-boson mass is caused by the additional mℓℓ-requirement applied in the SF channels,
which signiĄcantly reduces the contribution from resonant DY+jets events.
The selection of control distributions discussed above split by the individual lepton channels
can be found in Appx. 6. Here similar conclusion to the combined distributions can be drawn
indicating a good agreement between data and simulation also for the individual lepton channels.
Thus, in summary, no signiĄcant deviations between data and simulation, which would indicate
missing corrections or contributions in the simulation, are observed.
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The missing transverse momentum, introduced in the previous section, serves as a proxy for
the transverse momentum pννT of the two neutrinos produced in dileptonic tt events. Thus, this
observable plays a key role in the cross section measurements performed in this thesis, which are
derived as a function of pννT and min[∆ϕ(pννT ,ℓ)]. Due to the nature of the pmiss

T reconstruction,
its resolution and response are affected by the momentum measurement of each PF candidate
in an event, leading to a signiĄcantly reduced accuracy compared to, e.g., the reconstruction
of individual charged leptons. In order to partially recover the resolution and response of the
missing transverse momentum, a dedicated regression based on a deep neural network providing
corrections for pmiss

T measurements in dileptonic tt events has been developed in the context
of this thesis. Parts of the development and optimization of the neural network presented in
the following have been performed within a master thesis [194], supervised in the scope of
this Ph.D. thesis. Dedicated studies of correlations between the pmiss

T response and different
phase space regions are presented in Sec. 7.1. In Sec. 7.2, a brief introduction to the general
concept of machine learning and neural networks is given. The following three sections cover
the different steps in the development of the deep neural network regression used to correct the
pmiss

T measurements, including initial studies based on a baseline network, detailed studies of the
input variables as well as a dedicated optimization of different network parameters. In the last
section of this chapter, the performance of the regression with respect to pmiss

T reconstruction
methods introduced in Sec. 6.2.6 is discussed.
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7.1 Phase space dependencies of the pmiss
T

response

The response of the missing transverse momentum, deĄned as the mean difference between
the reconstructed and generated pmiss

T for a given set of events, is crucial for the cross section
measurements performed in the present analysis. A stable initial response close to unity across
a wide phase space reduces the impact of the unfolding procedure, which corrects the measured
distribution for detector effects, as further discussed in Sec. 8. Furthermore, improved response
and resolution allow for a Ąner binning in the cross section measurements leading to a larger
number of measuring points, which can be compared to theory predictions, as further discussed
in Sec. 8.2. Both of these aspects become especially important in case of the two-dimensional
cross section measurements. Here, the pmiss

T response for different regions in min[∆ϕ(pmiss
T ,ℓ)] has

to be taken into account, motivating a dedicated study of the pmiss
T response as a function of the

angular observable.

The results of such a study are summarized in Fig. 7.1, comparing different reconstruction
methods and phase space regions. The mean response for all simulated dileptonic tt events
passing the event selection shows a bias towards larger reconstructed missing transverse mo-
mentum (rec. pmiss

T ) with respect to the generated missing transverse momentum (gen. pmiss
T )

across the entire angular range. For these events, a weak dependency between the response and
min[∆ϕ(pmiss

T ,ℓ)] is observed. This dependency is increased for events with large rec. pmiss
T . Here,

the response degrades signiĄcantly for higher min[∆ϕ(pmiss
T ,ℓ)], indicating larger contributions

from fake pmiss
T in this phase space region. Comparing the two different reconstruction methods,

the observed trend is more pronounced for the PUPPI reconstruction compared to the PF result.
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Figure 7.1: Mean relative pmiss
T response as a function of the minimal azimuthal distance be-

tween rec. pmiss
T and a selected lepton in simulated dileptonic tt events for the 2018

data-taking period. The results for the PF (green) and the PUPPI (red) reconstruc-
tion are compared for all selected events (circles), events with a rec. pmiss

T larger
than 120 GeV (triangles) and events with a gen. pmiss

T larger than 120 GeV (squares).

Selecting only events with a signiĄcant amount of gen. pmiss
T removes this trend and a Ćat response

centered around zero is observed for both reconstruction methods. This conĄrms the assump-
tion of larger fake pmiss

T contributions at high min[∆ϕ(pmiss
T ,ℓ)], since strict requirements on the

gen. pmiss
T , in general, reduce the contributions of fake pmiss

T as observed in the present study.
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The reason for the larger contributions of events with signiĄcant fake pmiss
T at large separation

between the missing transverse momentum and the nearest lepton can be explained based on
the sketch shown in Fig. 7.2. For a perfectly measured dileptonic tt event without fake-pmiss

T con-
tributions, large min[∆ϕ(pmiss

T ,ℓ)] values can only be observed in a setting where the dineutrino
system is almost back-to-back with respect to each of the two leptons. Adding the requirement
of a large rec. pmiss

T increases the preference for events, where the two neutrinos have a small
azimuthal distance. Taking into account, that the neutrinos and the charged leptons each do not
originate from the same decay, but are produced by two separated W bosons, the sketched set-
ting has a rather small probability to occur in correctly measured dileptonic tt events. However,
this phase space constraint is signiĄcantly reduced for events with large fake pmiss

T contributions.
Here, the direction of the rec. pmiss

T has a weaker correlation with the neutrino directions lead-
ing to a larger probability for events with large min[∆ϕ(pmiss

T ,ℓ)] even though the back-to-back
relation sketched in Fig. 7.2 is not fulĄlled.

Figure 7.2: A sketch of the transverse plane of a potential dileptonic tt signature only showing
the two neutrinos (red) and the two charged leptons (green) in a setting, which
would lead to a large minimal angular distance min[∆ϕ(pmiss

T ,ℓ)] between the missing
transverse momentum and a lepton.

In summary, the phase space at large min[∆ϕ(pmiss
T ,ℓ)] is disproportionally populated by events

with signiĄcant mismeasurements leading to a degraded pmiss
T response in the given phase space.

This effect is ampliĄed by selecting events with large rec. pmiss
T , which prefers settings with

collinear neutrino directions as well as events with larger fake-pmiss
T contributions.

The observation of this study combined with the general importance of a stable response and
resolution of the missing transverse momentum for the cross section measurements motivates
the additional corrections applied to the pmiss

T reconstruction derived by the deep neural network
regression introduced in the remainder of this chapter.

7.2 Machine learning and neural networks

In general, machine learning [195Ű197] describes algorithms, which are able to learn from data in
a way that their performance to solve a given task is improved by growing experience, i.e., with
more data. Such algorithms are usually employed for tasks, which are too complex to be covered
by Ąxed programs implemented by humans. Neural networks (NNs), as used for the regression
performed in this thesis, correspond to a speciĄc kind of machine learning algorithms inspired
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by biological neural networks. In the following, the mathematical foundation, the training and
different settings of such NNs, also known as hyperparameters, are brieĆy discussed. This dis-
cussion mainly focuses on the regression task using neural networks. A detailed review of other
machine learning techniques and applications can be found in [195].

7.2.1 Mathematical foundation

Neural networks deĄne a non-linear mapping of a set of input features given by x ∈ R
n to a

set of outputs y ∈ R
k approximating some function f∗. This mapping is performed by deriving

an approximative function f (x, ξ) = y , which depends on a set of parameters ξ aiming to
produce the best approximation of f∗. The optimization of these parameters, known as training
of the network, is achieved by minimizing an objective function, also called loss function, which
highly depends on the task performed by the NN. In case of supervised training, the relation
f∗(x) = y is known for a given data set and the loss function usually encodes some kind of
difference between f∗(x) and f (x, ξ). The following discussion mainly focuses on the class of
feed-forward neural networks, which correspond to the most fundamental NNs. Here, only one
direction of information Ćow from the input features to the outputs via different intermediate
computations without any feedback connections is implemented.

The basic architecture of a feed-forward neural network is sketched in Fig. 7.3. The architecture
can be seen as a chain structure of individual functions, where each of the functions corresponds
to an individual layer. The Ąrst layer of the network (input layer) holds the input features x,
while the last layer, also known as output layer, contains the outputs y. The layers in between the
input and output layer are called hidden layers. A NN is denoted as a deep neural network (DNN)
if it includes multiple hidden layers [197].
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Figure 7.3: Sketch of the basic architecture of a fully-connected feed-forward neural network with
three hidden layers (blue) [198]. The green and red circles correspond to the nodes of
the input and output layer, respectively. Each connection illustrates a multiplication
by a given weight wlij and for each node, a dedicated bias bli is applied.

Each layer holds a given number of units, also called nodes or neurons, which correspond to
mathematical operations. In case of the input and output layer, the number of nodes has to
match the dimension of x and y, respectively. Each node of a hidden layer receives information
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from all nodes of the previous layer and provides information to all nodes of the following
layer (fully-connected). The output derived by a node of layer l can be expressed as:

ali = σl


∑

j

wlij · al−1
j + bli


 . (7.1)

Here, i and j denote the nodes of layer l and l − 1, respectively. Each output of layer l − 1 is
multiplied with a weight wlij , illustrated as a connection between two nodes in Fig. 7.3. The
weighted outputs are summed over all nodes of layer l−1. For each node of layer l, an additional
bias bli is added to the weighted sum. In order to model non-linear functions with respect to the
input features, a non-linear activation function σl, which is the same for all nodes of a layer but
can differ between different layers, is applied to derive the Ąnal output of a node.
The choice of the activation function strongly depends on the task performed by the network.
For the layers of the DNN developed in the scope of this thesis a leaky rectiĄed linear unit
function (leaky ReLU) [195] given by

σleaky ReLU =

{
x , if x ≥ 0

αx , if x < 0
, (7.2)

is used as activation function, where α denotes the leakage of the ReLU, further discussed in the
next section. Only for the output layer, the activation function is changed to a linear function,
as required for a regression task.

The optimization of the parameter set ξ, which contains the weights wlij and biases bli, is per-

formed in the training of the network. Here, a loss function, which encodes a distance1 between
the true values f∗(x) and the predictions f (x, ξ), is minimized. For regression tasks, one of the
most popular choices of a loss function is given by the mean squared error (MSE):

LMSE =
1

N

N∑

i=1

(
f (xi, ξ) − f∗(xi)

)2
, (7.3)

where the sum runs over all data points of a given data set with size N . However, for the
present network, a slightly more sophisticated loss function given by the logarithmic hyperbolic
cosine (logcosh) loss [199] is used:

Llogcosh =
1

N

N∑

i=1

log
[
cosh

(
f (xi, ξ) − f∗(xi)

)]
. (7.4)

For small differences between prediction and true function, the logcosh behaves like the MSE,
while for large differences it is proportional to the absolute difference. Thus, compared to the
MSE loss, outliers have a smaller impact on the logcosh loss, which, in the context of the
present network, reduces the impact of falsely reconstructed events in the training process.
The minimization of the loss function is performed based on a gradient descent method, which
is widely used in the training of neural networks and ensures a convergence towards a local

1
For outputs with a dimension larger than one, the mean distance across all dimensions is used.
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minimum of the loss function. In this method, the parameters are adjusted iteratively following
the direction of the gradient of the loss function L with respect to ξ:

ξt+1 = ξt − ηt · ∇ξL (ξt) , (7.5)

where t denotes the step of the iterative procedure and ηt corresponds to a learning rate, which
controls the size of the update applied to the parameter set in step t. Since the loss function
depends on all data points used in the training of the network, the computation of its gradient
becomes computationally expensive, if a large data set is used for the training. To avoid this
problem, the present network is trained based on the stochastic gradient descent (SGD) method,
where the gradient is approximated based on small subsets (batches) of the total data set. In
each step of the SGD method, ξ is adjusted only based on a single batch, which introduces
stochasticity to the training procedure reducing the chance for the optimization to get stuck in
a single isolated local minimum. Furthermore, the training on individual batches signiĄcantly
reduces the computing time required for the training. One loop over the entire set of batches
is also known as epoch. The calculation of the gradient itself is based on the backpropagation
algorithm, which applies the chain rule of partial differentiation exploiting the layered structure
of the network.

7.2.2 Hyperparameters

In the training of a network, usually, only the weights between two nodes and the biases per node
are optimized. However, even for rather simple fully-connected feed-forward neural networks,
there are multiple additional parameters that can highly affect the networksŠ performance. Such
parameters, which are not optimized during the training process, are summarized as hyperpa-
rameters. For the present network, a dedicated optimization of the hyperparameters is performed
as discussed in Sec. 7.5. The different hyperparameters considered in this optimization are brieĆy
introduced in the following.

Network architecture

The network architecture deĄned by the number of layers and number of nodes per layer can
have a signiĄcant impact on the network performance. For rather complex tasks, improved
performance is usually observed for larger networks, while for simpler tasks, smaller networks
may lead to a better overall performance based on a faster convergence. Two main problems can
occur if the architecture does not match the complexity of the task. If the size of the network is
too large, the network might perform signiĄcantly better on the data set used for the training
compared to a new data set, previously unknown to the network. Such a lack of generalization
is also known as overtraining. In the opposite case, where the network is too small to match the
complexity of the task, the network may not be able to learn all necessary correlations present
in a data set. Hence, the architecture of a network should be optimized for the corresponding
task.

ReLU leakage

The behavior of the activation function (cf. Eq. (7.2)) used for most of the layers of the present
network is partially deĄned by the leakage parameter α. Compared to the nominal ReLU acti-
vation, which corresponds to α = 0, the extension made by the leaky ReLU activation aims to
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reduce the risks of vanishing gradients. In case of the nominal ReLU, such vanishing gradients
can occur for arguments below zero potentially leading to slow convergence of the training pro-
cedure. For the leakage, usually, parameters of the order of 10−1 to 10−2 are employed, to still
keep the main characteristics of the ReLU activation.

Learning rate

The learning rate introduced in the context of the gradient descent method deĄned in Eq. (7.5)
can have a signiĄcant impact on the convergence of the training process. If too large, the opti-
mization might oscillate around a local minimum without reaching its actual valley. If too small,
only a slow convergence can be achieved increasing the computing time of the training process.
In the training of the present network, the learning rate is adapted during the training proce-
dure using the Adam optimizer [200]. This optimizer introduces an additional hyperparameter,
called step size, which can be seen as an approximate upper bound for the size of the parameter
updates. Thus, similar considerations compared to the learning rate also hold for the step size
parameter of the Adam optimizer.

Batch size

The SGD method used for the optimization of the network parameters during training is based
on splitting the data set used for the training into individual batches. The size of the batches is
a priori not Ąxed and should be optimized to achieve a balance between speed and accuracy of
the gradient approximation within the SGD method.

Regularization

In general, all strategies aiming to reduce overtraining can be collectively summarized as regu-
larization. However, in the context of the present network, the regularization corresponds to a
norm penalty term, which is added to the loss function:

L′ = Llogcosh + λ♣♣ξ′♣♣22 , (7.6)

where ♣♣ξ′♣♣22 denotes the L2 norm [195] of the reduced parameter set only containing the weights
of the network and no biases. The strength of the regularization is controlled by the regularization
parameter λ, which should be optimized for a given network. The addition of the norm penalty
to the loss effectively constrains the magnitude of the weights, penalizing large weights in the
training process. For the biases usually no penalty term is added, since controlling only one
respective node the biases are easier to optimize with less data, while the optimization of the
weights connecting two respective nodes is more involved.

Dropout

The dropout method represents an additional regularization technique, which aims to prevent
overtraining by reducing the number of artiĄcial correlations between nodes. In this method,
individual nodes are ignored (dropped out) in each step of the SGD with a probability pD. The
corresponding training step is only performed for the reduced network lowering the reliance on
individual nodes and improving the generalization of the network. To adequately propagate the
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method to the network prediction the trained weights have to be multiplied by pD resulting in
an averaged weight over all reduced networks.

7.3 Initial architecture and training process

An additional correction applied to the reconstructed missing transverse momentum is derived
for dileptonic tt events using a regression based on a deep neural network, also called DNN
regression in the following. Since the observables employed in the cross section measurements
not only depend on the magnitude of pmiss

T but also on the azimuthal angle ϕ(pmiss
T ), the regression

is performed by a fully-connected feed-forward neural network with two output nodes. The two
output nodes are trained to predict the difference between the reconstructed PUPPI pmiss

T and
the generated pmiss

T split into the corresponding x- and y-component:

f∗(x) =




[
p⃗miss

T (PUPPI) − p⃗miss
T (gen.)

]
x[

p⃗miss
T (PUPPI) − p⃗miss

T (gen.)
]
y


 . (7.7)

This split into two spatial components allows for a simultaneous correction of the magnitude and
azimuthal angle derived in the PUPPI reconstruction. By choosing the difference between the rec.
and the gen. pmiss

T , as deĄned in Sec. 6.2.6, the regression aims to correct the pmiss
T reconstruction

for effects of detector resolution and response. Any further differences between the gen. pmiss
T and

the pννT observable used in the cross section measurements, which can, for example, be caused by
additional non-prompt neutrinos in the event, are taken into account in the unfolding procedure
discussed in Sec. 8.
For some of the initial studies of the DNN regression, a baseline network with a total of 54 input
features, listed in Appx. 7, and manually Ąxed hyperparameters, summarized in Tab. 7.1, is
considered. For the Ąnal DNN regression, the number of input features is signiĄcantly reduced
and a dedicated optimization of the hyperparameters is performed as discussed in Sec. 7.4
and 7.5, respectively.

The network is trained using the TensorFlow [201] backend combined with the Keras [202]
interface making use of several scikit-learn [203] and Pandas [204] packages. The data points
used during the training correspond to simulated dileptonic tt events from the alternative sample
based on the MadGraph5 aMC@NLO generator. The alternative sample is chosen to avoid
introducing any bias by using the nominal tt signal sample, which is also employed in other
parts of the analysis. The simulated events have to fulĄll the full event selection to be used
in the training process, except for the pmiss

T requirement. Ignoring the pmiss
T requirement allows

to perform the said requirement in the event selection based on pmiss
T corrected by the DNN

regression. The full set of simulated events available for the training procedure is randomly split
into three separate subsets. The training sample, which corresponds to the sample actually used
in the SGD method of the training, accounts for 60% of all events. The validation sample, which
accounts for 20% of the events, is used to validate the performance of the network during the
training as well as during the hyperparameter optimization. The remaining 20% of the events
correspond to the test sample, which is only used to measure the network performance after
all training and optimization steps. This commonly used split of event samples allows to detect
overtraining by comparing the performance between training and validation sample as well as
to derive an unbiased estimate of the network performance based on the test sample.
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In general, the present network is trained for a total of up to 400 epochs. However, to get an
additional handle against overtraining and to reduce the training time for rapidly converging
networks, an early stopping mechanism [195] is employed during the training. This mechanism
terminates the training procedure as soon as one of the following requirements is fulĄlled and
restores the network with the smallest value of the loss function evaluated with the validation
sample (validation loss):

• The validation loss does not decrease over a range of ten epochs.

• The relative difference between the validation loss and the loss function evaluated with
the training sample (training loss) exceeds 2% for ten epochs in a row.

• The absolute difference between validation and training loss increases ten epochs in a row.

To account for potential differences between the four data-taking periods, which can, for ex-
ample, originate from the upgrade of the pixel detector performed before the 2017 data-taking
period (cf. Sec. 3.2.3), different networks are individually trained for each data-taking period.
The selection of input features and the optimized hyperparameters do not differ between these
networks.

7.3.1 Training sample reweighting

The distribution of the gen. pmiss
T for the dileptonic tt events used in the training sample is shown

in Fig. 7.4. As expected, the events are not evenly distributed with respect to the gen. pmiss
T but

peak around 50 GeV, followed by a steeply falling spectrum. The phase space at high gen. pmiss
T

with momenta above 300 GeV has a rather poor representation. Given that the gen. pmiss
T is part

of the target deĄned in Eq. (7.7) and thus also used in the loss function, the observed features
of the gen. pmiss

T distribution are expected to have an impact on the training process.

Figure 7.4: Normalized gen. pmiss
T distributions for the nominal training sample (red) and the

reweighted training sample (blue) as used in the network training for the 2018
data-taking period. The bin widths used in the two histograms do not match the
widths used in the reweighting method applied to the training sample.

This assumption is conĄrmed based on the results shown in Fig. 7.5. While the PUPPI recon-
struction yields a Ćat response around zero for the region with gen. pmiss

T > 100 GeV, the response
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for pmiss
T corrected by the DNN regression leads to a bias starting already below 100 GeV. Here,

pmiss
T is signiĄcantly underestimated for most parts of the studied phase space. This behavior can

be explained by the gen. pmiss
T distribution of the training sample. The best response is observed

at around 50 GeV, which matches the peak position of the distribution. This phase space is
represented by a large fraction of events leading to a signiĄcant impact on the loss function used
during the training procedure. The opposite holds for the region at high gen. pmiss

T . Here, only a
few events are considered in each step of the SGD leading to a signiĄcantly reduced performance
at high gen. pmiss

T .

Figure 7.5: Performance of the PUPPI pmiss
T (red) and the DNN pmiss

T (blue), trained with the
nominal (left) and with the reweighted training sample (right), as a function of the
gen. pmiss

T . The solid (dashed) line corresponds to the mean (standard deviation)
of the difference between the gen. pmiss

T and the rec. pmiss
T in each gen. pmiss

T bin.
The error bars correspond to the statistical uncertainty on the mean. The result for
PUPPI pmiss

T agrees between both plots. For both DNN pmiss
T results, the baseline

network has been used.

