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Kurzfassung

Myonen und Elektronen welche in Teilchenkollisionen im Zentrum des Compact Muon Solenoid
(CMS) Experiments am Large Hadron Collider (LHC) entstehen, werden aufgrund ihrer Signale
im Detektor rekonstruiert. Die Bestimmung des Ursprungs eines Leptons, geméfl seiner Herkunft
im Streuprozess, ist wesentlich fiir viele Analysen. Dazu erfolgt eine Trennung in prompte,
nicht-prompte und misrekonstruierte Leptonen, was auf eine Klassifikationsaufgabe mit mehreren
Klassen fiihrt.

In dieser Arbeit wird ein neuartiger Ansatz fiir die Identifizierung von Myonen in den Daten
des CMS Detektors aus dem Jahr 2016 prasentiert, wo die Proton-Proton Kollisionen bei einer
Schwerpunktsenergie von /s = 13 TeV durchgefiihrt wurden. Die Kombination von relevanten
Observablen aus der Rekonstruktion der Leptonen mit der weiteren Teilchenaktivitit in der
Umgebung des Leptons ist dabei die zentrale Idee. Das soll zu einer héheren Effizienz bei der
Identifizierung fithren, da die umgebenden Teilchen Aufschluss iiber den Produktionsmechanismus
des Leptons geben. Dieser Ansatz erfordert es, die Teilchen in der Umgebung eines Leptons der
Reihe nach zu verarbeiten.

Die Anwendung der Technik des iiberwachten Lernens und der Einsatz eines tiefen neuronalen
Netzwerks, welches aus konvolutionalen Schichten, Long Short Term Memory (LSTM) Einhei-
ten und vollstdndig verbundenen neuronalen Netzen besteht, wird den Anforderungen eines
Klassifikationsproblems mit mehreren Klassen gerecht, und erméglicht eine Verarbeitung von
sequentiellen Daten.

Im Vergleich mit anderen Ansétzen bewirkt die Einbindung der Umgebung der Leptonen auf
einer niedrigeren Ebene der Rekonstruktion einen signifikanten Leistungszuwachs hinsichtlich der
Effizienz bei der Identifizierung von Myonen. In simulierten Daten belduft sich die Steigerung der
Signaleffizienz auf bis zu 5% fir gegebene Hintergrundeffizienz. Vergleiche von simulierten und
realen Daten unterstreichen die Robustheit dieses neuartigen Identifikationskriteriums. Der neue
DeepLepton Algorithmus bildet damit die Grundlage fiir Datenanalysen mit starkem Hintergrund
von nicht-prompten und misrekonstruierten Leptonen.






Abstract

Muons and electrons emerging in particle collisions in the center of the CMS experiment at the
LHC, are reconstructed on the basis of the measured detector hits. The identification of the
origin of a lepton, according to its source from the hard scatter, is a central necessity in many
analyses. To this end, a separation of prompt, non-prompt and fake leptons is made, which leads
to a multiclass classification task.

In this work, a novel approach for muon identification is presented for the 2016 detector data,
taken by the CMS experiment, where proton-proton collisions were performed at a center-of-mass
energy of /s = 13 TeV. The central idea is to combine characteristic lepton reconstruction
observables with the particle activity in the vicinity of the lepton. This is supposed to lead to a
higher identification efficiency, since the surrounding particles give indication on the production
mechanism of the lepton. The approach requires to process all the information from the vicinity
of a lepton, particle by particle.

The application of the supervised learning technique and the usage of a deep neural network,
composed of convolutional layers, Long Short Term Memory (LSTM) units and fully connected
(FC) neural networks, meets the requirements of the multiclass classification problem, and enables
the processing of the sequential data.

In terms of muons, the inclusion of the low-level information of the lepton vicinity effects a
significant performance gain in the identification efficiency when compared to previous approaches.
In simulated data the improvement in signal efficiency amounts up to 5% for a given background
efficiency. Comparisons of simulated and real data show the validity of this novel muon identifi-
cation criterion. It is the founding stone of DeepLepton, a lepton identification algorithm, to
be applied in analyses where backgrounds from non-prompt and fake leptons are a substantial
problem.
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Chapter 1

Introduction

1.1 Problem statement and motivation

In various fields of research, scientific measurements do not yield plain and simple results.
Although accurate theory predictions are typically available in the field of particle physics, there
are often noise or background contributions, which interfere with the signal.

The quality and validity of experimental analyses at the LHC [1] hinges on a proper event selection.
An analysis, that targets a certain process, will only be convincing, if the selected events are
dominated by the considered process. Especially when processes with high and/or complicated
backgrounds are addressed, high requirements are put on the efficiency of the event selection. The
efficiency of the event selection, in turn, depends on the accuracy of the reconstruction and the
identification quality of the particles. At the CMS experiment [2], electrons, muons, charged and
neutral hadrons, as well as photons are reconstructed on the basis of the measured detector hits.
Various identification methods are utilized to subsequently classify the reconstructed particles.

In terms of lepton identification, a classification of electrons and muons into three categories,
according to their origin from the hard scatter within an event, is made. In most analysis use
cases, prompt leptons are of interest. These leptons arise from the decay of heavy particles, which
are produced in the proton-proton collision, e.g. the W, Z, or Higgs bosons. Non-prompt leptons,
emerging in the hadronization of high energetic jets, and fake leptons, which are particles that
are misreconstructed as leptons, are usually considered as background. Various approaches have
been developed in order to achieve a proper lepton identification, with varying degrees of success.
These range from simple cut-based algorithms up to advanced machine learning techniques.

Nevertheless, there is still demand for further improvements, since the requirements concerning
lepton identification increase for analyses of rare signal processes or events with complex back-
grounds. Thus, besides the general ambition of improving existing identification techniques, the
motivation of this master’s thesis is driven by specific analysis use cases with difficult backgrounds,
like in e.g. searches for processes beyond the standard model of particle physics (SM) [3-5].

1.2 Aim of the work

The aim of this master thesis is to provide a novel moun identification criterion (ID) for the 2016
detector data taken by the CMS experiment at the LHC, and outperform existing approaches.
It should be the founding stone of a lepton identification tool, to be applied in analyses, where
backgrounds from non-prompt and fake leptons are a substantial problem. In particular, the
event selection efficiency of the tt dilepton final state is intended to be enhanced for the same
level of fake and non-prompt backgrounds.
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1.3 Methodological approach

The central idea is to combine characteristic lepton reconstruction observables with the particle
activity in the vicinity of the lepton. This is supposed to lead to a higher identification efficiency,
since the surrounding particles give indication on the production mechanism of the lepton. This
approach requires to process all the information from the vicinity of a lepton, particle by particle.
A tool that has already solved this technical issue, is the so called DeepJet framework [6]. It is
designed for jet identification and is based on a deep neural network, utilizing advanced machine
learning techniques. The computation of the muon ID, addressed in this master thesis, is highly
inspired by algorithms provided by the DeepJet framework and therefore, it is referred to as
DeepLepton 1D in the following.

Since lepton identification is a typical classification task, the supervised learning technique is
considered in this case. Simulated data, produced by MC generators, is applied for the training of
the DeepLepton classifier, as this data provides the information of the origin of the lepton, which
is essential in terms of supervised learning. The performance, of the DeepLepton classifier in the
simulated data, is evaluated by means of Receiver Operating Characteristic (ROC) curves. Two
existing machine learning based lepton IDs are used as a reference. Comparisons of simulated
and real data show the validity of the novel muon ID.

1.4 Structure of the work

The master thesis consists of two main parts, a theoretical and an experimental part.

The theoretical part starts with an introduction into the physics at the LHC (Ch. [2|) and the
related CMS experiment (Ch. . Then, the processes contributing to the dilepton final state and
relevant state-of-the-art methods in lepton identification at the CMS experiment are illustrated

(Ch. . Finally, basic concepts in deep learning and its applications in particle physics are
introduced (Ch. [5).

The experimental part, treats the practical implementation of the work, including the data
preprocessing, the training and the evaluation procedures of the DeepLepton classifier (Ch. @
The results of the application of the DeepLepton framework are presented in Ch. [7] followed by a
more detailed discussion and an outlook in prospective follow-up analyses in Ch. 8| A conclusion
is provided in Ch. [9
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Chapter 2

The Large Hadron Collider (LHC)

2.1 Introduction and main goals of the LHC

The Large Hadron Collider (LHC) is the largest and most powerful particle accelerator so far.
It accelerates particles (protons and lead ions) up to collisions at a center-of-mass energy of
13 TeV. The LHC explores the nature at the small distances of elementary particles and forces,
and enhances the knowledge about the fundamental constituents of matter. In Run 1 (8 TeV
proton-proton collisions), the discovery of the SM Higgs boson in 2012 [7] was a landmark in
the history of particle physics. It completed the particle zoo of the SM. The Run 2, which was
finished in 2018, enabled the rediscovery of the Higgs boson and a more detailed study of other
SM parameters, because a higher center-of-mass energy of /s = 13 TeV could be reached. This
higher energy also increased the discovery potential. However, so far only tighter constraints for
physical models beyond the SM were obtained [8].

The SM is a complete and self-consistent theory. However, it does not answer all fundamental
physics questions, based on the observations. The main questions an searches, which are addressed
at the LHC, are outlined in the following:

o Supersymmetry (SUSY): SUSY [9] is a popular SM extension, since it solves several
theoretical problems. As an example, it can implement the grand unification of the three
fundamental forces, and therefore is a grand unified theory (GUT) [10]. Furthermore, it can
provide dark matter particle candidates. There are significant theoretical and experimental
efforts in the field of supersymmetric models and SUSY analyses make up a major sector
within the experiments at the LHC. However, so far no experimental evidence of SUSY has
been found [8].

o Dark matter and dark energy: The known matter represents just around 5% of the total
matter of the whole universe [11]. The remaining 95% are not interacting with ordinary
matter and are referred to as dark matter and dark energy. In ongoing searches at the
LHC, scientists try to find particles, like e.g. weakly interacting and massive particles
(WIMPs) [12], or other phenomena that could explain dark matter 8, 13].

e The origin of mass: With the discovery of the Higgs boson at the LHC, the Brout-Englert-
Higgs mechanism [14] was confirmed. This mechanism explains, the interaction of SM
particles with the Higgs field, a doublet of complex scalar fields. The particles receive their
masses, by means of their interaction with the Higgs particle. Particles, interacting more
strongly with the Higgs field, are heavier, than weakly interacting particles. Measurements
in the Higgs sector are now focusing on the properties of the Higgs boson, as well as
examining its decay modes. Especially non-SM decays, or even searches for additional
neutral and charged Higgs bosons, are of interest in terms of physics beyond the SM [8].
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Several so called beyond standard model (BSM) searches in the Higgs sector are illustrated

in Fig. 2.1}

Light or heavy neutral Higgs bosons

| Charged Higgs boson Lepton flavour violating Higgs decays

| BSM _
Di-Higgs production | Higgs i Exotic Higgs decays
(resonantornot) | searches :

Higgs as portal to hidden sector . Higgs in BSM decay chains

BSM constraint from coupling 3
measurements !