To improve the performance of the network towards a uniform response with respect to a large
gen. pmiss

T range, the training sample is manipulated in the following way. The events with
gen. pmiss

T < 500 GeV are separated into gen. pmiss
T bins with equal widths of 8 GeV. For each of

the bins, a weight is derived such that the weighted event count is the same for all bins. Events
with gen. pmiss

T ≥ 500 GeV are allocated the same weight as derived for the last bin considered
in the reweighting method. This manipulation leads to a reweighted training sample with a
Ćat gen. pmiss

T spectrum up to gen. pmiss
T = 500 GeV followed by a smooth decline, as shown

in Fig. 7.4.
The impact on the performance of the DNN regression using the reweighted training sample
can be seen in Fig. 7.5. Due to the uniform population of events across a wide gen. pmiss

T range,
a Ćat response for the region above 100 GeV is now also observed for the DNN pmiss

T removing
the signiĄcant bias found before. Even though the reweighting procedure slightly worsens the
resolution, the DNN pmiss

T still yields an improved resolution compared to PUPPI pmiss
T across

the studied phase space.

7.4 Input features

The DNN used for the regression task is based on a variety of different input features. These
features contain global event variables, like the missing transverse momentum derived by the PF
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and PUPPI reconstruction or the number of jets and pileup vertices in an event. In addition,
features of the Ąnal states particles, e.g., lepton and jet kinematics and the Ćavor of the selected
charged leptons, are employed. The Ąnal group of features corresponds to variables combining
multiple reconstructed objects, such as angular distances between jets and leptons or invariant
masses of different Ąnal state systems. Input features describing some kind of momentum are
usually split into the corresponding x- and y-components to match the structure of the networkŠs
output nodes. The full set of all 54 input features considered in the development of the network
is shown in Appx. 7.

In order to decrease the complexity of the network, the impact of all 54 input features on the DNN
output is studied in the following aiming to remove redundant input features as well as features
with only small impacts on the output. Since the network is exclusively trained on simulated
events, any mismodeling of the input features in the simulation could potentially lead to a bias
in the network prediction. To reduce the risk of such biases and to improve conĄdence in the
prediction of the network, the modeling of all input features used in the Ąnal network architecture
is thoroughly tested by comparing observed data and simulation, as discussed in Sec. 7.4.2.

7.4.1 Impact ordering

The impact of the individual input features on the prediction of the network, also known as
feature attribution, is measured in order to rank the features with respect to their impact
aiming to reduce the total number of input features. For the feature attribution, a method
based on the concept of Shapley values [205] originally developed in the context of game theory
is applied. Here, each input feature corresponds to a player in a game, where the outcome of the
game relates to the prediction of the network. The Shapley values quantify the contribution of
each player to the outcome, thus, estimating the contribution of each individual input feature
to the prediction of the network. The Shapley values analyzed in the following are derived using
the expected gradient method [206], which is based on gradients of the prediction f(x,ξ) with
respect to the individual input features xi.

The Shapley values for the 20 input features with the largest impact based on the baseline
network with manually Ąxed hyperparameters (cf. Sec. 7.3) are shown in Fig. 7.6. The impact is
derived separately for the two components of the target. For most of the input features split into
their x- and y-component, a strong correlation with the corresponding direction of the target is
found. The largest overall impact on the network prediction is observed for features related to
the PUPPI and PF pmiss

T as well as for both transverse components of the vectorial momentum
sum pall j

x,y of all reconstructed jets. Other input features showing a signiĄcant impact on the
prediction correspond to the transverse momenta of the leading jet and leading lepton and the
invariant mass of the system including all selected jets (mall j) and all selected jets plus both
selected leptons (mll+all j).

To get an estimate of the number of input features required for a reasonable performance in
the DNN regression, the baseline network is trained starting with the full set of features. In the
following steps, the number of features is iteratively reduced starting with the lowest-impact
features. After each of these steps, the validation loss is analyzed and compared to the result
derived in the previous step. For the networks based on a number of input features in the range
from 20 to 54, no signiĄcant change in the validation loss is observed. However, restricting the
set of input features to the ten features with the largest impact results in a signiĄcant increase
in the validation loss and thus in a reduced performance of the network. This indicates that the
Ąrst 20 input features include enough information for a reasonable performance of the network
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Figure 7.6: Shapley values for the Ąrst 20 input features with the largest impact on the network
prediction using the baseline network with 54 input features and manually deĄned
hyperparameters trained for the 2018 data-taking period. The impact is derived
separately for the x- (dark blue) and the y-component (light blue) of the target
difference. The individual results are stacked on top of each other for each individual
feature.

while the remaining 34 features would only add redundancy. Thus, for the following steps, only
the 20 features shown in Fig. 7.6 are considered.

7.4.2 Goodness-of-fit tests

The present network is exclusively trained on simulated events, which might introduce a potential
bias if mismodeling of input features is present in the simulation. To reduce the risk of such a
bias impacting the network prediction, the observed and simulated distributions for each of
the remaining 20 input features are compared. Similar studies are performed for every possible
combination of two input features to ensure a good description of the correlations between
different features. In each of these studies, a goodness-of-Ąt (GoF) test is carried out based on
a binned maximum likelihood Ąt using the CMS combine tool [207, 208]. The corresponding
likelihood function is deĄned as

L(data♣µ,θ) =
∏

i

[Poisson (ni♣µ · si(θ) + bi(θ))] · p(θ̃♣θ)

with Poisson (ni♣µ · si + bi) =
(µsi + bi)

ni

ni!
e−µsi−bi ,

(7.8)

where ni, si and bi denote the observed, predicted signal and predicted background yield in bin i,
respectively. The predicted number of signal events is scaled by the signal strength parameter µ.
Both predicted yields depend on a set of nuisance parameters θ, which integrate systematic
and statistical uncertainties into the likelihood function via prior nuisance probability density
functions p(θ̃♣θ), where θ̃ corresponds to the best prior estimate of the nuisance parameters. For
uncertainties, which affect the rate in each bin i in the same way, e.g., uncertainties on the mea-
sured luminosity, the prior probability is described by a log-normal distribution. Uncertainties,
which also affect the shape of the distributions, are considered with a template morphing proce-
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dure [209], where a vertical interpolation between two templates, corresponding to a ±1σ shift
of the nuisance parameter, is performed. Statistical uncertainties due to the limited number of
simulated events are taken into account based on the Barlow-Beeston-lite approach [208, 210].

For the GoF tests of the individual one- and two-dimensional distributions, a ratio of two
likelihoods following the Neyman-Pearson lemma [211] is used in the test statistic:

λ =
L(data♣µ̂,θ̂)

Lsat
. (7.9)

Here, µ̂ and θ̂ denote the signal strength parameter and the set of nuisance parameters, which
maximize the likelihood in Eq. (7.8), respectively. Since for the given problem, no alternative
hypothesis is deĄned, a so-called saturated model Lsat [212] is constructed, where in each bin,
the model prediction equals the number of observed events. For sufficient large statistics in each
bin, the test statistic q = −2 ln(λ) follows a χ2 distribution. Based on this, a p-value can be
deĄned quantifying the probability of obtaining a value of the test statistic as least as large
as the value observed in data. Thus, small (large) p-values indicate a poor (good) agreement
between the simulated and the measured distribution.
In each of the GoF tests, an expected distribution f(q) of the test statistic is derived based on
500 toy data sets sampled from the expected distribution of the input feature or input feature
combination of interest. Utilizing f(q), the p-value for each test can be estimated by

p =
∫ ∞

qobs

f(q) dq ≈ Ntoy(qtoy > qobs)

Ntoy
, (7.10)

where Ntoy denotes the number of toys and qtoy(qobs) corresponds to the value of the test statistic
for the toy (observed) data. The tests are performed individually for each of the four data-taking
periods combining the three different decay channels. The full set of systematic uncertainties,
discussed in Sec. 9, is taken into account in the binned maximum likelihood Ąts. An example
of a GoF-test result for one possible combination of two input features is shown in Fig. 7.7.
Here, the p-value of around 0.8 indicates a good agreement between the observed and expected
distribution. The sampled test statistic for the toy data sets can be described by a χ2 distribution
matching the number of bins used in the tested distribution.

The p-values for all one- and two-dimensional distributions individually derived for the four
data-taking periods are summarized in Fig. 7.8. In the one-dimensional tests, ignoring poten-
tial correlations between input features, good agreement between the observed and expected
distributions of all 20 input features in each of the four data-taking periods is observed. In the
two-dimensional tests, however, a few of the input feature combinations yield p-values below 5%,
indicating poor modeling of the correlations in simulation. In a majority of these combinations,
either the missing transverse momentum derived from calorimeter entries (Calo pmiss

T ), the strans-
verse mass MT2 [213, 214] or the number of jets Njets is involved, where the latter holds mainly
for the 2017 data-taking period. To avoid the propagation of these poorly modeled correlations
to the network training, the three corresponding input features are removed leading to a total
of 17 input features used in the Ąnal network architecture. For the Ąnal set of input features,
only four input feature combinations yield p-values below 5%. The features used in these com-
binations are kept for the following reasons. None of these input features shows a systematic
mismodeling, where multiple combinations indicate poor modeling across multiple data-taking
periods. In addition, some of the combinations are based on strongly correlated features, e.g.,
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Figure 7.7: Example distribution of the test statistic used for the GoF tests performed for a
two-dimensional distribution based on the y-component of PUPPI pmiss

T and the
x-component of the leading lepton momentum using a total of 90 bins. The result
based on the toy data is shown in black. The observed value corresponds to the
vertical blue line. A χ2 distribution is Ątted to the histogram derived from the toy
data results. The value of the observed test statistics, the corresponding p-value and
the number of degrees of freedom from the χ2 Ąt are given in the legend.

the combination of PUPPI pmiss
x and PF pmiss

x , where parts of the two-dimensional phase space
are only populated by a small number of events, which can lead to potential problems in the
maximum likelihood Ąt. Finally, a few individual tests yielding small p-values are expected when
performing a total of almost 900 individual GoF tests.

7.5 Hyperparameter optimization

The performance of a neural network can signiĄcantly depend on the choice of hyperparameters,
which are not optimized during the training process but have to be deĄned before the actual
training of the network. A good choice of hyperparameters can usually not be generalized but has
to be individually found for different tasks. While for the baseline network the hyperparameters,
shown in Tab. 7.1, were chosen manually based on prior knowledge and assumptions, the pa-
rameters used in the Ąnal network are subject to a dedicated optimization aiming to improve
the performance of the DNN regression.
Since a network usually depends on a larger set of hyperparameters, e.g., a total of seven pa-
rameters for the present network (cf. Sec. 7.2.2), an individual optimization of every single
parameter, requiring a large number of individual training and evaluation steps, is usually not
feasible due to limited computing resources. Furthermore, an individual optimization would ne-
glect potential correlations between hyperparameters, which might affect the performance of
the network. Thus, for the present network, the hyperparameters are optimized simultaneously
using a Bayesian optimization algorithm [215, 216].

As suggested by its name, the Bayesian optimization algorithm is based on BayesŠ theorem
taking the outcome of previous optimization steps into account. For the objective function f(u)
given by the loss of the network as a function of the set of hyperparameters u a probabilistic
model is constructed using a Gaussian process, which is updated in each step of the optimization.
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Figure 7.8: Observed p-values for the GoF tests performed for all 20 input features (diagonal
elements) and possible combinations between two input features (off-diagonal ele-
ments). The results are shown for the 2016preVFP (top left), 2016postVFP (top
right), 2017 (lower left) and 2018 (lower right) data-taking period. For tests, which
yield a p-value below 5%, the corresponding p-value is shown in red digits.

This model corresponds to the prior probability P (fi) in BayesŠ theorem. In each step of the
optimization, the objective function is evaluated for a given hyperparameter set ui, which yields
an observation given by Di = ¶ui,f(ui)♢ and the corresponding likelihood P (Di♣fi) taking
the current version of the Gaussian process fi into account. With each iteration, the Gaussian
process and therefore the prior P (fi) is updated using the information from evaluation Di of the
objective function. For the selection of the hyperparameter set ui+1 used in the next step of the
optimization a posterior based on BayesŠ theorem is derived:

P (fi♣Di) ∝ P (Di♣fi)P (fi) . (7.11)
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Based on the posterior, an acquisition function is constructed and used to determine the next
point of evaluation ui+1 in the hyperparameter space. For the present optimization, the Upper
ConĄdence Bound [215] is employed as acquisition function allowing for a trade-off between
regions, where the objective function has a large uncertainty (exploration), and regions, where
the objective function is expected to be large (exploitation).

The optimization of the present network is performed based on the seven hyperparameters in-
troduced in Sec. 7.2.2 using the negative validation loss of the network as the objective function.
For the optimization, a total of 200 iterations, where each iteration includes a training step
and an evaluation step, are performed. The Ąrst nine iterations are based on random guesses of
hyperparameters within reasonable ranges, while for the remaining iterations, the Bayesian opti-
mization algorithm is employed. The optimization is performed based on simulated events from
the 2018 data-taking period. Comparing the validation loss of the baseline and the optimized
network, an improvement of only around 1% is achieved by the optimization. However, as shown
by the optimized parameters in Tab. 7.1, the optimization yields a much smaller network with
only two instead of six hidden layers as used for the baseline network. Thus, the main outcome
of the optimization does not correspond to a signiĄcant reduction of the loss, but rather a large
reduction of the network complexity while keeping a stable performance, which signiĄcantly
decreases the CPU time required for training and evaluating the network.

Table 7.1: Choice of hyperparameters for the baseline and the optimized network. The numbers
of nodes are given per layer starting with the Ąrst hidden layer of the network.

Hyperparameter Baseline network Optimized network

Number of hidden layers 6 2

Number of nodes 1024, 1024, 1024, 512, 256, 128 512, 256

ReLU leakage 0.2 0.12

Step size (Adam optimizer) 1.0 · 10−4 4.4 · 10−4

Batch size 5000 666

Regularization weight 0.05 0.0026

Dropout probability 0.35 0.35

The optimized hyperparameters, as listed in Tab. 7.1, are derived based on the 2018 data-taking
period but also applied to the networks used in the remaining data-taking periods. This practice
is motivated by keeping a uniform approach for all periods and additionally justiĄed by com-
paring the validation loss of the baseline network and the optimized network in each of the four
periods, which yields a similar improvement as observed for the 2018 data-taking period.

7.6 Performance studies

The Ąnal DNN regression based on 17 input features and the optimized hyperparameters is
studied on the tt test sample not used in the training or optimization process. The performance
is compared to the four different pmiss

T reconstruction methods introduced in Sec. 6.2.6. The
comparisons with respect to the magnitude and the azimuthal angle for the 2018 data-taking
period are shown in Fig. 7.9. In both cases, the DNN regression signiĄcantly improves the per-
formance compared to the PUPPI and PF reconstruction. In contrast to PUPPI pmiss

T , which
by construction acts as the base of the DNN pmiss

T (cf. Eq. (7.7)), the resolution is improved by
more than 15% for the magnitude and around 11.5% for the azimuthal angle. This simultaneous
improvement veriĄes the approach of using two output nodes in the DNN regression. Further-
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Figure 7.9: Difference between generated and reconstructed pmiss
T with respect to the magni-

tude (left) and the azimuthal angle (right) comparing DNN (blue), PUPPI (red)
and PF (green) pmiss

T as well as the resolution (orange) and response tune (grey) of
the Deep pmiss

T reconstruction. The results are derived based on the 2018 data-taking
period using the tt test sample. The mean and the standard deviation of each dis-
tribution are listed in the legend.

more, the bias in the response of the magnitude present in the PUPPI and PF reconstruction
is signiĄcantly reduced, while no additional bias is introduced with respect to the angle. The
performance studies for the remaining data-taking periods can be found in Appx. 8. Comparing
the DNN pmiss

T to the two Deep pmiss
T reconstructions yields an improvement with respect to the

response tune, while the resolution tune seems to outperform all other reconstructions.

The main drawback of the Deep pmiss
T resolution tune, however, becomes evident when studying

its performance as a function of the generated pmiss
T , as shown in Fig. 7.10. While the four remain-

ing reconstructions yield a Ćat response around zero across the entire phase space above 100 GeV,

Figure 7.10: Response (solid lines) and resolution (dashed lines) of different pmiss
T reconstructions

as a function of the gen. pmiss
T (left) and the number of vertices (right). The results

are based on the 2018 data-taking period using the tt test sample and shown for
DNN (blue), PUPPI (red) and PF (green) pmiss

T as well as the resolution (orange)
and response tune (grey) of the Deep pmiss

T reconstruction. The error bars correspond
to the statistical uncertainty on the mean.
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the resolution tune shows a signiĄcant bias in the response which reaches up to 40 GeV in the
most extreme phase space. Comparing the resolution of the four remaining results shows that
the DNN pmiss

T outperforms the other reconstructions across the entire gen. pmiss
T range indicating

a stable performance for different phase space regions.

The resolution and response of pmiss
T as a function of additional vertices in an event are shown

in Fig. 7.10 as well. Here, the positive effects of the pileup-related corrections used in the
PUPPI reconstruction, as discussed in Sec. 6.2.6, become visible. The response and resolu-
tion of PUPPI pmiss

T indicate a more stable performance as a function of the number of vertices
compared to the PF reconstruction. This positive effect is maintained by the DNN correction,
which yields a similar slope compared to the PUPPI pmiss

T with respect to the response and
resolution, while still improving the resolution across the studied range.

The response achieved by the DNN regression as a function of min[∆ϕ(pmiss
T ,ℓ)], which presents

one of the main motivations for the additional correction, as discussed in Sec. 7.1, is shown
in Fig. 7.11. Compared to the PUPPI and PF reconstruction, the response is signiĄcantly shifted
towards unity by the DNN regression taking into account the full event selection as well as events
with a rec. pmiss

T above 120 GeV. The decrease in response at larger angular distances, which is
most prominent in the PUPPI reconstruction, is still present after the DNN correction but
partially reduced.
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Figure 7.11: Mean relative pmiss
T response as a function of the minimal azimuthal distance be-

tween rec. pmiss
T and a selected lepton in simulated dileptonic tt events for the 2018

data-taking period. The results for the PF (green) and the PUPPI (red) recon-
struction as well as for the DNN correction (blue) are compared for all selected
events (circles), events with a rec. pmiss

T larger than 120 GeV (triangles) and events
with a gen. pmiss

T larger than 120 GeV (squares).

For the Ąnal cross section measurements, the DNN regression is applied to data and does there-
fore not only affect dileptonic tt events but also SM background events and potential BSM
contributions. To exclude that the regression introduces any additional bias for contributions
other than the tt signal events, its performance is also studied for other simulated samples as
shown in Fig. 7.12. For the performance on single top events similar conclusions to the study on
tt signal events, where the DNN regression signiĄcantly improves the resolution and response
compared to the PUPPI and PF reconstruction, can be drawn. This behavior is expected since
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Figure 7.12: Difference between generated and reconstructed missing transverse momentum with
respect to the magnitude comparing DNN (blue), PUPPI (red) and PF (green) pmiss

T

as well as the resolution (orange) and response tune (grey) of the Deep pmiss
T recon-

struction. The results are derived based on simulation of the single top process (top
left), the DY process (top right) and the stop-pair production (bottom). The mean
and the standard deviation of each distribution are listed in the legend.

the single top signature does not differ too much from the signature of the tt signal events. For
the DY events, in contrast, no genuine pmiss

T is expected, yielding a different signature compared
to the signal events. However, also for the DY events similar improvements with respect to the
response and resolution can be observed after the DNN regression. Apart from studying the per-
formance on SM events, the DNN regression is also tested on stop-pair production events, where
additional contributions to pmiss

T arise from the neutralinos in the Ąnal state (cf. Sec. 2.3.3). Here,
a similar picture to the previous studies, where the DNN regression yields a signiĄcant improve-
ment, can be observed, while the bias introduced by the Deep pmiss

T resolution tune becomes
even more evident. In summary, the DNN seems to learn to correct the detector resolution itself
rather than relying on a particular event topology, which makes it suitable for application in
this analysis.
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In case no potential contributions from BSM processes are found in the measurements performed
on detector level, this analysis aims to derive differential cross sections of the dileptonic tt pro-
cess. The differential cross section measurements are performed as a function of the transverse
momentum pννT of the dineutrino system and the smallest azimuthal distance min[∆ϕ(pννT ,ℓ)] be-
tween the dineutrino system and a lepton based on a Ąducial phase space (particle-level) deĄned
in Sec. 8.1. To maximize the number of measuring points, which can be compared to different
theory predictions and MC simulations, the binnings used for the cross section measurements
are optimized by dedicated algorithms, as discussed in Sec. 8.2. The cross sections are derived
based on an unfolding procedure aiming to correct for detector effects and for intrinsic differ-
ences between the detector-level and particle-level observables, which blur the true underlying
spectrum and affect the acceptance and efficiency of the reconstruction and selection. This pro-
cedure as well as the subtraction of SM contributions other than the dileptonic tt contribution
are introduced in Sec. 8.3. In the Ąnal part of this chapter, the unfolding procedure is validated
with respect to its statistical properties and biases introduced by potential differences between
the true distribution present in data and in simulation.

8.1 Fiducial phase space

The most intuitive approach for a cross section measurement usually corresponds to a mea-
surement using the full phase space of the process of interest, to enable a proper comparison to
Ąxed-order theory predictions. In the context of this analysis, such an approach would correspond
to a cross section measurement of the full (dileptonic) tt process. However, such measurements
strongly rely on the extrapolation from the phase space accessible by the detector to the full
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phase space, which can introduce large model dependencies. To avoid this kind of extrapola-
tion, the cross section measurements, obtained in the context of this thesis, are derived for
a Ąducial phase space, also known as particle level, mainly following the deĄnition discussed
in [217, 218]. This particle-level deĄnition is based on stable particles originating from the decay
of the (anti-)top quark and subsequent decays without including the simulation of the detector
effects. This enables the measurement of differential cross sections as a function of the kinematics
of the Ąnal state particles, as aimed by this analysis.