Fig. 2.1: Searches for BSM Higgs bosons @

e The matter-antimatter asymmetry: According to the cosmological standard model, the
distribution of matter and antimatter was uniform in the early universe following the Big
Bang . However nowadays, matter particles such as protons, neutrons and electrons,
are observed. The baryon asymmetry is expected to be almost 100%. Charge and parity
(CP) violating processes could explain that observation and are subject to tests at the
LHC . It is worth noting, that the ratio of protons and antiprotons produced in heavy
ion collisions at the LHC is close to 1 .

e The quark-gluon plasma: A state, that appears at very high temperatures and densities,
conditions which may have prevailed e.g. at the beginning of the universe, is the quark-
gluon plasma . It is considered as a new state of nuclear matter, where quarks and
gluons are not confined in composite states of hadrons, like in e.g. protons, neutrons,
kaons, or pions. A quark-gluon plasma is produced in collisions of heavy ions. These
measurements help to better understand the early universe and collective phenomena in
quantum chromodynamics (QCD).

2.2 Accelerator complex at CERN

The LHC is the most recent accelerator at the CERN complex (see Fig. [20]. The acceleration
process starts with a gas cylinder filled with compressed hydrogen. Hydrogen atoms are fed into
the front chamber of a linear accelerator, the LINAC 2, where the electrons are stripped off ,
. The remaining ionized hydrogen atoms, i.e. protons, are accelerated by an electric field in
drift tubes, due to the positive charge ¢ = +e. The bunch of protons leaves the LINAC 2 at a
velocity of 8 = 7 ~ 0.3, relative to the speed of light c. The kinetic proton energy is Krinace =
50 MeV.

The second stage is the Proton Synchrotron Booster . The booster is circular with a
circumference of 157 m, as linear acceleration is now impractical. The protons are split into
four beams in order to increase the beam intensity. The protons are accelerated in separate
synchrotron rings up to a kinetic energy Kpooster = 1.4 GeV and a velocity of around 91.6%
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Fig. 2.2: The accelerator complex at the LHC .

of the speed of light. This is achieved by radio frequency (RF) cavity resonators. A certain
resonance frequency, is amplified inside the RF cavities and forms a strong electric field. Since
the electric field is oscillating, the transition of the proton bunches has to be synchronized, in
order to achieve an accelerating effect. In addition to the alternating electric field, a homogeneous
magnetic field B is forcing and holding the protons on their circular path through the booster,
due to the Lorentz force. It is generated by powerful dipole magnets, orientated at right angles
to the beam direction. Both the homogeneous and the alternating field have to be enhanced per
circulation, synchronously according to the proton momentum p. The following relation has to
be fulfilled for the homogeneous magnetic field, where r refers to the radius of the synchrotron.

—

Pl=q-r-15 (2.1)

Thus, the maximum output energy of the protons is limited by the radius and the maximum
magnetic field of the booster [23]. After re-merging the four proton packs, the beam is sent
to the Proton Synchrotron (PS) [22], which has a circumference of 628 m. At this stage the
protons reach an energy of Kpg = 25 GeV (8 > 0.999), due the (oscillating) electric field in the
RF cavity resonators. In terms of the beam guidance, again conventional (room-temperature)
dipole magnets are applied. Furthermore, quadrupole magnets are utilized to focus the proton
beam. The fourth stage in the accelerator process is the Super Proton Synchrotron (SPS) [24].
It has a circumference of approximately 7 km and further increases the energy of the protons up
to Kgps = 450 GeV, before the beam is finally sent to the Large Hadron Collider (LHC) with a
velocity of 99,9998% of the speed of light .
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2.3 LHC facts and figures

With a circumference of nearly 27 km, the LHC is the largest particle accelerator built so far [20].
It consists of two separate pipes, where the proton bunches travel in opposite directions. An
ultra~high vacuum is maintained inside the tubes. The protons are bent on their way through
the separate collider pipes due to a strong magnetic field B , generated by 1232 main dipole
magnets. In order to achieve ]é | = 8.3 Tesla, superconducting magnets are needed. Below a
certain temperature, these magnets enter the superconducting state, which is characterized by a
vanishing electrical resistance. Thus, the dipole magnets at the LHC are operated at a temperature
of 1.9 K (-271.3 °C), unlike the conventional dipole magnets, operating at room-temperature.
The focusing of the proton bunches is accomplished by 858 quadrupole magnets.

At the LHC, the protons are accelerated for around 20 minutes until the final energy of Krppc =
6.5 TeV is reached [20]. One beam is accelerated clockwise and the other one anti-clockwise, each
by eight RF cavities. The operating frequency of the cavities is at 400 MHz, which generate an
accelerating field of 5 MV /m. The beams are collided at four main experimental sites, where
the experiments are hosted: CMS [25], ATLAS [26], ALICE [27] and LHCb [28]. In terms
of a collision experiment, the maximum center-of-mass energy /s, that can be achieved, is
proportional to the energy of the colliding particles |29)].

2
Ebeam Ebeam
\/ Scollision = iw + :ﬁz =2 Ebeam (22)
Y Y
Dz —DPz

(2.3)

For the proton-proton collisions at the LHC this results in a center-of-mass energy of \/s = 13 TeV.
It is worth to note that the full center-of-mass energy of 13 TeV is not coming into effect in
a fundamental particle reaction. According to the parton-model [30], not the protons, but its
constituents, the quarks and gluons, are reacting. Hence, the actual center-of-mass energy of the
parton collisions v/3 is dependent on the fractions of the protons momenta z; and x9, that the
respective partons are carrying [8].

\/gcollision = \/$1 * X2 * Scollision (2~4)

However, x1 and x2, and therefore the initial longitudinal momenta, are unknown at the parton-
parton collisions, while the initial transverse momenta cancel each other [29]. Hence, the sum of
the transverse momenta pr of the final state particles is expected to be zero too.

Besides the energy, the rate of collisions dN/dt is another important parameter of a particle
collider [31]. Physical processes have production rates dNpyocess/dt proportional to their cross
section Oprocess- The cross section has the dimension of an area and is usually given in barn
(1b=10"2m?). The cross sections of various SM processes, as a function of the center-of-mass
energy of colliding proton-proton beams, are shown in Fig.

The parameter that combines the production rate of a certain process with its cross section, is
the luminosity £ [31].
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Fig. 2.3: Cross sections of SM processes dependent on the center-of-mass energy of proton-
(anti)proton collisions .

dN, process

dt =L- Oprocess (25)

At the LHC, a beam contains n;, = 2808 bunches, with around N, ~ 1.15 - 10" protons per
bunch. The distance in time between two bunches is 25 ns, which yields a bunch crossing rate of
40 MHz. A theoretical maximum number of bunches of 3564 can not be achieved, due to the
need for an abort gap for the beam dump. The distance in time corresponds to a path difference
of around 7.5 m and a revolution frequency of fre, = 11245Hz [20]. This yields a luminosity
Liuc at the order of 10%* cm™2s7!, which is calculated by

frevnbN2
RSNy

Iro.0, F(0e,04,0,) 2103 em™?s7! = 10nb ™' s (2.6)

Linc =

In this case o; describes the beam width along the respective axis ¢ = z,y, 2 and the correction
factor F' takes into account, that the luminosity is decreased, dependent on a beam crossing
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angle 6. [8]. The highest instantaneous luminosity was 2.06 - 10%* cm~2s~! by now, which could
be reached in 2017 [20]. With a total cross section in the proton-proton collisions of about
Oppoa ™ 10% nb, an average collision rate d Nyt /dt of around 1 billion events per second follows.

dNtotal

= LLc  Oppe ® 10nb~'s™!-10%nb = 10%s7! (2.7)

The average number of interactions per bunch crossing (u) is determined, by means of the beam
revolution frequency fiey and number of proton bunches per beam ny [8].

< > _ dNiotal 1 _ Lruc - Opp—zx

) — 2.8
dt freV * Ty frev s Ny ( )

In 2018, on average (u) = 39 interactions per bunch crossing were observed in the proton-proton
collisions at the CMS experiment [33].

The reason for the usage of protons within the acceleration procedure is, that they fulfill two
main criteria, which possible particle candidates should feature. Firstly they are charged, which
enables the acceleration by an electric field, and secondly they are stable. Furthermore, a higher
mass is an advantage against electrons, in order to realize high-energy particle collisions. In
addition to protons, lead ions can be accelerated at the LHC too [§]. Lead-lead collisions reach a
center-of-mass energy up to /s = 5 TeV. Proton collisions are usually measured at the ATLAS,
CMS and LHCb experiments, whereas ALICE is specialized for the heavy ion collisions.

The ”A Toroidal LHC Apparatus” (ATLAS) experiment is constructed for a wide range of
analyses in particle physics, from a precise characterization of known particles like the Higgs
boson, to searches for new physics beyond the SM. The core of the detector is built of eight
superconducting magnets, which form a huge toroidal magnet system around the beam pipes.
It has a diameter of 26 m and is the largest collider detector in terms of volume so far. The
physical measurements performed at the Compact Muon Solenoid (CMS) experiment are similar
to the ones at ATLAS. However, the detector and the magnet system are designed a bit different.
An introduction into the CMS experiment and its detector system is given in Ch. [3] As already
mentioned, "A Large Ion Collider Experiment” (ALICE) is specialized in lead ion collisions. Here,
the quark-gluon plasma is studied, where the quarks and gluons are not bound inside hadrons
any more. At the "Large Hadron Collider - beauty” (LHCb) experiment the imbalance between
matter and antimatter is examined. Interactions of hadrons containing a bottom quark, like
B-mesons, show a slight asymmetry referring to this issue.

Besides this four main measurement sites at the beam crossing points another three, but smaller
experiments exist at the LHC. They are named as "Large Hadron Collider forward” (LHCf) [34],
"TOTal Elastic and diffractive cross section Measurement” (TOTEM) [35] and "Monopole and
Exotics Detector at the LHC” (MoEDAL) [36].



Chapter 3

The Compact Muon Solenoid (CMS)
experiment at the LHC

3.1 Introduction and main goals of the CMS experiment

The Compact Muon Solenoid (CMS) [2, 37, |38] is one of the four main experiments at the
LHC. The CMS detector is a general-purpose apparatus, constructed to measure phenomena in
proton-proton collisions provided by the LHC. The heart of the detector is its high magnetic
field, generated by a powerful superconducting solenoid. A high magnetic field is required for
the precise measurement of the momenta of charged particles, e.g. muons.

The high instantaneous luminosity up to £ ~ 2103 cm=2s7! in 2017, lead to on average 37
interactions per bunch crossing (every 25 ns) in 2017. Each interaction can produce thousands of
particles in the detector. This poses challenges in terms of triggering and recording events. In
2017, a total integrated luminosity

L:/L.dt (3.1)

of LGNS = 44.98 fb~! was recorded out of a delivered luminosity of LLl¢ = 49.79 fb—1.