In detail, the following requirements are used to reconstruct particle-level objects. Generated
particles, considered in the particle-level deĄnition, have to be within the general detector accep-
tance of ♣η♣ < 5.0. Charged leptons and neutrinos have to be prompt, excluding those originating
from hadron decays. To take additional photon radiation into account, the charged leptons are
ŤdressedŤ by including photons within ∆R < 0.1 around the lepton direction into the corre-
sponding charged lepton momentum. In addition, charged leptons have to fulĄll pT > 15 GeV
as well as ♣η♣ < 2.5 to match the acceptance of the tracking system. Particle-level jets are clus-
tered with the anti-kT algorithm using a distance parameter of R = 0.4. Non-prompt neutrinos
originating from hadron decays are included in the jet clustering. The clustered jets have to be
separated from the selected charged leptons by ∆R > 0.4 and have to fulĄll pT > 30 GeV and
♣η♣ < 2.4. Heavy-Ćavor jets are identiĄed based on including decayed heavy hadrons, also known
as ghost hadrons, in the jet clustering, but reducing their momentum to be negligible. If a ghost
hadron is clustered into a jet, the jet is assigned the Ćavor of the ghost hadron.
Based on these particle-level objects, the Ąducial phase space is deĄned aiming for the expected
signature of dileptonic tt events, i.e., the presence of leptons, neutrinos and jets. Events have to
contain two prompt oppositely-charged leptons (electrons or muons) with pT > 20 GeV and two
jets with pT > 30 GeV containing ghost b hadrons, where leptons and jets are within ♣η♣ < 2.4.
In addition, the invariant mass of the two leptons has to exceed 20 GeV. For same-Ćavor events,
the transverse momentum of the dineutrino system has to be larger than 40 GeV matching the
pmiss

T requirement employed on detector level (cf. Tab. 6.4). Finally, events, where at least one
of the charged leptons originates from an intermediate τ lepton, are vetoed.

8.2 Binning optimization

For each of the three differential cross section measurements, a reasonable binning has to be
deĄned. In order to avoid any bias potentially introduced by manually deĄned binnings and
to optimize the binnings, this task is performed by a mostly automatized procedure. Here, an
optimized binning is considered to have a maximal number of bins while fulĄlling a set of require-
ments introduced in the following. With this procedure, the number of points to compare with
theory predictions can be maximized while keeping a stable unfolding procedure (cf. Sec. 8.3)
and a reasonable statistical precision. The optimization discussed in the following is performed
using the nominal tt simulation for the 2018 data-taking period. In order to keep a uniform
approach for each period, the binning results are also applied for the remaining periods.

8.2.1 Binning requirements

In the procedure used for the binning optimization, a set of requirements is considered. These
requirements aim to ensure proper conditions for the unfolding process and a large tt signal
contribution across the entire measured spectrum. In addition, the detector resolution with
respect to the observable of interest as well as the statistical precision of the Ąnal measurement
are taken into account. In detail, the set of requirements includes the following parts:
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Migration effects

The Ąnite detector resolution can introduce event migrations between bins on detector and
particle level. Such event migrations are, to some degree, corrected by the unfolding procedure
introduced in Sec. 8.3. However, to keep the impact of the unfolding as small as possible and to
avoid a potentially unstable unfolding, an optimized binning should keep the event migrations
for each individual bin at a reasonable level. In this analysis, the migrations are quantiĄed for
each bin i by the purity Pi and the stability Si deĄned as

Pi =
N(geni & reci)

N(reci)
Si =

N(geni & reci)

N(geni)
, (8.1)

where N denotes the number of events per particle-level bin i, which fulĄll the particle-level
and detector-level selection, distinguishing between events, where the generated (geni), the re-
constructed (reci) or both observables (geni & reci) match the range of bin i. Thus, 1 − Pi is a
measure of events migrating into a bin, while 1 − Si is a measure of events migrating out of a
bin. To ensure a reasonable level of migrations in the Ąnal binnings, a minimal requirement on
the purity and stability of 0.5 (0.3) is enforced for each bin of the optimized binnings used for
the 1D (2D) measurements.

Detector resolution

In addition to the requirements regarding stability and purity, the detector resolution is directly
taken into account to reduce the probability of large event migrations. Here, the detector reso-
lution in each particle-level bin is derived based on a Gaussian Ąt to the difference between the
generated and reconstructed quantity. The width of the Gaussian is taken as an estimate of the
detector resolution in a given bin with respect to the observable of interest. In the Ąnal binning,
the width of each bin is required to exceed the corresponding detector resolution.

Signal efficiency

To ensure that each particle-level bin of the Ąnal binning is represented by a reasonable fraction
of signal events selected on detector level, each bin has to fulĄll a minimal requirement regarding
the signal efficiency deĄned as:

ϵi =
N ′(geni & rec)

N ′(geni)
, (8.2)

where N ′ denotes the number of events per particle-level bin i, which fulĄll the particle-level
selection, distinguishing between all events in bin i (geni) and those, which also fulĄll the
detector-level selection (geni & rec). For all three measurements, a minimal signal efficiency
of 20% is required for each particle-level bin.

Statistical precision

The requirements introduced above can usually be satisĄed by small bins, which only hold
a few events. Such binnings would introduce large statistical uncertainties on the Ąnal cross
section measurements. To avoid such outcomes, a minimal requirement regarding the number of
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expected events per bin has to be satisĄed by each bin of the Ąnal binning. Taking into account
that the integrated luminosity of the 2018 data-taking period accounts for more than 40% of
the total integrated luminosity (cf. Tab. 5.1), a minimum of 50 (10) events per bin is required
for the binnings used in the 1D (2D) measurements.

8.2.2 One-dimensional binning

The general concept of the binning optimization is based on the idea of starting with a Ąne
binning and merging bins until the set of requirements deĄned above is fulĄlled. This procedure
is sketched in Fig. 8.1 and, in detail, contains the following steps. The measuring range of
interest is divided into small equidistant bins with a width of 2 GeV and 0.04 for the pννT and
min[∆ϕ(pννT ,ℓ)] measurements, respectively. The set of requirements is checked for the lowest
bin of the selected range, which usually does not fulĄll the requirements. In this case, the
current bin is merged with its higher neighboring bin and the requirements are checked again.
If the requirements fail again, the procedure is repeated until the current bin matches the set
of requirements, after which the next higher bin is taken into account. This logic is repeated
until the highest bin of the range of interest is reached. If this bin fulĄlls the requirements, the
procedure stops and an optimized binning is found. Otherwise, the merging procedure introduced
above is employed again but the merging steps are now performed with the lower neighboring
bin until all bins match the requirements.
For the pννT measurement, the procedure additionally accounts for the pννT requirement included
in the deĄnition of the Ąducial phase space (cf. Sec. 8.1) by enforcing a bin edge at pννT = 40 GeV.

Figure 8.1: Sketch of the different steps used in the 1D binning optimization. The bins on the
x- and y-axis correspond to the particle-level and detector-level bins, respectively.
The dashed red line indicates the current bin. On the left, the initial equidistant
binning is shown with the lowest bin corresponding to the current bin, which, by
assumption, does not match the requirements. In the middle, this bin is merged with
the higher neighboring bin, which, by assumption, matches the requirements. On the
right, the next higher bin is taken to be the current bin.

The results of the binning optimization for the pννT and min[∆ϕ(pννT ,ℓ)] measurement can be
found in Tab. 8.1. For both measurements, the optimization procedure is also performed using
the PUPPI pmiss

T reconstruction for the detector-level observables to quantify the impact of
the DNN pmiss

T regression (cf. Sec. 7) on the optimized binnings. By applying the additional
DNN pmiss

T correction, the pννT measurement can be extended by three additional bins compared
to relying on the PUPPI pmiss

T reconstruction. Given that fewer migrations are observed in
the min[∆ϕ(pννT ,ℓ)] measurement, the impact of the regression is smaller for the corresponding
measurement resulting in one additional bin.
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Table 8.1: Results of the binning optimization for the one-dimensional measurements using the
corrected DNN pmiss

T and the nominal PUPPI pmiss
T . The highest bin includes all events

exceeding the last bin edge.

Detector level Total bins Bin edges (GeV)

DNN pmiss
T 9 0 40 68 100 140 196 260 332 410

PUPPI pmiss
T 6 0 40 72 112 196 340 - - -

DNN min[∆ϕ(pmiss
T ,ℓ)] 6 0 0.4 0.88 1.36 1.84 2.36 - - -

PUPPI min[∆ϕ(pmiss
T ,ℓ)] 5 0 0.44 0.96 1.52 2.08 - - - -

The purity, stability and signal efficiency for each individual bin of both optimized 1D binnings
are shown in Fig. 8.2. For both measurements, an almost Ćat signal efficiency of around 35-40%
can be achieved. For the min[∆ϕ(pννT ,ℓ)] measurement, only a slight dependency between both
migration measures and the particle-level bins is observed, while for the pννT measurement, the
Ąrst and the last bin of the range show increased stability and purity. For the latter observable,
a few bins in the middle of the spectrum show purities slightly below the required value of 0.5.
This small discrepancy is caused by an update of the DNN training (cf. Sec. 7) performed after
the binning optimization. However, given that the requirements for the purity were chosen rather
conservatively, these differences should have no signiĄcant impact on the unfolding procedure.
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Figure 8.2: Purity (blue), stability (red) and signal efficiency (green) for the optimized binnings
used in the pννT (left) and min[∆ϕ(pννT ,ℓ)] (right) measurement. The dashed green
and red-blue lines indicate the minimal requirement for the efficiency and the sta-
bility/purity, respectively.

8.2.3 Two-dimensional binning

The algorithm employed for the optimization of the two-dimensional binning is based on the
same concept as used for the one-dimensional case. However, in the 2D case, the choice of the
higher neighboring bin used in the merging step is not unique anymore. Thus, two additional
decision steps, as visualized in Fig. 8.3, have to be added to the optimization procedure for
the 2D measurements. The Ąrst of these additional steps corresponds to the decision which
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neighboring bin should be merged if the current bin does not fulĄll the set of requirements. The
second additional step takes care of selecting a new current bin once a bin fulĄlls all requirements.

Figure 8.3: Sketch of the steps employed in the 2D binning optimization. The bins on the
x- and y-axis correspond to the particle-level and detector-level bins, respectively.
The dashed green lines indicate bins of the second dimension while each green block
contains several bins of the Ąrst dimension. The dashed red line indicates the current
bin. On the left, the initial equidistant binning is shown with the lowest bin corre-
sponding to the current bin, which, by assumption, does not match the requirements.
The plots in the middle, show the merging with a bin of the Ąrst dimension (top)
and the second dimension (bottom). The plots on the right show the two options for
selecting the next current bin.

The decision logic employed for a merging of two bins depends on which requirement is not
fulĄlled by the current bin. If the current bin fails the requirement regarding the detector reso-
lution with respect to one of the two observables, it is merged with the higher neighboring bin
of the corresponding dimension. If the detector-resolution requirement for both observables is
not fulĄlled, the bin to merge with is chosen in an arbitrary way1. If any of the three remaining
requirements is not fulĄlled by the current bin, a so-called measure of improvement (MOI) for
both merging candidates is derived. While different deĄnitions of the MOI have been studied,
the deĄnition which yields the Ąnal binning used in the 2D measurements is given by:

MOI =
∏

i

[
1 +

(
(xnew
i − xold

i )(xmin
i − xold

i )

xmin
i · xmin

i

)]

︸ ︷︷ ︸
∆x

·
(

∆new − ∆old

∆range

)−1

︸ ︷︷ ︸
∆y

, (8.3)

where i loops over the quantities considered by the different requirements, only taking quantities
into account which are improved by the given merging step. The values of the quantities before

1
Arbitrary way denotes a decision based on the number of merging steps already performed for the current bin.
An even (odd) number leads to a merge with the bin of the first (second) dimension ensuring alternation
between both dimensions.
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and after the merging step are denoted as xold
i and xnew

i , respectively, while the required value
is given by xmin

i . The Ąrst part of the product, given by ∆x, estimates the relative improvement
of a given quantity relative to its required value. The second part, given by ∆y, corresponds
to an additional penalty term for merger with large bins, by comparing the difference between
the old bin width ∆old and new bin width ∆new to the total range ∆range considered in the
measurement. This additional penalty term aims to avoid binnings, which yield only one large
bin for one of two dimensions. The merging candidate, which results in a larger MOI, is the
one used in the merging step. If both merging candidates fail to improve any of the quantities
considered in the requirements, the merging direction is again chosen in an arbitrary way.
Once the optimization procedure is Ąnished, the optimized bins have to be tested again with
respect to the requirements. This additional step is only necessary for the 2D optimization, since
here, optimized bins can be still altered by the following steps of the optimization procedure.

The optimization for the 2D measurements starts based on an initial binning with a bin width
of 5 GeV and 0.04 in the pννT and min[∆ϕ(pννT ,ℓ)] direction, respectively. The optimization is
performed multiple times using different MOI deĄnitions and different options regarding the
selection of the next current bin (always use the Ąrst dimension or always use the second di-
mension) as well as regarding the general direction of the procedure. In the latter case, the
procedure is not only performed starting with the lowest bin of each dimension but also starting
with the highest bin and considering the lower neighboring bins as merging candidates. The
Ąnal binning used for the 2D measurements, shown in Tab. 8.2, is based on the MOI deĄned
in Eq. (8.3), starting with the highest bin of both dimensions and always selecting the bin in the
min[∆ϕ(pννT ,ℓ)] direction as the next current bin. As already observed in the optimization of the
1D binning, the DNN pmiss

T corrections allow for additional bins to be used in the measurements.
For the 2D measurements, these additional bins are rather crucial since they allow for additional
measuring points in the region of main interest at large momentum and large angular separation
as discussed in Sec. 2.3.3.

Table 8.2: Results of the binning optimization for the 2D measurements using the corrected
DNN pmiss

T and the nominal PUPPI pmiss
T . The highest bin includes all events exceeding

the last bin edge.

Detector level Total bins Bin edges

DNN pmiss
T 12

pννT (GeV) 0 70 125 200 -

min[∆ϕ(pννT ,ℓ)] 0 0.56 1.08 - -

PUPPI pmiss
T 10

pννT (GeV) 0 45 70 125 180

min[∆ϕ(pννT ,ℓ)] 0 0.76 - - -

The purity, stability and signal efficiency for each individual bin of the optimized 2D bin-
ning are shown in Fig. 8.4. Similar to the 1D measurements, a rather Ćat signal efficiency
of around 35 to 40% is observed for most of the bins. Only the highest bins at large angular
separation show a slightly reduced efficiency. The stability and purity increase in the Ąrst two
min[∆ϕ(pννT ,ℓ)] bins with increasing momentum. In the highest min[∆ϕ(pννT ,ℓ)] bin, this trend is
reversed for the purity, which can be explained by the reduced pmiss

T resolution at large angular
separation leading to additional event migrations, as discussed in Sec. 7.1. Again, not all opti-
mized bins match the purity requirement of 0.3. Here, the same arguments, as discussed for the
1D measurements, hold.
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Figure 8.4: Purity (blue), stability (red), and signal efficiency (green) for the optimized binning
used in the 2D measurements. The vertical black lines correspond to the bin edges
in min[∆ϕ(pννT ,ℓ)], while inside each of these bins, several pννT bins are shown in
increasing order. The dashed green and red-blue lines indicate the minimal require-
ment for the efficiency and the stability/purity, respectively.

8.3 Unfolding procedure

Based on the detector-level distributions extracted from the observed events fulĄlling the full
detector-level selection (cf. Sec. 6.3), differential cross section results are derived on particle level
using an unfolding procedure introduced in the following. This procedure can be divided into
two main steps. In the Ąrst step, the yield of dileptonic tt events in each bin of the detector-level
distributions is derived based on the observed number of events and estimations of the contri-
butions from other SM processes. In the second step, the impact of the detector acceptance and
resolution is corrected, which corresponds to the actual unfolding of the detector-level distribu-
tions to the particle level including the transition from the detector-level observables pmiss

T and
min[∆ϕ(pmiss

T ,ℓ)] to the particle-level observables pννT and min[∆ϕ(pννT ,ℓ)]. For the unfolding, a
variety of different methods are available [219] out of which a least square method implemented
in the TUnfold package [220] is used in this analysis.
The steps of the unfolding procedure are performed separately for each data-taking period com-
bining the three lepton channels to achieve sufficient statistical precision. For this purpose,
all systematic uncertainties, introduced in Sec. 9, are treated as fully correlated between the
different lepton channels within each data-taking period. The measurements of the individual
data-taking periods are combined after the unfolding procedure taking correlations between
systematic uncertainties into account, to derive the Ąnal results based on all four data-taking
periods.

8.3.1 Signal extraction

The number of dileptonic tt signal events in each bin of the detector-level distributions is derived
prior to the unfolding step by removing contributions from all other SM processes. Here, two
different methods are applied differing between SM background contributions originating from
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the tt process, introduced as tt other2 in Sec. 5.2.4, and all other SM background processes. In
detail, the Ąnal number of signal events per bin i is given by

N sig
i,data = (Ni,data −Nbkg

i,MC) · f sig
i , (8.4)

where Ni,data denotes the total number of events observed in data and Nbkg
i,MC is the estimated

contribution from SM background processes derived from simulation, which are not part of the
tt other background. The signal fraction f sig

i , deĄned as

f sig
i =

N sig
i,MC

N sig
i,MC +N

tt other
i,MC

, (8.5)

takes the contribution from tt other into account. Here, N sig
i,MC and N tt other

i,MC denote the number
of signal events and the contribution from tt other events, respectively. Both quantities are
estimated from simulation. By applying the signal fraction instead of subtracting the estimated
tt other background yield, the same scale in normalization as observed for the dileptonic tt signal
process is applied to the tt other background contribution. This strategy takes into account that
both of these contributions originate from the same tt production processes.

8.3.2 Unfolding with TUnfold

The differential and multi-differential cross sections derived in the scope of this analysis are
deĄned based on the number of unfolded signal events M̂unf

j per particle-level bin j, obtained
after the signal extraction using the unfolding method introduced below. The detailed deĄnition
of the absolute differential cross sections is given by

dσj
dx

=
1

∆xj

M̂unf
j

L , (8.6)

where L denotes the integrated luminosity of a given data set and ∆xj corresponds to the bin
width with respect to the observable of interest x. For the two-dimensional measurements, the
division by the bin width is always performed based on the pννT observable. In addition to the
absolute cross sections, normalized results are obtained by dividing Eq. (8.6) by the total Ąducial
cross section σ, derived by integrating over the entire measured spectrum of interest.

The problem to be solved in the unfolding step, which aims to correct for differences between
the reconstructed (detector-level) and generated (particle-level) quantities caused by mismea-
surements in the reconstruction as well as limited detector acceptance and intrinsic differences
between both quantities, e.g., the difference between the generated pmiss

T and pννT (cf. Sec. 6.2.6),
can be written as

M sig
i =

m∑

j=1

AijM
true
j , 1 ≤ i ≤ n . (8.7)

2
In the context of the unfolding procedure, tt other also includes dileptonic tt events, which are selected by the
detector-level selection, but originate outside of the fiducial phase space defined in Sec. 8.1.
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Here, M sig
i denotes the expected number of signal events on detector level in bin i and M true

j cor-
responds to the expected number of signal events on particle level in bin j. The total number of
detector- and particle-level bins is given by n and m, respectively. The elements of the response
matrix Aij describe the migrations from the jth bin on particle level to the ith bin on detector
level considering the detector acceptance and selection efficiency. The ranges covered by the bins
on detector- and particle-level are the same. However, for the measurements performed in this
analysis, most of the particle-level bins are split into two bins with equal width to obtain the
detector-level bins. The only exception to this procedure is given by the highest pννT bins, which
are the same for both levels to avoid large statistical Ćuctuations. This condition, corresponding
to n > m, usually allows for a more stable operation by overconstraining the unfolding problem.

In this analysis, the problem deĄned in Eq. (8.7), is solved based on a least square method
implemented in the TUnfold package [220]. The result of this solution is an estimate of the true
number of signal events in each particle-level bin, which serves as M̂unf

j in the deĄnition of the
differential cross sections (cf. Eq. (8.6)). The method is based on the following Lagrangian:

L =
(
N⃗ sig − AM⃗unf

T
V−1

(
N⃗ sig − AM⃗unf



+ τ2
(
M⃗unf − M⃗ true

T (
LTL

 (
M⃗unf − M⃗ true



+ λ
(
Y − e⃗T M⃗unf



with Y =
∑

i

N sig
i and ei =

∑

j

Aij .

(8.8)

The Ąrst term of the Lagrangian corresponds to the least square problem, where N⃗ sig denotes
the observed number of signal events on detector level after the signal extraction, with the cor-
responding diagonal covariance matrix V encoding the statistical uncertainties. The response
matrix is denoted as A and is, in the context of this analysis, derived from the nominal tt sig-
nal simulation. The second term introduces an optional regularization (reg.) controlled by the
reg. parameter τ and the reg. condition L aiming to reduce potential Ćuctuations in the unfolded
results introduced by statistical Ćuctuations in the observed number of signal events. For the
present measurements, the second derivative is used as reg. condition while the reg. parameter
is obtained by minimizing the average global correlation as deĄned in [220]. The third term of
the Lagrangian introduces an additional so-called area constraint, controlled by a Lagrangian
parameter λ. This constraint aims to match the total number of observed signal events, cor-
rected by acceptance and efficiency effects, to the total number of unfolded events. The Ąnal
estimate M̂unf

j as well as the corresponding covariance matrix of the number of unfolded signal
events are extracted by minimizing the Lagrangian with respect to the observed number of signal
events N⃗ sig.