The coordinate system used in the CMS experiment has its origin at the nominal collision point
in the center of the detector, where the z axis points along the beam path (Fig. . The y
axis is pointing in the vertical direction and the x axis runs alongside an imaginary line between
the collision point at the CMS experiment and the center of the LHC. The azimuth angle ¢
is defined by the angular deviation from the z axis in the x-y plane. Thus, the polar angle 6
indicates the angular deviation from the z axis. Instead of 6, the pseudorapidity

n = —In(tan(0/2)) (3.2)

is used. Its key advantage is the Lorentz invariance of An along the z axis, if the masses of the
particles are negligible. Hence, the angular separation AR = /(An)? + (A¢)? of two tracks in
the detector is Lorentz invariant too, as A¢ is the azimuthal angle in the z-y plane.

The CMS detector is designed to study various physical phenomena in proton-proton and lead-
lead ion collisions. In the following, a selection of current goals and experimental analyses at the
CMS experiment, is given [33]:

» Higgs boson physics: As already mentioned, the discovery of the Higgs boson [7], jointly
announced by the CMS and ATLAS experiments in 2012, was a landmark in particle
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LHCb

Fig. 3.1: The CMS coordinate system [39).

physics. Ongoing measurements are now focusing the properties of the Higgs boson and its
couplings to the other particles. E.g. the observation of the tt+Higgs process [40] enables
a direct measurement of the Yukawa coupling of the Higgs boson to the top quark [41].
An inconsistency with the SM would indicate BSM physics. However, the measured cross
section of this process agrees with the prediction of the SM. Another search for the Higgs
boson pair production [42] is performed at the CMS experiment, in order to examine
the self-coupling of the Higgs boson. In fact, the predicted SM cross section of diHiggs
production is too low to be detected, but various BSM models predict higher cross sections
of this process [42]. So far, no evidence for such events has been found, and constraints on
the upper limit of the cross section could be determined.

e Probing the SM: At the CMS experiment, several analyses are testing the consistency of
the data with the SM. This includes precision measurements of the cross sections of SM
processes, like e.g. the WZ diboson production in leptonic channel with three final state
leptons [43], or the W+c production in the W — uv channel [44], and single (anti)-top
events [45]. So far, all results are compatible with the predictions of the SM.

o BSM physics: Several fields of physics beyond the SM are in focus at the CMS experiment:
like Supersymmetry, other exotic BSM models, as well as dark matter, and emerging jets.
In terms of dark matter, especially final states with a large missing transverse energy are of
interest, e.g. the mono-photon final state [46] and the mono-Z final state [47]. Furthermore,
emerging jets [48] could indicate dark matter particles, predicted by models containing
dark baryons [49, 50]. No significant evidence for new physics has been found yet.

3.2 Detector system

The CMS detector is located around 100 m underground with a total weight of over 12,500
tons. It has a diameter of 14.6 m and a length of 21.6 m [37]. The detector is built of several
sub-detector layers around a powerful superconducting solenoid. It is separated into a barrel and
an endcap region, referring to the lateral and top surface of the cylindrical detector geometry.
An illustration of a slice in the barrel region of the detector is given in Fig. [3.2

In the following the main parts of the CMS detector are outlined. Further details can be found
in [2, 37, 38].
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Fig. 3.2: A schematic slice of the CMS detector [51]. Charged particles, like electrons, muons
and charged hadrons cause hits in the inner tracker. Muons leave an additional track
signature in the muon chambers. In contrast, neutral hadrons and photons, do not
have a track. Electrons and photons are showering in the ECAL, while neutral and
charged hadrons can be detected in the HCAL.

3.2.1 Superconducting solenoid

The superconducting solenoid is designed to provide a magnetic field B, of 4 T. This is achieved
by a winding in four layers, with a number of turns N = 2168 over a length of L = 12.5 m and
an inner diameter of 6.3 m. The cable is made of a niobium-titanium alloy, within an aluminum
matrix. The so-called Rutherford type cable carries a current of around I = 20 kA and
in total an energy of 2.6 GJ is stored at full current. The magnet is cooled to 4.45 K by a
He refrigeration plant, to ensure its superconducting properties. The magnetic field inside the
cylindrical coil is given by

NI

Bcoil = [0 * My - T ~ 4T7 (33)
where pg refers to the magnetic field constant
V-
o =1,257-1076- > (3.4)

- m

and ., is relative permeability, which is equal to 1 in the vacuum.
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The purpose of the solenoid is to bend the path of charged particles in the detector. Due to the
applied magnetic field, the resulting Lorentz force

Fr,=qix B (3.5)

affects the trajectory of the charged particles. Oppositely charged particles are bent in opposite
directions and particles at high momentum are bent less than the ones with a low-momentum.
This enables a determination of the charge ¢ of the particles, as well as a precise measurement of
their momenta (p'= mo), based on the reconstructed tracks.

3.2.2 Inner tracking system

The function of the inner tracker is to precisely determine the trajectories of the charged particles
and to identify the primary vertex (PV) of the collision and possible secondary vertices (SVs),
due to in-flight decays of short lived particles, like e.g. B mesons. It is the innermost layer of
the detector, built around the nominal collision point with a length of 5.8 m and a radius of
Ttracker = 1.25 1.

This subdetector comprises silicon pixel and strip detectors. It is divided in three segments, for
the barrel and the endcap regions. In the barrel, three layers of silicon pixel detectors, with
a size of 100 x 150 pm? are located near the PV at the radii of 7racker =4.4 cm, 7.3 cm and
10.2 cm. Next, silicon microstrip detectors with the dimensions of 10 cm x 80 pm are placed in
the middle region (22 cm < riacker < 55 cm). Finally, silicon microstrip detectors with a size
of 25 cm x 180 pm form the outer region of the tracker system up to a radius of ryacker = 1.1
m. In the forward region, there are two layers of pixel detectors, followed by 3 disks of silicon
microstrips, in the transitional region between the barrel and the endcap, and lastly, nine layers
of microstrip detectors in the endcap, on both sides.

Charged particles electromagnetically interact with the silicon on their path through the inner
tracker. The small electric signal produced by the interaction, is amplified and constitutes a
so-called hit. Then, the particle tracks of electrons, high-energy muons and charged hadrons
are reconstructed from the measured hits. Furthermore the momenta of these particles can be
determined from their bent tracks and the strength of the applied magnetic field (Sec. The
expected resolution of the impact parameters (Sec. and the transverse momentum in the
inner tracker is shown in Fig.

3.2.3 Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL), which is surrounding the inner tracker, is the second
layer of the CMS detector. It is designed to measure the energy of electrons and photons. The
ECAL is built of lead tungstate crystals (PbWOQy), characterized by a radiation length of Xy =
0.89 cm and a Moliere radius of r,, = 2.2 cm. The radiation length is the distance, where
high-energetic particles carry a fraction of % of their initial energy, because of electromagnetic
interaction with the detector material. The Moliere radius defines the radius of a cylinder, that
contains 90% of the energy of an electromagnetic shower, caused by electrons or photons. Both
parameters are relative small, compared to other materials used in calorimeters. This yields a
fine granularity. Furthermore, the lead tungstate crystals are radiation resistant and allow a
fast emission of the scintillation photons, which is needed for the 40 MHz bunch crossing rate,
provided by the LHC.
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Fig. 3.3: Resolution of the transverse momentum (left), the transverse impact parameter (mid-
dle) and the longitudinal impact parameter (right) of single muons with transverse
momenta of 1, 10 and 100 GeV [2].

The ECAL barrel, with an inner radius of 1.29 m and an outer radius 1.77 m, covers a region,
where |n| is smaller than 1.479. It consists of 61,200 crystals with a size of the front face of around
22 x 22 mm? and a length of 23 cm (25.8 Xp). The scintillation light is amplified and detected
by silicon avalanche photodiodes. In each of the ECAL endcaps 7324 crystals are located at a
distance of 314 cm from the nominal collision point. The pseudorapidity range of 1.479 < || <
3.0 is covered by structures in units of 5x5 crystals, with a front face size per crystal of 28.6 x
28.6 mm? and a length of 22 cm (24.7X(). Vacuum phototriodes are utilized for the detection of
the scintillating signal in the endcap tungstate crystals.
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Fig. 3.4: Energy resolution of the CMS ECAL. % is given as a function of the energy of an
electron test beam. The measured energy in the ECAL is obtained from a 3x3 crystal

module, with an electron hit in the central crystal [37].

The energy resolution of the ECAL in a test beam is shown in Fig. and is calculated by

(F) - () +(5) +e 59
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where S refers to the stochastic term (e.g. fluctuations in the lateral shower containment), N is
the noise (e.g. pileup or electronics noise) and C is a constant term (e.g. calibration errors).

The energy resolution achieved for photons in the ECAL barrel and endcap region is given by

E 2.

LE — \/7? + 0.5%, for the barrel, and (3.7)
E .

e 5.7% =+ 0.5%, for the endcaps. (3.8)

E  VE

3.2.4 Hadron calorimeter

The third subdetector inside CMS is the hadron calorimeter (HCAL). It is a sampling calorimeter,
which contains alternating layers of absorber plates, made of brass, and plastic scintillators.
Since brass is non-magnetic and provides a short interaction length for hadronic particles, it is
qualified to be used as an absorber material within the CMS detector. The HCAL is designed to
measure the energy and the timing of the neutral and charged hadrons, emerging in an event, as
effectively as possible. This is essential to provide a good measure for the missing transverse
energy K'v within an event, which indirectly measures the momentum of non-interacting particles,
like neutrinos.

The HCAL barrel covers the region |n| < 1.4 and is located between the ECAL and the
superconducting solenoid. In order to the achieve a maximum thickness of the absorber material
in the barrel, very thin scintillator plates (3.7 mm) are used. An additional scintillator plate with
a thickness of 9 mm is installed between the ECAL and the first absorber layer. The scintillators
are connected to wavelength shifting fibres. These fibres collect the scintillation light and carry
it to the read out system, which is based on multi-channel hybrid photodiodes. Furthermore,
another calorimeter part is physically located outside the superconducting solenoid, at the barrel
of the muon detector. This outer calorimeter (|n| <1.26) makes use of scintillator plates with a
thickness of 10 mm and acts as a “tail catcher” for hadrons, that are showering late and therefore
pass the inner calorimeter. It helps to improve the energy and Kt resolution of the HCAL. Both
calorimeters together yield a total thickness of the absorber material, that corresponds to more
than 10 interaction lengths of hadronic particles.