The response matrices for the three individual measurements based on the 2018 data-taking
period are shown in Fig. 8.5. For both one-dimensional measurements, large diagonal elements
of around 0.5 to 0.6 can be observed indicating a good resolution for both observables. The
off-diagonal elements on both sides of the diagonal show rather signiĄcant differences for both
1D measurements. For most parts of the measured phase space, the elements above the di-
agonal are larger caused by a small bias towards larger reconstructed values with respect to
the generated values. In case of the pννT measurement, this behavior has been already observed
in the study of the DNN pmiss

T response in Fig. 7.10. However, only the elements close to the
diagonal are affected indicating migrations to neighboring bins but no migrations across large
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phase space regions. For the 2D measurements, similar effects can be observed with respect to
the migrations across pT bins, which, compared to the migrations across angular bins, dominate
most parts of the phase space in terms of migrations. The migrations are maximal in the phase
space of large pT and large angular separation, caused by the decreasing pmiss

T resolution in this
phase space, as already discussed in Sec. 7.1 and 8.2.
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0.05 0.10 0.01 0.00 0.12 0.44 0.06 0.00 0.07 0.14 0.01 0.00

0.01 0.05 0.07 0.01 0.01 0.23 0.49 0.03 0.01 0.06 0.06 0.00
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0.00 0.00 0.00 0.00 0.03 0.06 0.01 0.00 0.25 0.60 0.04 0.00

0.00 0.00 0.00 0.00 0.00 0.04 0.06 0.00 0.03 0.42 0.42 0.01

0.00 0.00 0.00 0.00 0.00 0.01 0.10 0.09 0.01 0.06 0.43 0.29
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Figure 8.5: Response matrices for the pννT (top left), the min[∆ϕ(pννT ,ℓ)] (top right) and 2D mea-
surements (bottom) based on the 2018 data-taking period. Each entry is normalized
by the integral of the corresponding horizontal line leading to diagonal elements,
which show the purity. The bins on the x- and y-axis correspond to the particle-level
and detector-level bins, respectively. Bins marked with /∈ correspond to events, which
originate from the Ąducial phase space but do not fulĄll the detector-level selection.
The dashed green lines in the response matrix for the 2D measurements indicate
min[∆ϕ(pννT ,ℓ)] bins, which each include several pννT bins.

8.4 Validation tests

To evaluate the validity of the unfolding procedure and to decide on the detailed approach
employed in the unfolding method, dedicated validation tests are performed. In these tests,
three different unfolding approaches are compared. The Ąrst approach, denoted as nominal
approach, corresponds to the least square method expressed in Eq. (8.8) without including the
optional regularization (τ = 0). For the second approach, denoted as regularized approach, the
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8 Cross section extraction

regularization is enabled. Apart from reducing statistical Ćuctuations in the Ąnal result, this
additional regularization can also introduce a potential bias if the regularization is too strong.
The last approach corresponds to a naive bin-by-bin (BBB) unfolding, where only the diagonal
elements of the response matrices, shown in Fig. 8.5, are considered, neglecting any migration
effects. For this approach, a simple correction factor is derived for each particle-level bin and
the detector-level bins are chosen to match the particle-level bins.

Truth test

The truth test aims to check the setup used for the unfolding procedure. Here, the nominal
response matrices based on the dileptonic tt signal sample are applied to pseudo data derived
from the same sample. Thus, by construction, the migration and acceptance effects, present in
the pseudo data and described by the response matrix, are the same. A valid unfolding setup
should therefore yield an unfolded result, which exactly matches the particle-level distribution
predicted by the dileptonic tt signal sample.
As an example of the outcome of the truth test, the results for the pννT measurement are shown in
Fig. 8.6. All unfolding approaches yield unfolded distributions, which exactly match the expected
distribution indicating valid unfolding setups. The same observations can be made based on the
results for the min[∆ϕ(pννT ,ℓ)] and the 2D measurement, which are both shown in Appx. 9.
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Figure 8.6: Result of the truth test performed for the pννT measurement derived with the nomi-
nal (black), the regularized (green) and the bin-by-bin unfolding (purple) based on
the 2018 data-taking period. The unfolded distributions are compared to the ex-
pected distribution (red) based on the dileptonic tt signal sample. The error bars
correspond to the statistical uncertainty. The lower part shows the ratios of the un-
folded and the expected distributions.

Toy test

To validate the statistical properties of the unfolding procedures, tests based on toy data sets
drawn from the detector-level distribution of the tt signal sample are performed. The toy data
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8.4 Validation tests

sets, which are used as pseudo data, are generated by smearing the yield in each detector-level
bin based on Poisson statistics. For each toy data set, the unfolding procedure is performed and
the unfolded distribution is compared to the non-smeared result, derived from the truth test
introduced above, taking the covariance from the non-smeared result into account. Here, the
χ2 results between smeared and non-smeared unfolded distributions as well as the pulls between
both types of distributions for each individual bin are studied.

The results of the toy test for the pννT measurement using a total of 5000 toys are shown in
Fig. 8.7. The distributions of the χ2 results for each of the three approaches Ąt the expected
χ2 function, where the degrees of freedom match the number of bins used in the corresponding
measurement. The distributions of the pulls, where the pull is derived individually for each bin of
the particle-level distribution, show the expected behavior and follow a Gaussian function with
a mean of zero and a width of unity. The toy tests performed for the remaining measurements,
which can be found in Appx. 9, show similar results, indicating valid statistical properties of all
three unfolding approaches.
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Figure 8.7: Results of the toy test performed for the pννT measurement derived with the nomi-
nal (black), the regularized (green) and the bin-by-bin unfolding (purple) based on
the 2018 data-taking period. The left plot shows the distribution of the χ2 values
derived for each individual toy data set Ątted by a χ2 function (blue). The right plot
shows the pull derived for each bin in each toy data set Ątted by a Gaussian func-
tion (blue). Both Ąts are performed based on the nominal result.

Reweighting test

In the truth test as well as in the toy test, the particle-level distributions used to derive the
response matrix and the underlying true distribution of the pseudo data match. The reweighting
test, in contrast, aims to study the potential bias introduced by a mismatch between both dis-
tributions, which corresponds to a more realistic scenario expected for the actual measurements
performed on observed data. To mimic this scenario, the underlying particle-level distribution
of the pseudo data is reweighted event-wise based on

w(x) = max
[
(1 + (x−m) · s)2 , 0.1

]
, (8.9)
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8 Cross section extraction

where x denotes the particle-level observable and m and s control the nature of the reweighting.
The altered pseudo data is unfolded with the nominal response matrix and compared to the
expected reweighted particle-level distribution.

The results of the reweighting test performed for the pννT measurement with s = 0.001 and
m = 100 GeV can be found in Fig. 8.8. All three unfolded distributions seem to follow the ex-
pected distribution. However, in the result of the simple bin-by-bin unfolding, a bias towards the
particle-level distribution used in the response matrix is observed, which is also indicated by the
large χ2/dof. This bias is mainly introduced by ignoring migration effects in this approach. The
remaining two approaches, which take the migrations into account, indicate better performance.
However, especially at low pννT , small Ćuctuations can be observed. These Ćuctuations are fully
covered by the uncertainties in the nominal approach, while the χ2/dof indicates a slightly worse
agreement for the regularized approach. Similar conclusions can be drawn from the test results
for the remaining two measurements shown in Appx. 9.
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Figure 8.8: Result of the reweighting test performed for the pννT measurement derived with the
nominal (black), the regularized (green) and the bin-by-bin unfolding (purple) based
on the 2018 data-taking period. The unfolded distributions are compared to the
expected distribution (red) based on the reweighted dileptonic tt sample with the
corresponding χ2/dof values given in the legend. The unweighted distribution, used
for the response matrix, is shown in blue. The error bars correspond to the statistical
uncertainty. The lower part shows the ratios of unfolded and expected distributions.

Alternative MC test

In addition to the reweighting test, the impact of a potential bias introduced by the unfolding
procedure is studied by utilizing the alternative tt signal simulation (cf. Sec. 5.2.4). In this
test, the pseudo data correspond to the detector-level distributions derived from the alternative
signal simulation. These pseudo data are unfolded based on the response matrix derived from
the nominal signal simulation, again mimicking the situation with potential differences between
the measured data and the MC predictions.
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8.4 Validation tests

The results of this test performed for the pννT measurement are shown in Fig. 8.9. Here, similar
conclusions as already drawn in the reweighting test can be stated. The result derived with
the bin-by-bin approach shows a small bias towards the distribution of the response matrix,
especially at large pννT , while the remaining two approaches yield a good agreement with the
expected distribution despite small Ćuctuations around the expected distribution at large pννT .
The results for the remaining measurements, which conĄrm the observations discussed above,
can be found in Appx. 9.
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Figure 8.9: Result of the alternative MC test performed for the pννT measurement derived with
the nominal (black), the regularized (green) and the bin-by-bin unfolding (purple)
based on the 2018 data-taking period. The unfolded distributions are compared to
the expected distribution (red) based on the alternative dileptonic tt signal sample
with the corresponding χ2/dof values given in the legend. The nominal distribution,
used for the response matrix, is shown in blue. The error bars correspond to the
statistical uncertainty. The lower part shows the ratios of the unfolded and the
expected distributions.

Summarizing the different test results, all three approaches are based on a valid unfolding setup
and yield the expected statistical properties. In the two tests focusing on potential biases due
to differences between the underlying distributions in the observed data and simulation, the
results from the simple bin-by-bin approach show some tendency towards the distribution used
in the response matrices. For the two remaining approaches, good agreement with the expected
distributions can be observed. For the Ąnal cross section measurements, the nominal approach
is used in the unfolding procedure, since this approach yields the smallest χ2/dof in all tests and
does not rely on additional regularization.
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Systematic uncertainties
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The differential cross sections derived in the context of this analysis are subject to various sources
of systematic uncertainties, which have to be carefully evaluated to achieve valid results. The
different contributions to the total systematic uncertainty can be separated into experimental
sources, discussed in Sec. 9.1, and theoretical sources, which mainly concern the modeling of the
signal and background processes, discussed in Sec. 9.2.
Unless otherwise stated, the impact of each individual uncertainty is obtained by repeating the
analysis twice based on an upward and downward shift of the corresponding uncertainty, which
can affect the event selection, the background estimation as well as the unfolding procedure in
terms of changes in the response matrix. The difference between the nominal result and the
result obtained with the shifts in place yields the estimate of the corresponding uncertainty.
This procedure is performed individually for each data-taking period. As discussed in Sec. 8.3,
the Ąnal cross section results are derived by combining the results from the individual periods
taking the corresponding uncertainty correlations, described in this chapter, into account.
The impact of the individual uncertainties on the absolute and normalized differential cross
section measurements is further discussed in Sec. 9.3, followed by a deĄnition of the covariance
matrices of the Ąnal results in Sec. 9.4.

9.1 Experimental sources

The experimental sources of systematic uncertainties include effects regarding the particle and
event reconstruction and the event selection. In addition, uncertainty sources related to the back-
ground prediction as well as potential detector anomalies are taken into account. The majority of
these uncertainties are derived by varying different sets of scale factors, which aim to improve the
agreement between observed data and simulation, within their uncertainties employing standard
recipes used within the CMS collaboration. The full set of experimental uncertainties including
the methods to derive their impact on the differential cross section measurements is discussed
in the following.
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9 Systematic uncertainties

b-jet tagging

The identiĄcation of jets originating from b quarks, as introduced in Sec. 6.2.5, is crucial for the
selection of tt events. Differences in the identiĄcation efficiency for b jets and misidentiĄcation
probabilities for non-b jets between observed data and simulation are corrected by applying
weights to the simulated events [186]. These weights are obtained as a function of jet pT and ♣η♣
based on centrally-provided scale factors and efficiency and misidentiĄcation probabilities derived
for the analysis-speciĄc phase space.
Uncertainties regarding the b-jet tagging are obtained by varying the scale factors for heavy-
Ćavor (b and c jets) and light-Ćavor jets individually within their corresponding uncertainties.
In addition, the uncertainties are broken down into parts that are fully correlated between the
different data-taking periods and uncorrelated parts.

In general, most variations introduced in the following could impact the tagging efficiencies,
leading to an overestimation of the corresponding uncertainty if the nominal weights, mentioned
above, are used. To avoid this, the efficiencies and misidentiĄcation probabilities are derived
separately with the shifts regarding the jet energy scale and resolution, the jet pileup identiĄ-
cation and all modeling uncertainties except for the PDF variations in place. When estimating
the corresponding uncertainties, the nominal weights are replaced by weights based on these
alternative efficiencies and misidentiĄcation probabilities. This modiĄcation is not applied for
systematic uncertainties regarding the lepton reconstruction or trigger efficiencies, since for these
shifts the jet kinematics are not expected to change signiĄcantly.

Background estimation

Contributions from SM processes apart from the dileptonic tt signal process are removed from
the observed event yields based on estimates from simulation, as discussed in Sec. 8.3.1. The
normalizations of the corresponding simulated samples are performed using higher-order cross
sections (cf. Sec. 5.2.4), which are themselves subject to uncertainties. To take this into account,
the following uncertainties are considered for the different SM background processes. Contribu-
tions from the tt other processes are attributed with a normalization uncertainty of 5%, while
for processes including only one top quark, a 30% normalization uncertainty is considered. Con-
tributions from the DY+jets process are assumed to have a normalization uncertainty of 20%,
whereas all remaining contributions including W+jets, ttW/Z and diboson processes are as-
signed an uncertainty of 30%.
Background normalization uncertainties concerning one individual contribution are assumed to
be fully correlated between the different data-taking periods.

Jet energy scale

The energy scale of reconstructed jets is corrected by applying a dedicated procedure [183, 184]
introduced in Sec. 6.2.4. Uncertainties regarding this procedure are provided as a function of
jet pT and η and include seven individual sources, which are either fully correlated or uncorrelated
between the different data-taking periods. The sources consider, e.g., uncertainties on the impact
of pileup contributions or on the simulated jet momentum response. The impact of the jet energy
scale (JES) uncertainty on the Ąnal cross section results is derived by repeating the analysis with
the jet momenta scaled up and down by the corresponding JES uncertainty. In addition, the
change in the jet momenta is propagated to the missing transverse momentum. Thus, unlike
uncertainties, which are only derived based on varying event weights, this uncertainty can also
affect the event selection itself.
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Jet energy resolution

In addition to corrections of the JES, the jet energy resolution (JER) is smeared in simulation to
match the resolution observed in data (cf. Sec. 6.2.4) [183, 185]. To derive the uncertainty related
to this smearing, the JER is shifted within its uncertainty individually for jets with ♣η♣ < 1.93
and with 1.93 ≤ ♣η♣ < 2.5. This uncertainty source is assumed to be uncorrelated between the
different data-taking periods.

Jet pileup identification

Another jet-related uncertainty is introduced by applying identiĄcation criteria, which aim to
discard contributions from jets originating from pileup vertices [181], as introduced in Sec. 6.2.4.
To correct for potential efficiency differences between data and simulation, dedicated scale factors
are derived and varied within their uncertainties to obtain their impact on the cross section
results. The uncertainty regarding this identiĄcation criterion is assumed to be fully correlated
between the different data-taking periods.

L1-trigger prefiring

Timing shifts in the ECAL, which were not correctly propagated to the L1 trigger during the
2016 and 2017 data-taking periods, introduced the so-called trigger preĄring [104]. Due to the
preĄring, trigger signals were wrongly associated with the previous bunch crossing, leading to
a veto of the original bunch crossing, since two consecutive bunch crossings are not allowed to
both trigger the L1 trigger. Similar effects were also present in the muon system in all four
data-taking periods [102]. To correct for these effects, additional scale factors are applied to the
simulation. The uncertainty of this correction is derived by shifting the scale factors within their
uncertainties. The resulting uncertainty is taken to be fully correlated between the different
data-taking periods.

Lepton reconstruction

To improve the modeling of the lepton reconstruction and selection in simulation, multiple scale
factors are applied to the reconstructed muons [101, 175] and electrons [97, 173] as a function
of pT and η (cf. Sec. 6.2.2 and 6.2.3). To derive the uncertainty originating from these scale
factor applications, the corresponding scale factors, distinguishing between reconstruction and
identiĄcation for the electrons and identiĄcation and isolation for the muons, are individually
varied within their uncertainties. Since the scale factors are derived based on DY events but are
predominantly applied to tt events, an additional uncertainty of 1% and 0.5% per electron and
muon, respectively, is applied to cover the impact of the extrapolation.
Uncertainties regarding the muon scale factors are further divided into a systematic part, which
is assumed to be fully correlated between the different data-taking periods, and a statistical
part, which is taken to be uncorrelated. Uncertainties regarding the electron scale factors are
considered as fully correlated between the different data-taking periods.

Further corrections are applied to the lepton momentum scale and resolution, which introduce
additional uncertainties [97, 176, 177]. These uncertainties are derived individually per lepton
Ćavor by varying the corrections within their uncertainties. The shifts in the lepton momenta are,
similar to the JES, propagated to the missing transverse momentum. Uncertainties regarding the
lepton scale and resolution are assumed to be fully correlated between the different data-taking
periods.
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9 Systematic uncertainties

Luminosity measurement

The integrated luminosity is measured individually for each year of data-taking. Since similar
methods are applied in each of these measurements, the uncertainties on the luminosities are
partially correlated. The corresponding correlation scheme is shown in Tab. 9.1. The uncertain-
ties on the luminosities for the data-taking periods 2016preVFP and 2016postVFP are assumed
to be fully correlated.

Table 9.1: Breakdown of the correlated and uncorrelated luminosity uncertainties per year of
data-taking. The individual uncertainties are shown in the last row [116Ű118].

Year 2016 (%) 2017 (%) 2018 (%)

Uncorrelated 16 1.0 — —

Uncorrelated 17 — 2.0 —

Uncorrelated 18 — — 1.5

Correlated 16, 17, 18 0.6 0.9 2.0

Correlated 17, 18 — 0.6 0.2

Individual result 1.2 2.3 2.5

Pileup

The uncertainty regarding pileup contributions originates from the reweighting of the pileup
distributions in simulation to the expected pileup distribution in data, which is based on the
total inelastic pp cross section of 69.2 mb [141]. The uncertainty is derived by repeating the
reweighting with the total inelastic pp cross section shifted by ±4.6% and is assumed to be fully
correlated between the different data-taking periods.

Trigger efficiencies

The uncertainties of the scale factors accounting for the difference in trigger efficiencies between
data and simulation have been already discussed in detail in Sec. 5.3.2. The final uncertainties
on the trigger efficiencies, which are taken to be uncorrelated between the different data-taking
periods, are derived by varying the scale factors within their uncertainties.

Unclustered energy

In addition to propagating the shifts in the JES and the lepton momentum scale and resolution to
the missing transverse momentum, an uncertainty related to the unclustered energy [189] is taken
into account. For this uncertainty, the deposited energies of charged and neutral hadrons as well
as photons and hadrons, which are reconstructed in the forward part of the HCAL (cf. Sec. 3.2.5),
are varied within their corresponding energy resolutions and propagated to the missing transverse
momentum. The impact on the final result is obtained by repeating the analysis based on
these shifted pmiss

T vectors. This uncertainty is assumed to be uncorrelated between the different
data-taking periods.
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9.2 Theoretical sources

The systematic uncertainties originating from theoretical sources mainly concern the model-
ing of the signal and background processes as used in the individual steps of the generation
of simulated events, introduced in Sec. 5.2. These uncertainties are derived by changing the
corresponding modeling parameters using additional simulated samples with altered parameters
or applying additional weights to the nominal samples. In both cases, the total cross sections
used to normalize the samples are kept constant. The uncertainties introduced below are either
applied to all simulated samples, to the tt processes including all decay channels or only to the
dileptonic tt signal sample. In contrast to the experimental sources, all theoretical uncertainties
are assumed to be fully correlated between the different data-taking periods.

b-hadron branching fraction

The semileptonic branching fraction of b hadrons can have a signiĄcant impact on the energy
response of b jets due to the non-prompt neutrinos produced in the decay chain, which escape
the detector undetected. To account for the uncertainty on the branching fraction and differ-
ences between the branching fractions stated by the Particle Data Group [221] and the value
used in the Pythia8 generator [133], additional weights are applied to the simulation of the
tt processes. These weights cover the envelope of the branching fraction uncertainty and the
differences between the two branching fractions mentioned above.

Color reconnection

For the nominal tt simulations, a color reconnection (CR) model (cf. Sec. 5.2.2), based on
multi-parton interactions (MPI) with the option for early resonance decays (ERD) disabled [137],
is applied. To account for differences between different CR models, additional tt simulations with
three alternative CR models are used. These models include a QCD-inspired model, a gluon move
model and an MPI-based model with the ERD enabled. The analysis is repeated separately for
each of the additional simulated samples and the uncertainty attributed to the choice of the
CR model is derived based on the envelope of the different Ąnal cross section results compared
to the nominal result.

ME scale

Uncertainties due to the renormalization scale µR and the factorization scale µF in the matrix
element generators are derived by applying dedicated event weights to all simulated samples.
Here, a total of six different shifts are taken into account:

• µR Ąxed and µF varied by 2 (0.5) for up (down) variation

• µF Ąxed and µR varied by 2 (0.5) for up (down) variation

• simultaneously varying µR and µF by 2 (0.5) for up (down) variation

The combined ME-scale uncertainty on the Ąnal cross section results is obtained based on the
envelope of the six different shifts with respect to the nominal result.
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ME-PS matching

In the PowhegV2 generator used to simulate the tt processes, the cross section for real emissions
is scaled by a damping function, which controls the merging between the matrix element (ME)
and the parton shower (PS) and regulates high-pT radiations. The damping function depends on
the parameter hdamp [136], which is varied within its uncertainty to obtain the uncertainty related
to the ME-PS matching. This variation is realized by using two alternative tt simulations, which
include the shift in hdamp, and repeating the analysis separately for both alternative simulations.

Parton distribution functions

The uncertainty originating from the parton distribution functions (PDFs) is derived by applying
event weights for the dileptonic tt sample based on 100 eigenvectors of the NNPDF3.1 NNLO
hessian error PDF set [134]. The combined uncertainty is obtained from the envelope of the
shifted Ąnal results with respect to the nominal result. In addition, the value of the strong
coupling constant αs, applied in the PDF set, is varied within its uncertainty using two additional
sets of event weights for the dileptonic tt sample.

Parton shower

To account for the uncertainty of αs in the parton shower, the renormalization scale for QCD
emissions in the Ąnal-state and initial-state (FSR and ISR) is varied. This variation is performed
based on event weights, which separately shift the scale of the FSR and ISR by a factor of two
and one half. The analysis is repeated four times to consider the individual shifts connected
to both types of radiation. This uncertainty is derived for all simulated samples including non-
tt processes.

Top-quark mass

To account for the uncertainty on the top-quark mass mt , the analysis is repeated with two
alternative sets of tt simulations assuming a top-quark mass of 169.5 and 175.5 GeV, while for
the nominal simulated samples mt = 172.5 GeV is used. The Ąnal uncertainty related to the
top-quark mass is estimated by linearly scaling the variations induced by the two alternative
sets of simulations assuming an uncertainty on the top-quark mass of 1 GeV.

Top-quark pT reweighting

To improve the agreement between data and simulation with respect to the top-quark pT spec-
trum, additional k-factors are applied to all tt simulations, as discussed in Sec. 5.2.4. The
uncertainty originating from this additional reweighting is derived by repeating the analysis
without the reweighting in place and comparing the result to the nominal measurement leading
to a one-sided uncertainty.

Underlying event

The uncertainty related to the simulation of the underlying event (cf. Sec. 5.2.2), is derived
based on two alternative tt simulations, where the parameters of the CP5 tune, describing
the underlying event in the simulation, are varied within their corresponding uncertainties, as
described in [136].
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9.3 Impact on differential measurements

The impact of the systematic uncertainties on the Ąnal differential cross section measurements
is derived by repeating the analysis multiple times, combining the individual results for the
different data-taking periods taking proper correlations into account and comparing the shifted
with the nominal results, as discussed in the previous sections. The statistical uncertainty in the
Ąnal results is derived from the statistical precision of the observed number of events entering
the unfolding procedure, introduced in Sec. 8.3. The total uncertainty in each bin of the Ąnal
results is derived by computing the quadratic sum of all uncertainty contributions.

In Fig. 9.1, the breakdown of the uncertainty contributions for the pννT measurement is shown.
The total uncertainty increases with increasing momenta from below 5% to almost 40% caused
by larger contributions from the statistical and systematic uncertainties. In the phase space be-
tween 100 and 400 GeV, the largest contributions originate from the jet energy scale uncertainty
caused by its propagation to the missing transverse momentum, which serves as a proxy for
the pννT observable. The second and third as well as the last bin of the measurement are domi-
nated by the uncertainty on the background prediction. For the second and third bin, this effect
mainly originates from the large DY+jets contributions. These contributions are not present in
the Ąrst bin of the measurement due to the pννT requirement applied to same-Ćavor events within
the particle-level deĄnition (cf. Sec. 8.1). The background uncertainties as well as the matrix
element scale uncertainties in the last bin of the measurement, in contrast, are mainly caused
by the tW contributions, which dominate the background in this part of the phase space. This
observation can be explained based on the event selection applied in this analysis, introduced
in Sec. 6.3. Due to the requirement of at least two reconstructed jets, tW events with an addi-
tional jet from ISR or FSR are predominantly selected. In case of the presence of an ISR jet, the
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Figure 9.1: Breakdown of the uncertainties for the pννT measurement. The statistical uncertainty
is shown as gray-shaded area. The orange-shaded area indicates the total uncer-
tainty, given by the quadratic sum of all systematic contributions and the statistical
uncertainty.
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9 Systematic uncertainties

tW system can be boosted, allowing for higher neutrino momenta compared to the tt topology,
which leads to larger tW contributions at high pννT .

The total uncertainty derived for the min[∆ϕ(pννT ,ℓ)] measurement ranges between 3.5 and 7.0%.
The corresponding breakdown of the different uncertainty contributions, which signiĄcantly
differs from the one observed for the pννT measurement, is shown in Fig. 9.2. For the majority
of the measured phase space, the dominant uncertainty contributions originate from the lepton
reconstruction, caused by the lepton kinematics affecting the measured observable. The largest
part of this contribution originates from the uncertainty on the electron reconstruction. For
the phase space with small angular separation, the contributions from the jet energy scale and
the background prediction have a larger impact. The increased impact from the background
prediction is caused by a larger contribution from DY+jets events in this phase space. The
contributions from the jet energy scale, in contrast, originate from events with an increased jet
activity or additional jets which tend to yield signatures with smaller angular separation due to
the additional boost of the tt system.
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Figure 9.2: Breakdown of the uncertainties for the min[∆ϕ(pννT ,ℓ)] measurement. The statistical
uncertainty is shown as gray-shaded area. The orange-shaded area indicates the
total uncertainty, given by the quadratic sum of all systematic contributions and the
statistical uncertainty.

The uncertainty breakdown for the 2D measurement, where the total uncertainties vary between
around 3.5 and 27.5%, depending on the phase space, can be found in Fig. 9.3. The breakdown
in the Ąrst angular bin is rather similar to the one observed in the 1D pννT measurement discussed
above. In the Ąrst (last) bin of the spectrum, the uncertainties from the background prediction
have a signiĄcant impact caused by large DY+jets (tW) contributions in the corresponding
phase space. At high pννT , the tW background leads to larger contributions from the matrix
element scale, while for the medium-pT range the uncertainty is dominated by the jet energy
scale. These observations do not hold for the other two angular bins. Here, the contributions
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9.4 DeĄnition of covariance matrices

from the background predictions are signiĄcantly reduced and the dominant uncertainty in the
majority of the measured bins originates from the jet energy scale.
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Figure 9.3: Breakdown of the uncertainties for the 2D measurement. The statistical uncertainty
is shown as gray-shaded area. The orange-shaded area indicates the total uncer-
tainty, given by the quadratic sum of all systematic contributions and the statistical
uncertainty. The vertical black lines correspond to the bin edges in min[∆ϕ(pννT ,ℓ)],
while inside each of these bins, several pννT bins are shown in increasing order.

The breakdowns of the uncertainties for the normalized cross section measurements and for
the results derived with the DS scheme (cf. Sec. 5.2.5) can be found in Appx. 10 and 11,
respectively. For the normalized pννT and the normalized 2D measurements, the impacts of the
individual uncertainties are slightly reduced compared to the absolute measurements, while
the dominant contributions in the different phase space regions are mainly unchanged. For the
normalized min[∆ϕ(pννT ,ℓ)] measurement, however, the total uncertainty is signiĄcantly reduced
compared to the absolute measurement. This change is mainly caused by the uncertainty on
the lepton reconstruction, which mostly affects the overall normalization rather than the shape
of the measurement. As a consequence, most parts of the range considered in the normalized
min[∆ϕ(pννT ,ℓ)] measurement are dominated by the uncertainty on the jet energy scale.

9.4 Definition of covariance matrices

In the discussion of the Ąnal results, presented in Sec. 10, the measured differential cross sections
are compared to different theoretical predictions. To account for the correlations present between
individual bins of the Ąnal results, these comparisons take the full covariance matrices of the
measurements, whose deĄnition is introduced in the following, into account.
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9 Systematic uncertainties

The covariance matrices C of the Ąnal measurements, based on the combined results of all
data-taking periods, include two separate parts:

C = Cstat + Csyst , (9.1)

where Cstat denotes the covariance matrix encoding the statistical uncertainties after the unfold-
ing, which, unlike the covariance of the observed input data (cf. Sec. 8.3), can have off-diagonal el-
ements originating from correlations introduced in the unfolding procedure. The second part Csyst

of the total covariance matrix includes the contributions from the systematic uncertainties.

While the statistical covariance Cstat is derived based on the sum of the individual statistical
covariances of each data-taking period obtained within the TUnfold framework [220], the sys-
tematic covariance matrix Csyst is estimated directly from the systematic uncertainties on the
combined results (cf. Sec. 9.3), following the method used in [222]. In detail, the calculation of
the systematic covariance matrix elements is given by:

Csyst
i,j =

M∑

k=1

1

Nk

Nk∑

l=1

Ck,l,iCk,l,j with 1 ≤ i,j ≤ m. (9.2)

The outer sum runs over all M systematic uncertainty sources introduced in Sec. 9.1 and 9.2. The
inner sum corresponds to a mean across all Nk variations considered for the present systematic
uncertainty source k. For the majority of the sources, Nk = 2 holds, given that an upward
and downward variation is taken into account. However, for sources including more than two
variations, e.g., the matrix element scale or color reconnection, Nk has to be adapted. The
argument of the inner sum contains the shifts Ck,l,i introduced in the ith particle-level bin
by variation l of the uncertainty source k. With this construction, the diagonal elements of
the covariance hold the squared total uncertainties, while the off-diagonal elements encode the
correlations leading to a valid covariance matrix.

The comparisons between the measured cross section results and different theoretical predictions,
taking the full covariance matrices into account, are performed based on a χ2 test:

χ2 = DTC−1D , (9.3)

where D corresponds to the vector holding the difference between the measurement and the
prediction for each of the m particle-level bins and C−1 denotes the inverse of the total covariance
matrix, as deĄned in Eq. 9.1. For the normalized cross section results, one degree of freedom
is absorbed due to the normalization of the results reducing the degrees of freedom used in
the χ2 test tom−1. In addition, the covariance matrix becomes singular due to the normalization,
which prevents the construction of its inverse C−1. To avoid this problem, one of the bins
considered in Eq. (9.3) is discarded, which leads to a non-singular covariance matrix, whose
inverse is well-deĄned. Due to the additional correlation between the bins introduced by the
normalization, the result of this reduced χ2 test is independent of the choice of the discarded
bin, which has been tested for the normalized results presented in this thesis.
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The different steps towards a reliable differential cross section measurement of the dileptonic
tt process, including a reasonable event selection, a correction of the missing transverse momen-
tum, the deĄnition of the cross section extraction as well as a detailed estimation of the system-
atic uncertainties were introduced in the previous chapters. The results of these measurements,
performed on the full Run 2 data set, corresponding to an integrated luminosity of 138 fb−1,
recorded by the CMS experiment combining all three leptonic decay channels, are presented in
the following. The Ąrst part of this chapter focuses on the results derived for the one-dimensional
measurements as a function of pννT and min[∆ϕ(pννT ,ℓ)]. In the second part, the absolute and nor-
malized two-dimensional measurements, employing both particle-level observables, are discussed.
For each differential cross section measurement, two results using two different schemes (DR and
DS) to describe the tW background contribution in simulation (cf. Sec. 5.2.5) are provided. The
results presented in the following are denoted as ŤCMS Work in progressŤ, which marks results,
that are not yet published in a journal paper but are endorsed by the CMS collaboration for use
in a Ph.D. thesis.

Following the strategy discussed in Sec. 2.3.3, once all analysis ingredients are Ąxed, the detector-
level distributions used to obtain the cross sections are studied regarding the agreement between
observed data and simulation to account for potential BSM contributions (cf. Appx. 12) before
performing the unfolding procedure. Only if a good agreement between data and simulation is
observed, the unfolding procedure is performed to derive the desired differential cross sections.
The differential cross sections are compared to four different theoretical predictions. Two of these
predictions are based on the MC simulations used throughout this analysis (cf. Sec. 5.2.4). The
Ąrst of these predictions corresponds to the nominal dileptonic tt signal simulation generated
with the PowhegV2 generator and is denoted as Powheg in the following. The second predic-
tion based on MC simulations corresponds to the alternative signal simulation generated with
the MadGraph5 aMC@NLO generator, denoted as MadGraph in the following. Both of
these predictions are based on NLO matrix element accuracy, use the NNPDF3.1 PDF set
at NNLO accuracy and are interfaced with the Pythia8 generator to describe the parton
shower. The normalization of both samples is based on the inclusive cross section derived at
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10 Results

NNLO+NNLL accuracy. The uncertainty on both MC-based predictions includes a 5% normal-
ization uncertainty and matrix element scale uncertainties, as introduced in Sec. 9.2.
The second set of predictions used to interpret the cross section measurements corresponds to
Ąxed-order calculations [30] based on the methods described in [29]. Here, one prediction based
on full NNLO accuracy in QCD using the Narrow Width Approximation (NWA) is provided. The
second Ąxed-order calculation corresponds to NLO accuracy in QCD and is also based on the
NWA approach. The uncertainty of the Ąxed-order calculations covers the matrix element scales
using the same scheme as discussed in Sec. 9.2 as well as uncertainties regarding the Ąnite size
of MC samples used in the calculation of the Ąxed-order predictions. For the NNLO prediction,
additional uncertainty contributions originating from the PDFs are taken into account.

10.1 One-dimensional cross sections

10.1.1 Measurements in pνν
T

The differential cross section measurements on particle level as a function of the transverse
momentum pννT of the dineutrino system are performed based on the detector-level distributions
of the corrected missing transverse momentum DNN pmiss

T , introduced in Sec. 7. The comparisons
between observed data and simulation for the given detector-level distributions, based on all
lepton channels and data-taking periods, are shown in Fig. 10.1. For the distribution using the
DR scheme, the region up to a missing transverse momentum of around 300 GeV yields a good
agreement between data and simulation. For the region above this value, the simulation predicts
a harder spectrum compared to the observed distribution. However, this tension is covered by
the uncertainty attributed to the predicted distribution, which, in this phase space, is dominated
by the normalization and ME-scale uncertainties of the tW background prediction (cf. Sec. 9.3).
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Figure 10.1: Detector-level distributions as a function of DNN pmiss
T for all channels and data-

taking periods combined using the DR (left) and the DS scheme (right). The upper
parts of the plots show the observed data (black) and the contributions predicted by
simulation including the total uncertainty (hatched area). The lower parts show the
ratio between data and simulation as well as the systematic and total uncertainties
on the predictions. The last bin includes all events above the plotted range.

For the distribution using the DS scheme, the agreement between data and simulation in the
high-pmiss

T region is signiĄcantly improved. The reason for this improvement is the following. As
shown in Fig. 10.1, the largest background contribution in the high-pmiss

T region originates from
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10.1 One-dimensional cross sections

the single top process, which is dominated by the tW production mechanism. The comparison of
the generated-pmiss

T spectra between the single top simulation using the DR and the DS scheme,
studied in Sec. 5.2.5, yields large differences between both spectra in the given phase space, where
the DR scheme predicts a signiĄcantly harder spectrum. Thus, describing the tW background
based on the DS scheme yields an overall softer spectrum in simulation, which results in a
better agreement with the observed data. However, based on both detector-level distributions
no indications of potential BSM contributions, which would be expected in the high-pmiss

T region,
as discussed in Sec. 2.3.3, can be found.

Given there is no evidence of potential BSM contributions, differential cross sections as a function
of pννT are derived, as shown in Fig. 10.2. Comparing the different theory predictions to the
measured spectrum using the DR scheme indicates that all four predictions describe the data
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Figure 10.2: Differential cross section results as a function of pννT based on the DR (top) and
the DS scheme (bottom). The total (statistical) uncertainty on the measurement
is shown as an orange (grey) band. The results are compared to NLO (blue) and
NNLO (red) Ąxed-order predictions as well as predictions from the Powheg (green)
and MadGraph (purple) generators. The lower parts show the ratio between the
different predictions and the measurement.
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reasonably well up to the region of 250 to 300 GeV. Only the MadGraph prediction yields a
small difference in overall normalization. Above this region, all four predictions show a harder
spectrum compared to the measured cross section, where the smallest tension is observed for
the NNLO Ąxed-order prediction. As expected from the detector-level distributions, the result
using the DS scheme shows a signiĄcantly improved agreement between the predictions and
the measured cross section in the high-pννT region. In addition, the systematic uncertainty in
the last two bins is reduced compared to the DR results. This change is caused by the smaller
tW background contribution predicted by the DS scheme since the corresponding uncertainty
on the background prediction is the dominating contribution at high-pννT (cf. Sec. 9.3).
While these observations neglect the correlations between the measured bins, the results of the
χ2 tests take the proper correlations into account and are shown in Tab. 10.1. Considering not
only the uncertainty on the measurements but also on the predictions, the tests indicate an
excellent agreement between the measurements and all four predictions. The large impact of the
correlations between the measured bins can be observed for the MadGraph prediction. While
the comparisons of the measured and predicted spectra based on Fig. 10.2 indicate an agreement
that is slightly worse compared to the other predictions, the χ2 test neglecting the uncertainties
in the predictions yields the best result for the MadGraph prediction. The differences between
the cross section measurements using the DR and the DS scheme, discussed above, can be
also observed in the χ2 tests, which yield smaller results for the comparisons between all four
predictions and the measurement based on the DS scheme.

Table 10.1: Results of the χ2 tests (cf. Sec. 9.4) performed for the absolute and normalized
measurements as a function of pννT between the measured cross section and the
four predictions. The nominal results take only the covariance of the measurement
into account, while the values in round brackets include the uncertainties on the
predictions. The results for the measurements based on the DR and the DS scheme
are shown. For each measurement, the degrees of freedom (dof) are given.

Measurement dof Powheg MadGraph NNLO NLO

pννT (tW DR) 9 14.8 (4.0) 12.7 (6.7) 20.2 (5.5) 17.9 (2.8)

norm. pννT (tW DR) 8 14.2 (4.9) 10.8 (7.7) 20.1 (7.6) 16.6 (2.7)

pννT (tW DS) 9 9.2 (1.7) 9.0 (3.7) 13.9 (2.6) 12.5 (1.5)

norm. pννT (tW DS) 8 8.9 (3.8) 6.6 (5.7) 14.7 (5.6) 12.1 (1.8)

The results of the normalized differential cross section as a function of pννT can be found in
Fig. 10.3. Here, similar conclusions regarding slight tensions at high pννT for all four predictions
in the measurement using the DR scheme, as already seen in the absolute measurement, can be
drawn. Again, the tension is signiĄcantly reduced for the measurement based on the DS scheme.
Apart from this, all four predictions show a good agreement with both measured spectra. The
largest difference compared to the nominal measurement is given by the comparison to the
MadGraph prediction, where the difference in the overall normalization is removed. The results
of the χ2 tests for the normalized measurements are listed in Tab. 10.1. Ignoring the uncertainties
on the predictions, the best overall description of the normalized spectra is observed for both
MC-based predictions, while both Ąxed-order calculations still yield a reasonable description of
both measured spectra.
The comparison between both pννT measurements shows that the high-pννT phase space is highly
sensitive to the description of the tW process. In this speciĄc observable, the description based
on the DS scheme seems to be preferred by the measured data.
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Figure 10.3: Normalized differential cross section results as a function of pννT based on the
DR (top) and the DS scheme (bottom). The total (statistical) uncertainty on the
measurement is shown as an orange (grey) band. The results are compared to
NLO (blue) and NNLO (red) Ąxed-order predictions as well as predictions from the
Powheg (green) and MadGraph (purple) generators. The lower parts show the
ratio between the different predictions and the measurement.

10.1.2 Measurements in min[∆ϕ(pνν
T ,ℓ)]

The differential cross sections as a function of the minimal azimuthal distance min[∆ϕ(pννT ,ℓ)]
between the dineutrino system and a lepton are based on the detector-level distributions of the
minimal azimuthal distance min[∆ϕ(pmiss

T ,ℓ)] between the missing transverse momentum and
a lepton, which are shown in Fig. 10.4. Comparisons between the observed data and the sim-
ulation indicate a reasonable agreement for both detector-level distributions, taking the total
uncertainty of the predictions into account. Here, no signiĄcant differences between the distri-
butions using the two different schemes for the tW simulation are found. However, for both
distributions, a small shape difference between data and simulation can be observed across the
entire measured region, where the data yields smaller (larger) contributions at small (large) an-
gular separations. Similar to the detector-level distributions used in the previous measurements,
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no indications for potential BSM contributions, which would be mainly expected at large angular
separation (cf. Sec. 2.3.3), can be found.
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Figure 10.4: Detector-level distributions as a function of min[∆ϕ(pmiss
T ,ℓ)] using DNN pmiss

T for
all channels and data-taking periods combined based on the DR (left) and the
DS scheme (right). The upper parts of the plots show the observed data (black) and
the contributions predicted by simulation including the total uncertainty (hatched
area). The lower parts show the ratio between data and simulation as well as the
systematic and total uncertainties on the predicted distribution. The last bin in-
cludes all events above the plotted range.