The pseudorapidity range of 1.3 < |n| < 3.0 is covered by the two HCAL endcaps. Again brass
plates, with the thickness of around 10 interaction lengths and thin plastic scintillators (9 mm),
which are attached to wave shifting fibres, are applied. An additional calorimeter is placed in
the forward region with a high pseudorapidity (3.0 < || < 5.0). The particle fluxes hitting
this forward calorimeter are considerable higher, than for the other HCAL parts. Thus, a high
radiation resistance is required for the calorimeter material. In this case, steel is selected for the
absorber plates and quartz fibres are used as scintillators. The Cherenkov light, which is emitted
by the quartz fibres, is then carried to photomultipliers, to amplify the signal.

The designed energy resolution of the HCAL [53] is given in Eq. (3.9).

(”Jf)z = (13(%%))2 + 4.5% (3.9)
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3.2.5 Muon system

The fourth and outermost subdetector is the muon system. Muon detection is a central task
at the CMS experiment, as its middle name already indicates. The reason for this is, that
multi-muon final states may hide a large discovery potential for both predicted SM processes
and new BSM physics. The main purposes of the system are the identification of muons, the
measurement of their momenta, as well as the triggering of events. Muons loose less energy in
the tracker material, because of radiation, than electrons. Thus, muons can be detected with a
better energy resolution. The muon system covers an area of about 25,000 m? with its gaseous
particle detectors. The structure of the muon system and the locations of the different detectors
are shown in Fig. 3.5
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Fig. 3.5: The locations of the different gaseous particle detectors in muon system at the CMS
experiment in the r-z plane .

Drift tube chambers (DTs) are utilized in the barrel region (|| < 1.2), where the muon and
background rates are low and the residual magnetic field outside the coil is low too. These
chambers are separated into four segments. The first three stations contain DTs to measure the
z position, as well as the muon coordinates in the r-¢ plane. The last muon segment does only
provide the chambers, that measure the coordinates in the r-¢ plane. The DTs are arranged in a
way, that optimizes the angular resolution of the muon system

Cathode strip chambers (CSCs) are applied in each of the two endcaps (0.9 < |n| < 2.4). In this
region the magnetic field is non-uniform and large. Furthermore the muon and background rates
are higher, than in the barrel. The CSCs in the endcaps are orientated perpendicular to the
beam direction, in order to measure the coordinates in 1 and the r-¢ plane. As in the barrel,
four segments of chambers are installed in each endcap.

An third type of gaseous particle detectors is additionally applied in both the barrel and the
endcaps. So-called resistive plate chambers (RPCs) are characterized by a fast response and a
good time resolution. Therefore they are utilized to determine the actual bunch crossing and are
deployed as an independent and fast trigger. The RPCs cover a region with |n| < 1.6.
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3.3 Data acquisition and event triggering

The LHC provides a bunch crossing rate of 40 MHz (25 ns) for the proton beams. On average,
20-40 collisions per bunch crossing occur. Assuming that per bunch crossing approximately 1-2
MByte of data is generated, storing each event would demand tremendous requirements on the
data transfer and the storage space. Therefore, triggers are applied to reduce the amount of the
recorded data.

At the CMS experiment, two trigger stages are utilized to preselect events from the data. First,
the level-1 (L1) trigger ensures a reduction of the data rate of a factor of about 1,000. It is a
custom designed hardware trigger which uses only a fraction of the total event information. The
L1 trigger is based on programmable electronics, processing data from the calorimeters and the
muon system. It has a maximum output rate of 100 kHz. Events that pass the L1 trigger are
then facing the high-level trigger (HLT). In a second step, this trigger further attenuates the
data rate by another factor of approximately 1,000, such that the final output rate is in the range
of a few 100 Hz. In contrast to the L1 trigger, the HLT is based on a reconstruction software,
that utilizes the full event data. It is physically located at a computer farm, where the HLT
algorithms select the remaining events. Both, the trigger and the data acquisition system (DAQ),
are permanently refined and improved [55]. A schematic illustration of the L1 trigger and the
DAQ is shown in Fig. 3.6
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Fig. 3.6: Schematic figure of the L1 trigger (a) and the data acquisition system (b) at the
CMS experiment [2]. The L1 trigger is using data from the muon chambers and the
calorimeters. The DAQ provides a final output rate of around 100 Hz.

3.4 Particle reconstruction and particle flow algorithm

The purpose of the CMS particle flow (PF) algorithm is to reconstruct particles of the following
types: electrons, muons, neutral hadrons, charged hadrons, and photons. The PF algorithm
combines the calorimetry, tracking and muon information, in order to identify particles based on
compatible detector signals according tho their type. It is the basis for further reconstruction
and identification algorithms, like the reconstruction of jets, the identification of tau and bottom
quark jets, or the determination of the missing transverse energy Et of the event.

In the following the reconstruction algorithms of the various particle types are outlined according
to [56-58]. Especially, the electron and muon reconstruction is treated in more detail. It is
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worth to note that lepton reconstruction and identification are two different tasks, with different
purposes. The latter is discussed in Sec.

3.4.1 Electrons

The electron reconstruction is performed by combining the information of the hits in the inner
tracker and the energy deposits in ECAL. So, there are two main tasks, in order to achieve a
proper reconstruction of electrons. Firstly, the mapping of the energy deposits into so-called
ECAL clusters and superclusters, to determine the initial energy of an electron. Secondly, the
track reconstruction by means of various tracking algorithms and compatible ECAL clusters.

In terms of energy reconstruction of the electrons, the radiated bremsstrahlung along the electron
trajectory has to be taken into account. The photons are emitted in different directions in ¢, due to
the azimuthal bending in the magnetic field, while their distribution in 7 is minimal. This causes
a distinct electron shower shape in the ECAL, characterized by a tail of bremsstrahlung photons.
Single photons and non-radiating electrons, on the contrary, have a negligible distribution of
energy deposits in the ¢ direction. Furthermore, usually about 97% of their energy is placed
within a 5 x 5 array of crystals in the ECAL.