The results for the differential cross section as a function of min[∆ϕ(pννT ,ℓ)] can be found
in Fig. 10.5. In general, all four predictions show a reasonable agreement with both measured
spectra. However, similar to the situation observed on detector level, all predictions indicate
a small tension with the measured data regarding the shape of the spectrum. While for the
MC-based predictions, this tension is well within the uncertainties across the entire range, both
Ąxed-order predictions show a small discrepancy in the last bin of the measured spectra. The
best overall agreement between data and predictions is observed for the Powheg prediction,
which yields a better description of the phase space of small angular separation compared to
the MadGraph prediction. This observation still holds when taking the full covariance ma-
trix of the measurements into account, as shown by the χ2-test results in Tab. 10.2. While all
four predictions show good agreement when considering the corresponding uncertainties on the

Table 10.2: Results of the χ2 tests (cf. Sec. 9.4) performed for the absolute and normalized mea-
surements as a function of min[∆ϕ(pννT ,ℓ)] between the measured cross section
and the four predictions. The nominal results take only the covariance of the mea-
surement into account, while the values in round brackets include the uncertain-
ties on the predictions. The results for the measurements based on the DR and the
DS scheme are shown. For each measurement, the degrees of freedom (dof) are given.

Measurement dof Powheg MadGraph NNLO NLO

min[∆ϕ(pννT ,ℓ)] (tW DR) 6 7.9 (1.9) 12.5 (3.2) 11.7 (4.4) 12.9 (2.9)

norm. min[∆ϕ(pννT ,ℓ)] (tW DR) 5 7.7 (7.5) 10.4 (9.7) 11.0 (5.7) 12.2 (6.0)

min[∆ϕ(pννT ,ℓ)] (tW DS) 6 8.1 (1.6) 12.5 (2.7) 12.3 (4.1) 13.3 (2.6)

norm. min[∆ϕ(pννT ,ℓ)] (tW DS) 5 7.9 (7.8) 10.2 (9.5) 12.1 (6.5) 12.7 (5.9)
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10.1 One-dimensional cross sections

predictions, the Powheg prediction yields the smallest χ2 values for both results. As already
observed for the detector-level distributions, the scheme used for the description of the tW pro-
cess in simulation has no signiĄcant impact on the min[∆ϕ(pννT ,ℓ)] measurement, which is also
indicated by the similar results of the χ2 tests.
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Figure 10.5: Differential cross section results as a function of min[∆ϕ(pννT ,ℓ)] based on the
DR (top) and the DS scheme (bottom). The total (statistical) uncertainty on the
measurement is shown as an orange (grey) band. The results are compared to
NLO (blue) and NNLO (red) Ąxed-order predictions as well as predictions from the
Powheg (green) and MadGraph (purple) generators. The lower parts show the
ratio between the different predictions and the measurement.

The corresponding normalized differential cross sections are shown in Fig. 10.6. As already
discussed in Sec. 9.3, the systematic uncertainties of the measurements are signiĄcantly reduced
compared to the absolute cross section results. The same holds for the uncertainties of the
four theory predictions. Unlike the situation for the absolute measurements, in both normalized
measurements, all four predictions show a signiĄcant tension to the measured data in the last
bin of the spectra. Differences between the measured shapes and predicted shapes are still
present, but for the normalized measurements, the best description of the measured shapes
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10 Results

seems to be provided by the Powheg and the NNLO Ąxed-order prediction. The results of the
χ2 tests (cf. Tab. 10.2), indicate that the shape differences are at least partially covered by the
correlations present in the measurements.
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Figure 10.6: Normalized differential cross section results as a function of min[∆ϕ(pννT ,ℓ)] based
on the DR (top) and the DS scheme (bottom). The total (statistical) uncertainty
on the measurement is shown as an orange (grey) band. The results are compared
to NLO (blue) and NNLO (red) Ąxed-order predictions as well as predictions from
the Powheg (green) and MadGraph (purple) generators. The lower parts show
the ratio between the different predictions and the measurement.

The shape differences observed for the normalized and absolute measurements as a function
of min[∆ϕ(pννT ,ℓ)] match the observations made in earlier differential cross section measurements
of the dileptonic tt process based on the azimuthal angle ∆ϕ(ℓ,ℓ) between both leptons performed
by ATLAS [223] and CMS [224]. Here, the measured results exceed various predictions, which
include the two MC-based predictions used in this analysis, at small angular separations between
both leptons. Given that the phase space of large min[∆ϕ(pννT ,ℓ)] is mostly populated by events
with a small distance between both leptons, as discussed in Sec. 7.1, the tensions observed in
the ∆ϕ(ℓ,ℓ) measurements match the discrepancies observed in the present results.
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10.2 Two-dimensional cross sections

10.2 Two-dimensional cross sections

The detector-level distributions used in this analysis, which are the most sensitive to potential
BSM contributions, correspond to the two-dimensional combination of the DNN pmiss

T and the
min[∆ϕ(pmiss

T ,ℓ)] observable. The comparisons between observed data and prediction for these
particular distributions can be found in Fig. 10.7. For the majority of the measured range, a
good agreement between data and simulation can be observed in both detector-level distributions
taking the uncertainty of the prediction into account. For the distribution using the DR scheme,
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Figure 10.7: Detector-level distributions as a function of min[∆ϕ(pmiss
T ,ℓ)] and DNN pmiss

T for
all channels and data-taking periods combined based on the DR (top) and the
DS scheme (bottom). The vertical lines indicate bins in min[∆ϕ(pmiss

T ,ℓ)]. The up-
per parts of the plots show the observed data (black) and the contributions predicted
by simulation including the total uncertainty (hatched area). The lower parts show
the ratio between data and simulation as well as the systematic and total uncertain-
ties on the predicted distribution. The last pmiss

T bin in each min[∆ϕ(pmiss
T ,ℓ)] bin

includes all events above the plotted range.
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10 Results

the predicted pmiss
T spectrum in the Ąrst two angular bins is slightly harder than the spectrum

observed in data, which matches the observation made in the one-dimensional DNN pmiss
T dis-

tribution, shown in Fig. 10.1. This difference is not present in the distribution based on the
DS scheme, which yields good agreement between data and simulation in the Ąrst two angular
bins. For both distributions, the shape of the pmiss

T spectrum from the third to the Ąfth angular
bin is well described by the simulation. The largest difference between data and simulation in
both distributions can be found in the highest angular bin, where a small excess in data is ob-
served in the high-pmiss

T region. However, this excess is still within the uncertainties due to the
large statistical uncertainties in the given phase space. Thus, even though this particular phase
space is expected to have the largest sensitivity to the BSM signatures, discussed in Sec. 2.3.3,
no signiĄcant indications for potential BSM contributions are found in the given detector-level
distributions.

Based on the conclusion drawn from the detector-level distributions, two-dimensional differential
cross sections are derived as a function of pννT and min[∆ϕ(pννT ,ℓ)], which can be found in Fig. 10.8.
For both measurements, all predictions yield a reasonable description of the measured spectra
across most parts of the measured range. In the result using the DR scheme, a small difference
regarding the pννT shape in the Ąrst angular bin, similar to the one found in the one-dimensional
measurement, is observed for all four predictions. This difference seems to be maximal for the
NLO prediction, while the Powheg prediction yields the best description of the shape. As
expected from the one-dimensional result, the description of the pννT shape is improved using the
DS scheme, which is the only signiĄcant difference between the results using the two different
schemes. In the second angular bin, both measured spectra are almost perfectly described by the
NNLO calculation, whereas the remaining predictions fail to match the data in the Ąrst pννT bin.
In addition, the MadGraph and NLO predictions tend to overpredict the measurements across
the entire angular bin. Both spectra in the last angular bin are described reasonably well by all
four predictions taking the corresponding uncertainties into account. However, the comparisons
with the NNLO prediction indicate a small difference regarding normalization. Furthermore, in
the last bin, the measured cross sections exceed all four predictions, even though still covered
by the given uncertainties.

The results of the corresponding χ2 tests, shown in Tab. 10.3, conĄrm the observations discussed
above. The Powheg prediction yields the best description of the measured spectra, followed
by the NNLO calculation. Taking the uncertainties of the different predictions into account, all
four predictions provide a good agreement with the measured spectra. The measurement based

Table 10.3: Results of the χ2 tests (cf. Sec. 9.4) performed for the absolute and normalized
2D measurements between the measured cross section and the four predictions. The
nominal results take only the covariance of the measurement into account, while the
values in round brackets include the uncertainties on the predictions. The results
for the measurements based on the DR and the DS scheme are shown. For each
measurement, the degrees of freedom (dof) are given.

Measurement dof Powheg MadGraph NNLO NLO

2D (tW DR) 12 26.6 (5.6) 42.1 (10.9) 32.9 (6.1) 39.9 (4.0)

norm. 2D (tW DR) 11 23.4 (19.4) 37.2 (30.6) 27.4 (14.1) 35.6 (9.6)

2D (tW DS) 12 20.4 (4.4) 38.1 (8.7) 25.4 (4.4) 35.1 (3.4)

norm. 2D (tW DS) 11 19.3 (16.2) 34.4 (27.1) 23.4 (11.1) 33.3 (8.0)
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Figure 10.8: Differential cross section results as a function of pννT and min[∆ϕ(pννT ,ℓ)] based
on the DR (top) and the DS scheme (bottom). The vertical lines indicate bins
in min[∆ϕ(pννT ,ℓ)]. The total (statistical) uncertainty on the measurement is shown
as an orange (grey) band. The results are compared to NLO (blue) and NNLO (red)
Ąxed-order predictions as well as predictions from the Powheg (green) and Mad-

Graph (purple) generators. The lower parts show the ratio between the different
predictions and the measurement.

on the DS scheme yields reduced χ2 values mainly caused by the improved agreement in the
Ąrst angular bin.

The results of the normalized differential cross sections for the two-dimensional measurements
can be found in Fig. 10.9. Similar to the absolute measurements, a reasonable agreement be-
tween the predictions and both measurements is observed for most parts of the phase space.
The conclusions drawn for the Ąrst angular bin of the absolute measurements mostly hold for
the normalized measurements, where the result based on the DS scheme yields a better agree-
ment with the four predictions. The most signiĄcant tensions between predictions and data
in both measurements are observed in the Ąrst pννT bin of the second angular region, where
Ąxed-order (MC-based) predictions yield a result, which is around 5 (10)% larger than the mea-

139



10 Results

surements. In the last angular bin, all predictions slightly underestimate the measured results
for most parts of the pννT spectra, where the best description of the highest pννT region is provided
by the NNLO prediction.
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Figure 10.9: Normalized differential cross section results as a function of min[∆ϕ(pννT ,ℓ)] and pννT

based on the DR (top) and the DS scheme (bottom). The vertical lines indicate
bins in min[∆ϕ(pννT ,ℓ)]. The total (statistical) uncertainty on the measurement is
shown as an orange (grey) band. The results are compared to NLO (blue) and
NNLO (red) Ąxed-order predictions as well as predictions from the Powheg (green)
and MadGraph (purple) generators. The lower parts show the ratio between the
different predictions and the measurement.

Taking the correlations of the normalized results as well as the uncertainties on the predictions
into account, the results of the χ2 tests, shown in Tab. 10.3, indicate a good overall agree-
ment between the normalized measurements and three out of the four predictions. Only the
MadGraph prediction leads to χ2/dof results signiĄcantly larger than unity (χ2/dof ∼ 2.5),
which are the largest values observed among all other measurements and predictions. However,
given the rather challenging observables and speciĄc phase space studied by the two-dimensional
measurements, all four predictions provide a high level of agreement with the measured spectra.
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Chapter 11

Conclusions and outlook

In this thesis, an analysis aiming to combine the primary aspects of a BSM search and a SM pre-
cision measurement, focusing on pp-collision signatures with a top and an anti-top quark in the
Ąnal state, was presented. The analysis relies on detector-level observables, which separate poten-
tial BSM contributions from the dileptonic tt process, given by the missing transverse momen-
tum pmiss

T and the smallest azimuthal distance min[∆ϕ(pmiss
T ,ℓ)] between the missing transverse

momentum and a lepton. Unlike nominal BSM searches, which usually focus on speciĄc phase
space regions, in the present analysis, the entire spectrum of the given observables was mea-
sured enabling differential cross section measurements of the dileptonic tt process in case no
signiĄcant BSM contributions were found. These measurements were performed as a function
of particle-level observables, which match the detector-level observables for the SM tt process,
namely the transverse momentum pννT of the dineutrino system and the minimal azimuthal
distance min[∆ϕ(pννT ,ℓ)] between the dineutrino system and a lepton. Additional cross section
measurements were performed based on the two-dimensional combination of both particle-level
observables. This analysis corresponds to the Ąrst measurement of the dileptonic tt process
based on these two observables at the LHC.

The analysis is based on pp-collision data recorded by the CMS experiment between 2016 and
2018 at a center-of-mass energy of 13 TeV, which correspond to a total integrated luminosity
of 138 fb−1. Following the expected signatures for the dileptonic tt process, events were selected
based on Ąnal states with two oppositely-charged leptons, two jets, out of which at least one
jet was required to be identiĄed with a b jet, and signiĄcant missing transverse momentum,
originating from the two neutrinos. The results were derived based on the combination of three
leptonic decay channels, given by the e+e−, µ+µ− and e±µ∓ channels.
Since both detector-level observables employed throughout the analysis rely on a good recon-
struction of the missing transverse momentum, dedicated studies of its response and resolution
were performed showing a reduced performance of the pmiss

T reconstruction at large pmiss
T and

large min[∆ϕ(pmiss
T ,ℓ)]. To account for this effect and to improve the overall performance of

the pmiss
T reconstruction for dileptonic tt events, an additional pmiss

T correction based on a deep
neural network regression was developed within the scope of this thesis. Using a feed-forward
neural network with two output nodes enabled the simultaneous correction of the magnitude
and the direction of the missing transverse momentum. Dedicated studies of the impact and the
description in simulation for various potential input features were conducted. Furthermore, an
optimization of the hyperparameters was performed, yielding a Ąnal network, which was able to
improve the overall resolution of the magnitude and the azimuthal angle by 15% and 11.5%, re-
spectively. Due to an additional reweighing of the training sample, this gain in performance was
achieved for a wide pmiss

T range including the high-pT region above ∼ 200 GeV, which was of main
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11 Conclusions and outlook

interest for the present analysis. One of the main impacts from the additional pmiss
T correction

was observed in the optimization of the binnings used for the Ąnal cross section measurements.
For this optimization, dedicated algorithms were used to maximize the number of measuring
points in the Ąnal results while keeping migration effects induced by the detector resolution at a
reasonable level and ensuring a small statistical uncertainty. Within the optimization, binnings
with up to three additional bins were realized based on the DNN pmiss

T correction compared to
relying on the nominal PUPPI reconstruction.
The differential cross section results for the dileptonic tt process were derived based on the
corresponding detector-level distributions after contributions from other SM processes were re-
moved using an unfolding procedure based on an unregularized least square method. This choice
of unfolding method was supported by different validation tests, in which the statistical proper-
ties and the potential bias introduced by differences in the response between observed data and
simulation were studied. Within these tests, the best performance was observed for the selected
method compared to a regularized least square approach and a simple bin-by-bin unfolding.
Initial studies of the tW background process in NLO simulation, where the overlap between
the simulated samples for the tW and tt process is considered using the diagram removal or
the diagram subtraction scheme, showed signiĄcant differences in the generated pmiss

T spectrum
between both schemes. To account for these differences and to study their potential impact on
the differential cross section results, two sets of results using the different schemes for the tW
description in simulation were produced.
Before extracting the differential cross sections, all three detector-level distributions were stud-
ied concerning potential BSM contributions after all analysis ingredients had been Ąxed. Here,
a reasonable agreement between the observed data and the SM prediction based on MC simu-
lation was observed for all distributions. Small tensions between the data and prediction were
found in the pmiss

T distribution using the DR scheme at high pmiss
T and in the 2D distributions,

at high pmiss
T and large angular separation. In addition, the min[∆ϕ(pmiss

T ,ℓ)] distributions re-
vealed small shape differences between data and prediction. However, all of these differences are
well covered by the corresponding uncertainties. Thus, given that no signiĄcant contributions
from BSM physics were observed, all selected detector-level distributions were used to derive
the corresponding differential cross sections on particle level for the dileptonic tt process.

The obtained differential cross section results were compared to two theory predictions based
on MC simulations using NLO matrix element accuracy produced by the PowhegV2 and the
MadGraph5 aMC@NLO generator. In addition, two Ąxed-order calculations, which corre-
spond to NLO and NNLO accuracy in QCD, were compared to the cross section results.
For the pννT measurements, all four theory predictions provide a good description of the measured
spectra up to the region of around 300 GeV taking the uncertainties of the measurements into
account, which range between 5 and 40% for the absolute results. Above this region, a softer
spectrum compared to the predictions was observed for the result based on the DR scheme,
which shows the smallest tensions with the NNLO Ąxed-order prediction at high pννT . The result
using the DS scheme, in contrast, yields a signiĄcantly improved agreement between measure-
ment and predictions in the high-pννT region. Thus, in this particular measurement, the data seem
to prefer the description based on the diagram subtraction scheme. The best overall description
of both measured pννT spectra is provided by the MC-based predictions.
The measured min[∆ϕ(pννT ,ℓ)] distributions are reasonably described by all four predictions, al-
though small tensions with respect to the shape of the spectrum were observed between data and
all theory predictions, which predict a shift towards smaller angular separations. The best overall
description of the measured spectra is provided by the Powheg prediction. The precision of the
angular measurements varies between 3.5 and 7.0% for the absolute result and is signiĄcantly
improved in the normalized result, which yields an uncertainty of only 1.0 to 3.8%. No signiĄ-
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cant differences between the results derived with the two different schemes for the tW process
in simulation were observed. The difference in shape, present in both results, matches observa-
tions made in earlier differential cross section measurements of the dileptonic tt process as a
function of the azimuthal angle ∆ϕ(ℓ,ℓ) between both leptons, which is strongly correlated to
the min[∆ϕ(pννT ,ℓ)] observable.
Similar conclusions to the one-dimensional results were also drawn for the two-dimensional mea-
surements. Overall, the four theory predictions yield a reasonable description of the measured
spectra. In the result using the DR scheme, the Ąrst angular bin shows similar tensions at
high pννT , as observed in the one-dimensional pννT measurements, which are reduced in the result
based on the DS scheme. The pννT spectra in the second angular bin are precisely described by
the NNLO Ąxed-order prediction. The cross sections measured in the highest pννT bin of the
last angular region slightly exceed all four predictions in both results. Nevertheless, these small
tensions are usually well covered by the present uncertainties taking the full covariance of the
result into account. The only exception is the MadGraph prediction, where the agreement in
the normalized 2D measurements is slightly worse compared to the remaining three predictions.
The precision achieved in the two-dimensional measurements ranges between 3.5 and 27.5% for
the absolute cross section and is only slightly improved in the normalized results.
In conclusion, given the rather exotic observables and phase space regions considered in this
analysis, remarkable agreement between the different theory predictions and the measured dif-
ferential cross sections was observed. In the measurements including the pννT observable, the
description of the tW background based on the DS scheme seemed to be preferred by the
measured data. For most of the measurements, the best overall description is provided by the
Powheg prediction. However, the differences between the four predictions are mostly small,
such that none of the predictions is signiĄcantly disfavored by the measured differential cross
sections.

The LHC is currently conducting the so-called Run 3, colliding protons at a center-of-mass
energy of 13.6 TeV. For this run period, which is planned to be completed by the end of 2025, a
recorded data set with an integrated luminosity roughly twice the integrated luminosity of the
data set analyzed in the present analysis is expected. Given the larger expected data set and the
slightly increased collision energy, which will lead to a larger production rate of tt events, smaller
improvements regarding the statistical precision could be achieved based on a new iteration of the
present analysis using the data set recorded during Run 3. Larger improvements can be expected
for the era of the High-Luminosity LHC (HL-LHC), which is scheduled to start operation towards
the end of the current decade after a longer upgrade phase of the detectors and the collider.
While the center-of-mass energy is planned to only slightly increase to 14 TeV, the instantaneous
luminosity is expected to increase by a factor of more than three reaching peak luminosities of
around 7.5 · 1034 cm−2s−1. Thus, by the end of the expected HL-LHC lifetime in the 2040s,
a combined data set of the order of 3000 to 4000 fb−1 is expected to be recorded by each of
the two multi-purpose detectors. Repeating the present analysis based on this data set would
allow for signiĄcant improvements. Due to the vast increase in statistical precision, more bins
and therefore more measuring points in the currently investigated phase space, which can be
compared to theory predictions, will become available. In addition, given that the high-pννT bins
of the current analysis show non-negligible statistical uncertainties, the pννT range studied in the
analysis could be enlarged, leading to an increased sensitivity to potential BSM contributions.
Furthermore, additional BSM-sensitive observables could be introduced to derive measurements
in three or even four dimensions, which would again signiĄcantly push the sensitivity to BSM
contributions but also to speciĄc aspects of the SM tt process. The increase in instantaneous
luminosity, however, will also lead to signiĄcantly larger pileup, which is expected to reach up
to 200 simultaneous collisions per bunch crossing. Given that the present analysis strongly relies
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on a good resolution of the missing transverse momentum, which will decrease due to the larger
pileup, new techniques for its reconstruction and proper corrections, like the machine learning
approach presented in this thesis, have to be developed for a potential new iteration of the
analysis.

Apart from the opportunities provided by the HL-LHC, one of the potential key improvements
regarding the present analysis is connected to the tW process. Contributions from this process,
on the one hand, dominate the SM background as well as the systematic uncertainty at high pννT .
On the other hand, in simulation, there is no exact solution to handle the overlap between the
tt process and the tW process at NLO if both processes are considered to be independent. In
addition, especially the pννT measurement was shown to be highly sensitive to the description of
the tW process, which led to the study of two different sets of cross section results. All of these
aspects could be solved by adapting the analysis towards a simultaneous measurement of the
tt and tW processes. With new MC generators, which describe both processes simultaneously
including proper interference and off-shell effects, becoming available, this adaption could be an
additional motivation for a new iteration of the analysis based on the data set recorded during
Run 3 of the LHC.
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Appendix 1: Signal and baseline triggers
The triggers used to collect the pp-collision data in each of the four data-taking periods includ-
ing their corresponding run eras, which are usually deĄned by a period of stable data-taking
conditions, are shown in Tab. A1.1-A1.3. For each decay channel, different sets of triggers, which
are combined with a logical ŤorŤ, are employed. In addition to the lepton triggers, various base-
line pmiss

T triggers are employed to select an unbiased set of events used in the measurements of
the trigger efficiencies.

Table A1.1: List of triggers used to collect pp-collision data in the 2016preVFP and 2016postVFP
data-taking periods, including their corresponding channels, eras and trigger paths.

Channel Eras Path

e+e− B-H HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL_DZ_v

B-H HLT_Ele27_WPTight_Gsf_v

µ+µ−

B-H HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_v

B-H HLT_Mu17_TrkIsoVVL_TkMu8_TrkIsoVVL_DZ_v

B-G HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_v

B-G HLT_Mu17_TrkIsoVVL_TkMu8_TrkIsoVVL_v

B-H HLT_IsoMu24_v

B-H HLT_IsoTkMu24_v

e±µ∓

B-H HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL_DZ_v

B-H HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ_v

B-G HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL_v

B-G HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_v

B-H HLT_IsoMu24_v

B-H HLT_IsoTkMu24_v

B-H HLT_Ele27_WPTight_Gsf_v

Baseline

B-H HLT_PFHT300_PFMET110_v

B-H HLT_PFMET120_PFMHT120_IDTight_v

B-H HLT_PFMET170_HBHECleaned_v

B-H HLT_PFMET300_v

B-H HLT_PFMETNoMu120_PFMHTNoMu120_IDTight_v

B-H HLT_MET200_v
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Table A1.2: List of triggers used to collect pp-collision data in the 2017 data-taking period,
including their corresponding channels, eras and trigger paths.

Channel Eras Path

e+e−
B-F HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL_DZ_v

B-F HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL_v

B-F HLT_Ele32_WPTight_Gsf_L1DoubleEG_v

µ+µ−
B HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_v

C-F HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass3p8_v

B-F HLT_IsoMu27_v

e±µ∓

B-F HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL_v

B-F HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL_DZ_v

B-F HLT_Mu12_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ_v

B-F HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ_v

B-F HLT_IsoMu27_v

B-F HLT_Ele32_WPTight_Gsf_L1DoubleEG_v

Baseline

B-F HLT_PFMET200_HBHECleaned_v

B-F HLT_PFMET200_HBHE_BeamHaloCleaned_v

B-F HLT_PFMETTypeOne200_HBHE_BeamHaloCleaned_v

B-F HLT_PFMET120_PFMHT120_IDTight_v

B-F HLT_PFMETNoMu120_PFMHTNoMu120_IDTight_v

B-F HLT_PFMET120_PFMHT120_IDTight_PFHT60_v

B-F HLT_PFMETNoMu120_PFMHTNoMu120_IDTight_PFHT60_v

B-F HLT_PFHT500_PFMET100_PFMHT100_IDTight_v

B-F HLT_PFHT700_PFMET85_PFMHT85_IDTight_v

B-F HLT_PFHT800_PFMET75_PFMHT75_IDTight_v

Table A1.3: List of triggers used to collect pp-collision data in the 2018 data-taking period,
including their corresponding channels, eras and trigger paths.

Channel Eras Path

e+e−
A-D HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL_DZ_v

A-D HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL_v

A-D HLT_Ele32_WPTight_Gsf_v

µ+µ− A-D HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass3p8_v

A-D HLT_IsoMu24_v

e±µ∓

A-D HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL_v

A-D HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL_DZ_v

A-D HLT_Mu12_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ_v

A-D HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ_v

A-D HLT_IsoMu24_v

A-D HLT_Ele32_WPTight_Gsf_v

Baseline

B-F HLT_PFMET200_HBHECleaned_v

A-D HLT_PFMET200_HBHE_BeamHaloCleaned_v

A-D HLT_PFMETTypeOne200_HBHE_BeamHaloCleaned_v

A-D HLT_PFMET120_PFMHT120_IDTight_v

A-D HLT_PFMETNoMu120_PFMHTNoMu120_IDTight_v

A-D HLT_PFMET120_PFMHT120_IDTight_PFHT60_v

A-D HLT_PFMETNoMu120_PFMHTNoMu120_IDTight_PFHT60_v

A-D HLT_PFHT500_PFMET100_PFMHT100_IDTight_v

A-D HLT_PFHT700_PFMET85_PFMHT85_IDTight_v

A-D HLT_PFHT800_PFMET75_PFMHT75_IDTight_v
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Appendix 2: Primary data sets
The list of primary data sets (PDs) for all four data-taking periods used in the present analysis
including the corresponding DBS paths can be found in Tab. A2.1-A2.4. The DoubleMuon,
DoubleEG and MuonEG PDs contain the events selected by dilepton triggers. To increase the
overall trigger efficiency, the SingleMuon and SingleElectron PDs are used, which contain
events selected by single-lepton triggers. For the measurement of the trigger efficiencies, events
selected by pmiss

T -triggers are used, which are included in the Met PD. In 2018, the DoubleEG

and the SingleElectron PDs were combined into the EGamma PD.

Table A2.1: Primary data sets for the 2016preVFP data-taking period with the corresponding
DBS paths. The asterisk symbol has to be replaced by MINIAOD. For eras with similar
paths, the paths are summarized and the eras are denoted in round brackets.

Primary data set DBS path

DoubleMuon
/DoubleMuon/Run2016B-ver2 HIPM UL2016 MiniAODv2-v1/*

/DoubleMuon/Run2016(C-F)-HIPM UL2016 MiniAODv2-v1/*

DoubleEG
/DoubleEG/Run2016B-ver2 HIPM UL2016 MiniAODv2-v3/*

/DoubleEG/Run2016(C-F)-HIPM UL2016 MiniAODv2-v1/*

MuonEG
/MuonEG/Run2016B-ver2 HIPM UL2016 MiniAODv2-v2/*

/MuonEG/Run2016(C-F)-HIPM UL2016 MiniAODv2-v2/*

SingleMuon
/SingleMuon/Run2016B-ver2 HIPM UL2016 MiniAODv2-v2/*

/SingleMuon/Run2016(C-F)-HIPM UL2016 MiniAODv2-v2/*

SingleElectron

/SingleElectron/Run2016B-ver2 HIPM UL2016 MiniAODv2-v2/*

/SingleElectron/Run2016(C-D)-HIPM UL2016 MiniAODv2-v2/*

/SingleElectron/Run2016E-HIPM UL2016 MiniAODv2-v5/*

/SingleElectron/Run2016F-HIPM UL2016 MiniAODv2-v2/*

Met
/MET/Run2016B-ver2 HIPM UL2016 MiniAODv2-v2/*

/MET/Run2016(C-F)-HIPM UL2016 MiniAODv2-v2/*

Table A2.2: Primary data sets for the 2016postVFP data-taking period with the corresponding
DBS paths. The asterisk symbol has to be replaced by MINIAOD. For eras with similar
paths, the paths are summarized and the eras are denoted in round brackets.

Primary data set DBS path

DoubleMuon
/DoubleMuon/Run2016(F-G)-UL2016 MiniAODv2-v1/*

/DoubleMuon/Run2016H-UL2016 MiniAODv2-v2/*

DoubleEG /DoubleEG/Run2016(F-H)-UL2016 MiniAODv2-v1/*

MuonEG /MuonEG/Run2016(F-H)-UL2016 MiniAODv2-v2/*

SingleMuon /SingleMuon/Run2016(F-H)-UL2016 MiniAODv2-v2/*

SingleElectron /SingleElectron/Run2016(F-H)-UL2016 MiniAODv2-v2/*

Met /MET/Run2016(F-H)-UL2016 MiniAODv2-v2/*
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Table A2.3: Primary data sets for the 2017 data-taking period with the corresponding DBS
paths. The asterisk symbol has to be replaced by MINIAOD. For eras with similar
paths, the paths are summarized and the eras are denoted in round brackets.

Primary data set DBS path

DoubleMuon

/DoubleMuon/Run2017(B-D)-UL2017 MiniAODv2-v1/*

/DoubleMuon/Run2017E-UL2017 MiniAODv2-v2/*

/DoubleMuon/Run2017F-UL2017 MiniAODv2-v1/*

DoubleEG

/DoubleEG/Run2017B-UL2017 MiniAODv2-v1/*

/DoubleEG/Run2017C-UL2017 MiniAODv2-v2/*

/DoubleEG/Run2017(D-E)-UL2017 MiniAODv2-v1/*

/DoubleEG/Run2017F-UL2017 MiniAODv2-v2/*

MuonEG /MuonEG/Run2017(B-F)-UL2017 MiniAODv2-v1/*

SingleMuon /SingleMuon/Run2017(B-F)-UL2017 MiniAODv2-v1/*

SingleElectron /SingleElectron/Run2017(B-F)-UL2017 MiniAODv2-v1/*

Met /MET/Run2017(B-F)-UL2017 MiniAODv2-v1/*

Table A2.4: Primary data sets for the 2018 data-taking period with the corresponding DBS
paths. The asterisk symbol has to be replaced by MINIAOD. For eras with similar
paths, the paths are summarized and the eras are denoted in round brackets.

Primary data set DBS path

DoubleMuon /DoubleMuon/Run2018(A-D)-UL2018 MiniAODv2-v1/*

EGamma
/EGamma/Run2018(A-C)-UL2018 MiniAODv2-v1/*

/EGamma/Run2018D-UL2018 MiniAODv2-v2/*

MuonEG /MuonEG/Run2018(A-D)-UL2018 MiniAODv2-v1/*

SingleMuon

/SingleMuon/Run2018A-UL2018 MiniAODv2-v3/*

/SingleMuon/Run2018(B-C)-UL2018 MiniAODv2-v2/*

/SingleMuon/Run2018D-UL2018 MiniAODv2-v3/*

Met
/MET/Run2018(A-B)-UL2018 MiniAODv2-v2/*

/MET/Run2018(C-D)-UL2018 MiniAODv2-v1/*
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Appendix 3: Simulated samples
The full list of simulated samples for SM and BSM processes including the cross sections used for
the normalization can be found in Tab. A3.1. To derive the full path of the individual samples
for the different simulation campaigns used in the four data-taking periods, the strings shown
in Tab. A3.2 have to be included. The list of simulated samples of the tt process used to derive
various systematic uncertainties, e.g., uncertainties regarding the underlying event or the color
reconnection, is shown in Tab. A3.3.

Table A3.1: Simulated samples used throughout the analysis grouped by the corresponding pro-
cess. For each sample, the DBS path, where Ť ∗ Ť has to be replaced by the cor-
responding string listed in Tab. A3.2, and the cross section used to normalize the
sample are given.

Process Sample σ (pb)

tt

/TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8/* 89.05

/TTToHadronic_TuneCP5_13TeV-powheg-pythia8/* 377.96

/TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8/* 366.91

/TTJets_TuneCP5_13TeV-amcatnloFXFX-pythia8/* 831.76

DY+jets
/DYJetsToLL_M-50_TuneCP5_13TeV-amcatnloFXFX-pythia8/* 6077.22

/DYJetsToLL_M-10to50_TuneCP5_13TeV-amcatnloFXFX-pythia8/* 18610

Single top

/ST_tW_antitop_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8/* 19.56

/ST_tW_top_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8/* 19.56

/ST_s-channel_4f_leptonDecays_TuneCP5_13TeV-amcatnlo-pythia8/* 10.32

/ST_t-channel_top_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8/* 136.02

/ST_t-channel_antitop_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8/* 80.95

Diboson

/WW_TuneCP5_13TeV-pythia8/* 118.7

/WZ_TuneCP5_13TeV-pythia8/* 47.13

/ZZ_TuneCP5_13TeV-pythia8/* 16.523

ttW/Z

/TTZToQQ_TuneCP5_13TeV-amcatnlo-pythia8/* 0.5297

/TTZToLLNuNu_M-10_TuneCP5_13TeV-amcatnlo-pythia8/* 0.2529

/TTWJetsToLNu_TuneCP5_13TeV-amcatnloFXFX-madspin-pythia8/* 0.2043

/TTWJetsToQQ_TuneCP5_13TeV-amcatnloFXFX-madspin-pythia8/* 0.4062

W+jets /WJetsToLNu_TuneCP5_13TeV-madgraphMLM-pythia8/* 61526.7

BSM (̃t̃t) /SMS-T2tt_mStop-525_mLSP-350_TuneCP5_13TeV-madgraphMLM-pythia8/* 0.458

Table A3.2: DBS paths related to the simulation campaigns used for the different data-taking
periods. In each path, the Ť†Ť has to be replaced by the corresponding version of the
sample and Ť‡Ť corresponds to MINIAOD, denoting the data format used throughout
the analysis.

Period Simulation campaign

2016preVFP RunIISummer20UL16MiniAODAPVv2-106X_mcRun2_asymptotic_preVFP_v11-v†/‡

2016postVFP RunIISummer20UL16MiniAODv2-106X_mcRun2_asymptotic_v17-v†/‡

2017 RunIISummer20UL17MiniAODv2-106X_mc2017_realistic_v9-v†/‡

2018 RunIISummer20UL18MiniAODv2-106X_upgrade2018_realistic_v16_L1v1-v†/‡
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Table A3.3: Simulated samples used to derive systematic uncertainties grouped by the uncer-
tainty source. For each sample the DBS path, where Ť ∗ Ť has to be replaced by
the corresponding string listed in Tab. A3.2, is given. The cross sections used to
normalize the samples match the values shown in Tab. A3.1.

Uncertainty Sample

ME-PS matching

/TTTo2L2Nu_hdampDOWN_TuneCP5_13TeV-powheg-pythia8/*

/TTTo2L2Nu_hdampUP_TuneCP5_13TeV-powheg-pythia8/*

/TTToHadronic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8/*

/TTToHadronic_hdampUP_TuneCP5_13TeV-powheg-pythia8/*

/TTToSemiLeptonic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8/*

/TTToSemiLeptonic_hdampUP_TuneCP5_13TeV-powheg-pythia8/*

Underlying event

/TTTo2L2Nu_TuneCP5down_13TeV-powheg-pythia8/*

/TTTo2L2Nu_TuneCP5up_13TeV-powheg-pythia8/*

/TTToHadronic_TuneCP5up_13TeV-powheg-pythia8/*

/TTToHadronic_TuneCP5down_13TeV-powheg-pythia8/*

/TTToSemiLeptonic_TuneCP5down_13TeV-powheg-pythia8/*

/TTToSemiLeptonic_TuneCP5up_13TeV-powheg-pythia8/*

Color reconnection

/TTTo2L2Nu_TuneCP5_erdON_13TeV-powheg-pythia8/*

/TTTo2L2Nu_TuneCP5CR1_13TeV-powheg-pythia8/*

/TTTo2L2Nu_TuneCP5CR2_13TeV-powheg-pythia8/*

/TTToHadronic_TuneCP5_erdON_13TeV-powheg-pythia8/*

/TTToHadronic_TuneCP5CR1_13TeV-powheg-pythia8/*

/TTToHadronic_TuneCP5CR2_13TeV-powheg-pythia8/*

/TTToSemiLeptonic_TuneCP5_erdON_13TeV-powheg-pythia8/*

/TTToSemiLeptonic_TuneCP5CR1_13TeV-powheg-pythia8/*

/TTToSemiLeptonic_TuneCP5CR2_13TeV-powheg-pythia8/*

Top-quark mass

/TTTo2L2Nu_mtop169p5_TuneCP5_13TeV-powheg-pythia8/*

/TTTo2L2Nu_mtop175p5_TuneCP5_13TeV-powheg-pythia8/*

/TTToHadronic_mtop169p5_TuneCP5_13TeV-powheg-pythia8/*

/TTToHadronic_mtop175p5_TuneCP5_13TeV-powheg-pythia8/*

/TTToSemiLeptonic_mtop169p5_TuneCP5_13TeV-powheg-pythia8/*

/TTToSemiLeptonic_mtop175p5_TuneCP5_13TeV-powheg-pythia8/*
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Appendix 4: Trigger efficiencies
The trigger efficiencies in data and simulation as a function of lepton pT for the different
data-taking periods can be found in Fig. A4.1-A4.4. The corresponding scale factors are shown
in Fig. A4.5 and A4.6.
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Figure A4.1: Signal trigger efficiencies for 2016preVFP measured in data (black) and simula-
tion (red) for the e+e− (top), µ+µ− (middle) and e±µ∓ (bottom) channel. The
efficiencies are shown as a function of the (sub-)leading lepton pT for the same-
Ćavor channels and as a function of the electron and muon pT for the e±µ∓ channel.
The overall efficiencies are given in the legend. The vertical lines correspond to the
asymmetric statistical uncertainties derived using Clopper-Pearson intervals [163].
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Figure A4.2: Signal trigger efficiencies for 2016postVFP measured in data (black) and simula-
tion (red) for the e+e− (top), µ+µ− (middle) and e±µ∓ (bottom) channel. The
efficiencies are shown as a function of the (sub-)leading lepton pT for the same-
Ćavor channels and as a function of the electron and muon pT for the e±µ∓ channel.
The overall efficiencies are given in the legend. The vertical lines correspond to the
asymmetric statistical uncertainties derived using Clopper-Pearson intervals [163].
The last bin in each distribution corresponds to an overĆow bin.

154



Appendix 4: Trigger efficiencies

0 50 100 150 200
 (GeV)1l

T
p

0.8

0.9

1

1.1

E
ff
ic

ie
n
c
y ee

=95.9%)εData (

=98.2%)εSimulation (

 (13 TeV)-141.5 fb Work in progressCMS

0 50 100 150 200
 (GeV)1l

T
p

0.8

0.9

1

1.1

E
ff
ic

ie
n
c
y µµ

=97.9%)εData (

=98.9%)εSimulation (

 (13 TeV)-141.5 fb Work in progressCMS

0 50 100 150 200
 (GeV)e

T
p

0.8

0.9

1

1.1

E
ff
ic

ie
n
c
y µe

=97.8%)εData (

=98.7%)εSimulation (

 (13 TeV)-141.5 fb Work in progressCMS

0 50 100 150 200
 (GeV)2l

T
p

0.8

0.9

1

1.1

E
ff
ic

ie
n
c
y ee

=95.9%)εData (

=98.2%)εSimulation (

 (13 TeV)-141.5 fb Work in progressCMS

0 50 100 150 200
 (GeV)2l

T
p

0.8

0.9

1

1.1

E
ff
ic

ie
n
c
y µµ

=97.9%)εData (

=98.9%)εSimulation (

 (13 TeV)-141.5 fb Work in progressCMS

0 50 100 150 200
 (GeV)

µ

T
p

0.8

0.9

1

1.1

E
ff
ic

ie
n
c
y µe

=97.8%)εData (

=98.7%)εSimulation (

 (13 TeV)-141.5 fb Work in progressCMS

Figure A4.3: Signal trigger efficiencies for 2017 measured in data (black) and simulation (red)
for the e+e− (top), µ+µ− (middle) and e±µ∓ (bottom) channel. The efficiencies
are shown as a function of the (sub-)leading lepton pT for the same-Ćavor channels
and as a function of the electron and muon pT for the e±µ∓ channel. The overall
efficiencies are given in the legend. The vertical lines correspond to the asymmetric
statistical uncertainties derived using Clopper-Pearson intervals [163]. The last bin
in each distribution corresponds to an overĆow bin.
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Figure A4.4: Signal trigger efficiencies for 2018 measured in data (black) and simulation (red)
for the e+e− (top), µ+µ− (middle) and e±µ∓ (bottom) channel. The efficiencies
are shown as a function of the (sub-)leading lepton pT for the same-Ćavor channels
and as a function of the electron and muon pT for the e±µ∓ channel. The overall
efficiencies are given in the legend. The vertical lines correspond to the asymmetric
statistical uncertainties derived using Clopper-Pearson intervals [163]. The last bin
in each distribution corresponds to an overĆow bin.
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Figure A4.5: Trigger scale factors for 2016preVFP (left) and 2016postVFP (right) derived for
the e+e− (top), µ+µ− (middle) and e±µ∓ (bottom) channel. The SFs are shown
as a function of leading and subleading lepton pT or electron and muon pT. The
values of the SFs including their total uncertainties for each bin are visualized by
black digits.
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Figure A4.6: Trigger scale factors for 2017 (left) and 2018 (right) derived for the e+e− (top),
µ+µ− (middle) and e±µ∓ (bottom) channel. The SFs are shown as a function of
leading and subleading lepton pT or electron and muon pT. The values of the SFs
including their total uncertainties for each bin are visualized by black digits.
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Appendix 5: Total event yields
The total yields for the individual data-taking periods are shown in Tab. A5.1-A5.4. The cutĆow
diagrams separating the individual decay channels can be found in Fig. A5.1.

Table A5.1: Total number of events per channel after the full event selection for the 2016preVFP
data-taking period. The upper part of the table shows the individual contributions
to the total event prediction derived from simulation (Sum MC). The ratio of the
individual contributions and the total prediction in percent is shown in round brack-
ets. The lower part of the table contains the uncertainty on the total prediction,
which includes the systematic and statistical contributions, as well as the number
of events in data and the ratio between data and simulation (Data/MC).

Channel e+e− µ+µ− e±µ∓ all

C
on

tr
ib

u
ti

on

tt (ll) 16745.3(75.5) 32656.3 (73.9) 77093.6 (80.0) 126495.2 (77.7)
tt other 2676.6(12.1) 5581.8 (12.6) 13028.6 (13.5) 21287.0 (13.1)

Single top 1024.3(4.6) 1972.0 (4.5) 4553.1 (4.7) 7549.3 (4.6)
DY+jets 1555.0(7.0) 3681.0 (8.3) 951.5 (1.0) 6187.5 (3.8)
Diboson 100.9(0.5) 173.4 (0.4) 337.3 (0.4) 611.6 (0.4)
ttW/Z 68.4(0.3) 128.7 (0.3) 258.7 (0.3) 455.8 (0.3)
W+jets 17.7(0.1) 13.3 (0.0) 143.2 (0.1) 174.1 (0.1)

Sum MC 22188.1 44206.5 96366.0 162760.6
σ(Sum MC) 1484.7 2138.2 3861.1 6914.2

Data 21123 42294 90844 154261

Data/MC [%] 95.2 95.7 94.3 94.8

Table A5.2: Total number of events per channel after the full event selection for the 2016postVFP
data-taking period. The upper part of the table shows the individual contributions
to the total event prediction derived from simulation (Sum MC). The ratio of the
individual contributions and the total prediction in percent is shown in round brack-
ets. The lower part of the table contains the uncertainty on the total prediction,
which includes the systematic and statistical contributions, as well as the number
of events in data and the ratio between data and simulation (Data/MC).

Channel e+e− µ+µ− e±µ∓ all

C
on

tr
ib

u
ti

on

tt (ll) 14700.3(74.7) 28556.8 (74.3) 67535.4 (79.8) 110792.5 (77.6)
tt other 2325.4(11.8) 4965.9 (12.9) 11494.6 (13.6) 18785.9 (13.2)

Single top 912.3(4.6) 1716.0 (4.5) 4008.6 (4.7) 6636.8 (4.6)
DY+jets 1570.9(8.0) 2924.9 (7.6) 843.8 (1.0) 5339.7 (3.7)
Diboson 91.6(0.5) 156.2 (0.4) 313.9 (0.4) 561.6 (0.4)
ttW/Z 60.9(0.3) 112.4 (0.3) 229.4 (0.3) 402.7 (0.3)
W+jets 28.6(0.1) 18.0 (0.0) 191.9 (0.2) 238.5 (0.2)

Sum MC 19689.8 38450.2 84617.6 142757.6
σ(Sum MC) 1195.4 1674.7 3344.0 5743.2

Data 19558 39231 83229 142018

Data/MC [%] 99.3 102.0 98.4 99.5
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Table A5.3: Total number of events per channel after the full event selection for the 2017 data-
taking period. The upper part of the table shows the individual contributions to
the total event prediction derived from simulation (Sum MC). The ratio of the indi-
vidual contributions and the total prediction in percent is shown in round brackets.
The lower part of the table contains the uncertainty on the total prediction, which
includes the systematic and statistical contributions, as well as the number of events
in data and the ratio between data and simulation (Data/MC).

Channel e+e− µ+µ− e±µ∓ all

C
on

tr
ib

u
ti

on

tt (ll) 37078.9(74.5) 70806.2 (73.5) 170863.2 (79.9) 278748.2 (77.4)
tt other 5805.5(11.7) 12474.9 (13.0) 29234.1 (13.7) 47514.6 (13.2)

Single top 2256.2(4.5) 4249.7 (4.4) 10172.2 (4.8) 16678.1 (4.6)
DY+jets 4240.7(8.5) 8089.5 (8.4) 2064.1 (1.0) 14394.3 (4.0)
Diboson 225.5(0.5) 389.0 (0.4) 778.4 (0.4) 1392.8 (0.4)
ttW/Z 151.6(0.3) 277.4 (0.3) 563.8 (0.3) 992.8 (0.3)
W+jets 0.0(0.0) 21.5 (0.0) 275.5 (0.1) 297.0 (0.1)

Sum MC 49758.3 96308.2 213951.4 360017.8
σ(Sum MC) 3490.0 4887.8 9618.6 16837.8

Data 48892 97892 210692 357476

Data/MC [%] 98.3 101.6 98.5 99.3

Table A5.4: Total number of events per channel after the full event selection for the 2018 data-
taking period. The upper part of the table shows the individual contributions to
the total event prediction derived from simulation (Sum MC). The ratio of the indi-
vidual contributions and the total prediction in percent is shown in round brackets.
The lower part of the table contains the uncertainty on the total prediction, which
includes the systematic and statistical contributions, as well as the number of events
in data and the ratio between data and simulation (Data/MC).

Channel e+e− µ+µ− e±µ∓ all

C
on

tr
ib

u
ti

on

tt (ll) 46989.2(74.6) 89042.2 (73.6) 215445.7 (79.8) 351477.1 (77.5)
tt other 7349.5(11.7) 15494.9 (12.8) 36639.8 (13.6) 59484.2 (13.1)

Single top 2925.9(4.6) 5433.1 (4.5) 12788.8 (4.7) 21147.8 (4.7)
DY+jets 5236.3(8.3) 10057.0 (8.3) 3007.7 (1.1) 18301.0 (4.0)
Diboson 282.1(0.4) 517.2 (0.4) 999.4 (0.4) 1798.8 (0.4)
ttW/Z 195.9(0.3) 344.1 (0.3) 714.2 (0.3) 1254.2 (0.3)
W+jets 29.1(0.0) 22.3 (0.0) 271.0 (0.1) 322.5 (0.1)

Sum MC 63007.9 120910.9 269866.8 453785.6
σ(Sum MC) 4357.3 6588.8 12675.6 22346.5

Data 61995 122751 264739 449485

Data/MC [%] 98.4 101.5 98.1 99.1
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Figure A5.1: CutĆow diagrams showing the total number of events after different steps of the
event selection in the e+e− (top left), µ+µ− (top right) and e±µ∓ (bottom) channel
for all data-taking periods combined. In the upper parts of the plots, the individual
contributions to the yield predicted by simulation are shown including the total
uncertainty (black-hatched area). The lower parts of the plots show the ratio be-
tween data and simulation as well as the systematic and total uncertainty on the
predicted yields.

161





Appendix 6: Control distributions

Appendix 6: Control distributions
The control distributions showing the leading and subleading lepton/jet pT, the number of jets
and b-tagged jets and the invariant mass for each decay channel are shown in Fig. A6.1-A6.4.
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Figure A6.1: Control distributions as a function of the leading (left) and subleading (right)
lepton transverse momentum in the e+e− (top), µ+µ− (middle) and e±µ∓ (bottom)
channel for all data-taking periods combined. The upper parts of the plots show
the observed data (black) and the contributions predicted by simulation including
the total uncertainty (hatched area). The lower parts of the plots show the ratio
between data and simulation as well as the systematic and total uncertainties on
the predicted distributions. In all distributions, the last bin includes all events
above the plotted range.
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Figure A6.2: Control distributions as a function of the leading (left) and subleading (right)
jet transverse momentum in the e+e− (top), µ+µ− (middle) and e±µ∓ (bottom)
channel for all data-taking periods combined. The upper parts of the plots show
the observed data (black) and the contributions predicted by simulation including
the total uncertainty (hatched area). The lower parts of the plots show the ratio
between data and simulation as well as the systematic and total uncertainties on
the predicted distributions. In all distributions, the last bin includes all events
above the plotted range.
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Figure A6.3: Control distributions as a function of the number of reconstructed jets (left) and
b-tagged jets (right) in the e+e− (top), µ+µ− (middle) and e±µ∓ (bottom) chan-
nel for all data-taking periods combined. The upper parts of the plots show the
observed data (black) and the contributions predicted by simulation including the
total uncertainty (hatched area). The lower parts of the plots show the ratio be-
tween data and simulation as well as the systematic and total uncertainties on the
predicted distributions. In all distributions, the last bin includes all events above
the plotted range.
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Figure A6.4: Control distributions as a function of the invariant mass of the reconstructed lep-
tons in the e+e− (top left), µ+µ− (top right) and e±µ∓ (bottom) channel for all
data-taking periods combined. The upper parts of the plots show the observed
data (black) and the contributions predicted by simulation including the total un-
certainty (hatched area). The lower parts of the plots show the ratio between data
and simulation as well as the systematic and total uncertainties on the predicted
distributions. In all distributions, the last bin includes all events above the plotted
range.
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Appendix 7: DNN input features
The full list of all 54 input features considered in the development of the DNN regression
including descriptions of the individual inputs is shown in Tab. A7.1.

Table A7.1: Full set of input features considered in the development of the DNN regression.

Symbol Description

PUPPI pmiss
x,y x,y-component of PUPPI pmiss

T (cf. Sec.6.2.6)

PF pmiss
x,y x,y-component of PF pmiss

T (cf. Sec.6.2.6)

Calo pmiss
T pmiss

T only derived from calorimeter entries [189]

σ(PUPPI pmiss
T ) uncertainty on PUPPI pmiss

T

σ(PF pmiss
T ) uncertainty on PF pmiss

T

pall jet
x,y momentum in x,y-direction of the system including all jets

pall jet
T transverse momentum of the system including all jets

p
l1(2)
x,y x,y-component of the (sub)leading lepton momentum

p
j1(2)
x,y x,y-component of the (sub)leading jet momentum

ηl1(2)
pseudorapidity of the (sub)leading lepton

ηj1(2)
pseudorapidity of the (sub)leading jet

El1(2)
energy of the (sub)leading lepton

Ej1(2)
energy of the (sub)leading jet

Ćavor(l1(2)) Ćavor of the (sub)leading lepton (e =̂ 1, µ =̂ 2 )

loose veto event contains third lepton with looser identiĄcation criteria

Njets number of jets

Nvtx number of reconstructed vertices

∆ϕ(PUPPI pmiss
T , j1(2)) azimuthal distance between PUPPI pmiss

T and the (sub)leading jet

∆ϕ(PF pmiss
T , j1(2)) azimuthal distance between PF pmiss

T and the (sub)leading jet

min[∆ϕ(PUPPI pmiss
T , j)] minimal azimuthal distance between PUPPI pmiss

T and any jet

min[∆ϕ(PF pmiss
T , j)] minimal azimuthal distance between PF pmiss

T and any jet

max[∆ϕ(PF pmiss
T , j)] maximal azimuthal distance between PF pmiss

T and any jet

max[∆ϕ(PUPPI pmiss
T , j)] maximal azimuthal distance between PUPPI pmiss

T and any jet

∆ϕ(PUPPI pmiss
T , jb) azimuthal distance between PUPPI pmiss

T and the leading b jet

∆ϕ(PF pmiss
T , jb) azimuthal distance between PF pmiss

T and the leading b jet

∆ϕ(l1, l2) azimuthal distance between the leading and subleading lepton

∆ϕ(j1, j2) azimuthal distance between the leading and subleading jet

∆ϕ(l1, j1) azimuthal distance between the leading lepton and leading jet

∆ϕ(l1, jb) azimuthal distance between the leading lepton and leading b jet

mall j invariant mass of the system including all jets

mll+all j invariant mass of the system including all jets and leptons

mll invariant mass of the system including the two leptons

mjj invariant mass of the system including the two leading jets

MT transverse mass of the leading lepton and PF pmiss
T

MT2 stransverse mass [213, 214]

HT scalar sum of all jet transverse momenta

pll+all jet
T transverse momentum of the system including all jets and leptons

pll
T/p

all jet
T pT ratio between the systems of both leptons and all jets
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Appendix 8: DNN performance
The performance of the DNN regression regarding the magnitude and the azimuthal angle for
both 2016 and the 2017 data-taking period are shown in Fig. A8.1. The corresponding plots for
the 2018 data-taking period can be found in Fig. 7.9.

Figure A8.1: Difference between generated and reconstructed pmiss
T with respect to the magni-

tude (left) and the azimuthal angle (right) comparing DNN (blue), PUPPI (red)
and PF (green) pmiss

T as well as the resolution (orange) and response tune (grey)
of the Deep pmiss

T reconstruction. The results are derived based on the
2016preVFP (top), 2016postVFP (middle) and 2017 (bottom) data-taking period
using the tt test sample. The mean and the standard deviation of each distribution
are listed in the legend.
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Appendix 9: Unfolding validation tests
The validation tests performed for the pννT measurement have been already discussed in Sec. 8.4.
The corresponding tests for the min[∆ϕ(pννT ,ℓ)] and the two-dimensional measurements, which
yield similar results to the pννT measurement and therefore support the selection of the unregu-
larized least square approach, can be found in Fig. A9.1-A9.4.
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Figure A9.1: Result of the truth test performed for the min[∆ϕ(pννT ,ℓ)] (top) and 2D measure-
ment (bottom) derived with the nominal (black), the regularized (green) and the
bin-by-bin unfolding (purple) based on the 2018 data-taking period. The unfolded
distributions are compared to the expected distribution (red) based on the dilep-
tonic tt signal sample. The error bars correspond to the statistical uncertainty.
The lower parts show the ratios of the unfolded and the expected distributions.
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Figure A9.2: Results of the toy test performed for the min[∆ϕ(pννT ,ℓ)] (top) and 2D measure-
ment (bottom) derived with the nominal (black), the regularized (green) and the
bin-by-bin unfolding (purple) based on the 2018 data-taking period. The plots on
the left show the distribution of the χ2-values derived for each individual toy data
set Ątted by a χ2 function (blue). The plots on the right show the pull derived for
each bin in each toy data set Ątted by a Gaussian function (blue).
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Figure A9.3: Result of the reweighting test performed for the min[∆ϕ(pννT ,ℓ)] (top) and 2D mea-
surement (bottom) derived with the nominal (black), the regularized (green) and
the bin-by-bin unfolding (purple) based on the 2018 data-taking period. The un-
folded distributions are compared to the expected distribution (red) based on the
reweighted dileptonic tt signal sample with the corresponding χ2/dof values given
in the legend. The unweighted distribution, used for the response matrix, is shown
in blue. The error bars correspond to the statistical uncertainty. The lower parts
show the ratios of the unfolded and the expected distributions.
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Figure A9.4: Result of the alternative MC test performed for the min[∆ϕ(pννT ,ℓ)] (top)
and 2D measurement (bottom) derived with the nominal (black), the regular-
ized (green) and the bin-by-bin unfolding (purple) based on the 2018 data-taking
period. The unfolded distributions are compared to the expected distribution (red)
based on the alternative dileptonic tt signal sample with the corresponding χ2/dof
values given in the legend. The nominal distribution, used for the response matrix,
is shown in blue. The error bars correspond to the statistical uncertainty. The lower
parts show the ratios of the unfolded and the expected distributions.
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Appendix 10: Uncertainties for

normalized results
The breakdowns of the normalized differential cross section measurements as a function of pννT ,
min[∆ϕ(pννT ,ℓ)] and the 2D combination of both observables can be found in Fig. A10.1-A10.3.
For the pννT and the two-dimensional measurement, conclusions similar to the corresponding
absolute measurements, discussed in Sec. 9.3, can be drawn. Only for the min[∆ϕ(pννT ,ℓ)] mea-
surement, a signiĄcant difference between the breakdown for the normalized and the absolute
cross section can be observed, which is caused by the signiĄcant reduction of the lepton recon-
struction uncertainty in the normalized result.
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Figure A10.1: Breakdown of the uncertainties for the normalized pννT measurement using the
DR scheme. The statistical uncertainty is shown as gray-shaded area. The
orange-shaded area indicates the total uncertainty, given by the quadratic sum of
all systematic contributions and the statistical uncertainty.
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Figure A10.2: Breakdown of the uncertainties for the normalized min[∆ϕ(pννT ,ℓ)] measurement
using the DR scheme. The statistical uncertainty is shown as gray-shaded area.
The orange-shaded area indicates the total uncertainty, given by the quadratic
sum of all systematic contributions and the statistical uncertainty.
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Figure A10.3: Breakdown of the uncertainties for the normalized 2D measurement using the
DR scheme. The statistical uncertainty is shown as gray-shaded area. The
orange-shaded area indicates the total uncertainty, given by the quadratic sum
of all systematic contributions and the statistical uncertainty. The vertical black
lines correspond to the bin edges in min[∆ϕ(pννT ,ℓ)], while inside each of these
bins, several pννT bins are shown in increasing order.
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Appendix 11: Uncertainties for results

using the DS scheme
The breakdowns of the uncertainties for the absolute and normalized differential cross sec-
tions using the DS scheme to describe the tW background in simulation can be found in
Fig. A11.1-A11.6. The largest difference to the uncertainties derived for the results using the
DR scheme, shown in Sec. 9.3 and Appx. 10, are observed for both pννT measurements. Here, the
uncertainty on the tW background prediction, mainly given by the ME-scale and background
normalization uncertainty, is signiĄcantly reduced at high-pννT due to the smaller tW contribu-
tion predicted in the DS scheme. Effects of the same origin can also be observed at high pννT in the
Ąrst angular bin of the 2D measurements. In the measurements as a function of min[∆ϕ(pννT ,ℓ)],
however, no signiĄcant differences between the results using the two different schemes are found.
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Figure A11.1: Breakdown of the uncertainties for the absolute pννT measurement using the
DS scheme. The statistical uncertainty is shown as gray-shaded area. The
orange-shaded area indicates the total uncertainty, given by the quadratic sum of
all systematic contributions and the statistical uncertainty.
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Figure A11.2: Breakdown of the uncertainties for the absolute min[∆ϕ(pννT ,ℓ)] measurement us-
ing the DS scheme. The statistical uncertainty is shown as gray-shaded area. The
orange-shaded area indicates the total uncertainty, given by the quadratic sum of
all systematic contributions and the statistical uncertainty.
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Figure A11.3: Breakdown of the uncertainties for the absolute 2D measurement using the
DS scheme. The statistical uncertainty is shown as gray-shaded area. The
orange-shaded area indicates the total uncertainty, given by the quadratic sum
of all systematic contributions and the statistical uncertainty. The vertical black
lines correspond to the bin edges in min[∆ϕ(pννT ,ℓ)], while inside each of these
bins, several pννT bins are shown in increasing order.

178



Appendix 11: Uncertainties for results using the DS scheme

0 100 200 300 400 500
 (GeV)νν

T
p

40−

20−

0

20

40
U

n
c
e

rt
a

in
ty

(%
)

 , normalizedνν

T
p tW DS

Total
Stat.
Background
B semileptonic BR
b tagging
Color reconnection
Jet energy resolution
Jet energy scale
Jet pileup ID
L1 prefiring
Lepton reconstruction
Luminosity
ME-PS matching
ME scale
Top mass
PDF
Parton shower
Pileup
Top momentum
Trigger
Underlying event
Unclustered energy

 (13 TeV)
-1

138 fb Work in progressCMS

Figure A11.4: Breakdown of the uncertainties for the normalized pννT measurement using the
DS scheme. The statistical uncertainty is shown as gray-shaded area. The
orange-shaded area indicates the total uncertainty, given by the quadratic sum of
all systematic contributions and the statistical uncertainty.
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Figure A11.5: Breakdown of the uncertainties for the normalized min[∆ϕ(pννT ,ℓ)] measurement
using the DS scheme. The statistical uncertainty is shown as gray-shaded area.
The orange-shaded area indicates the total uncertainty, given by the quadratic
sum of all systematic contributions and the statistical uncertainty.
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Figure A11.6: Breakdown of the uncertainties for the normalized 2D measurement using the
DS scheme. The statistical uncertainty is shown as gray-shaded area. The
orange-shaded area indicates the total uncertainty, given by the quadratic sum
of all systematic contributions and the statistical uncertainty. The vertical black
lines correspond to the bin edges in min[∆ϕ(pννT ,ℓ)], while inside each of these
bins, several pννT bins are shown in increasing order.
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Appendix 12: BSM content in

detector-level distributions
The predicted yields for potential BSM contributions based on a stop-pair production pro-
cess with stop and neutralino masses of 525 and 350 GeV, respectively, for the three main
detector-level distributions are shown in Fig. A12.1. As discussed in Sec. 2.3.3, the largest sensi-
tivity can be observed in the 2D distributions in the phase space of high pmiss

T and large angular
separation. The BSM yield in the highest min[∆ϕ(pmiss

T ,ℓ)] bin is reduced for the given BSM
scenario, due to the rather small mass splitting between the stop and the neutralino, which only
leads to moderate additional contributions to the missing transverse momentum from the two
neutralinos. Adequate simulated samples for scenarios with a larger mass splitting, which would
show a signiĄcantly increased sensitivity, were not available in the scope of this thesis.
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Figure A12.1: Detector-level distributions of DNN pmiss
T (top left), min[∆ϕ(pmiss

T ,ℓ)] (top right)
and the 2D combination (bottom) for all channels and data-taking periods. The
upper parts of the plots show the observed data (black), the contributions pre-
dicted by simulation including the total uncertainty (hatched area) as well as
the predicted yield for a stop-pair production with stop and neutralino masses
of 525 and 350 GeV, respectively. The lower parts show the ratio between data
and simulation as well as the systematic and total uncertainties on the predicted
distribution. The highest pmiss

T bins include all events above the plotted range.
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