In order to reconstruct the initial electron energy, seed crystals are identified. This is achieved
by requiring a measured transverse energy Et in the respective ECAL crystal, that exceeds a
minimum energy E7/". The seed crystals correspond to the centers of potential electron showers
in the ECAL. Then, two different techniques are applied in the barrel and endcap regions.

5 x 1 arrays of crystals (in the n x ¢ plane) are assigned to a seed crystal, within a A¢"*"9¢ in
the azimuthal direction of the barrel region. The arrays are added as long as the sum of the

energy deposits within the array surpasses a certain threshold E%”;rray. An additional threshold
value ’T’figeed_array is used for the seed array, that contains the seed crystal. Clusters of crystal

arrays, that satisfy the requirements, are referred to as ECAL superclusters.

In the endcap regions, the missing crystal arrangement in the 7-¢ plane, necessitate a different
approach. In this case, clusters of 5 x 5 crystals around the seed crystals are considered for
the energy deposits. These clusters, which may partly overlap, are formed into superclusters, if
their entire energy Er, cluster Within a particular range in An*9¢ and A¢"*"9¢, is greater than a
min

minimum value B3 o

The different threshold values, utilized in the ECAL energy reconstruction, are given in Tab.
The position of the ECAL supercluster is determined as the energy-weighted mean, of the single
cluster positions, by taking into account the shower depth.

Tab. 3.1: Minimum energy thresholds applied in the ECAL barrel and endcaps, in terms of
energy reconstruction [58].

parameter barrel threshold endcap threshold
Ll 1 GeV 0.18 GeV

T, seed-array

Epvin 0.1 GeV

T, array

Ul 0.35 GeV

T, seed-array

min 1 GeV

T, cluster

Anqrange 0.07
Agronge 17 crystals ~ 0.3 rad 0.3 rad
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In the magnetic field of the CMS detector, electron (or positron) tracks differ from other charged
particle tracks by their bremsstrahlung energy loss. Hence, the trajectory of an electron is
likely to be more bent at the end of its path trough the inner tracker, than in the beginning.
This enables a differentiation from other charged particles, like charged hadrons. In turn, a
Kalman-filter based tracking algorithm is less efficient for electrons. In particular, tracker hits
can get lost, when the curvature of the electron track is changing. For this reason, an additional
approach using a Gaussian sum filter (GSF) [59] is applied in the reconstruction of electron
tracks. The GSF takes into account abrupt and significant energy losses alongside the trajectory
and is therefore more adapted to reconstruct electron tracks.

The track reconstruction starts with the so-called seeding. This refers to techniques, that try
to find the first two or three hits in the inner tracker, which mark the beginning of an electron
track. Two different approaches are deployed. First, the ECAL-based seeding proceeds from
all ECAL clusters with a transverse energy Fp larger than 4 GeV. The cluster position and its
energy deposits are utilized to deduce the location of the hits, produced in the innermost tracker
layer, under the electron hypothesis. Electrons can loose a significant fraction of their energy via
the emission of bremsstrahlung photons, depending on the structure of the tracker material along
the trajectory. Thus, the efficiency of the ECAL-based seeding is related to quality of collecting
the radiated bremstrahlung in association with the respective electron. This approach works
for well isolated electrons, with an unbiased energy in the ECAL cluster. Lager inefficiencies
arise, if energy deposits from other particles are overlapping the electron signature, like e.g.
in jets. In this case, multiple hits in the innermost tracker layer can be compatible with the
biased ECAL cluster position and energy. In order to avoid high misreconstruction rates, the
ECAL-based seeding is restricted to electrons fulfilling a tight isolation criterion. Furthermore, a
selection criterion according to the ratio of the energy deposits in the HCAL H and the ECAL
supercluster Egupercluster, 18 required, to reduce the hadronic background.

H(AR < 0.15)

Esupercluster

<0.15 (3.10)

H is the sum over all HCAL energy deposits within a cone of AR < 0.15 in relation to the
electron direction.

The second and complementary approach is the tracker-based seeding. Here, the potential
electron tracks are matched with ECAL clusters that feature a compatible energy and position.
Electrons with a transverse momentum of pp > 2 GeV are considered. The electron tracks are
obtained by an iterative tracking algorithm, which is the standard tool for tracking charged
particles in the CMS detector. This algorithm yields a good performance for electrons, that do
not loose a lot of their energy in the tracker, or even do not radiate at all. For such electrons,
the track fit can be built with a low x? and therefore is effectively assigned to a matching ECAL
cluster position. Furthermore, the track pr and the Ep of the calorimeter deposits is required to
be in the same order of magnitude. For electrons that radiate bremsstrahlung photons, the x? of
the track fit is higher and tracker hits can get lost. Here, the previously mentioned GSF shows a
better performance. Subsequently, a BDT is trained, using different parameters from the two
track fits (the Kalman-filter and the GSF-based tracking) and the ECAL cluster, as well as the
number of tracker hits. A final requirement on the output of the BDT defines the fraction of
electrons, that are passing the tracker-based seeding.

In a last step, electrons form the ECAL- and tracker-based seeding collection are joined and
another more advanced, but also more time consuming, GSF is applied. The electron charge
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is determined according to the curvature of the GSF track. The estimation of the electron
momentum is performed, based on the measured data in the tracker and the ECAL.

3.4.2 Photons

At the CMS detector, photons are distinguished from electrons by energy deposits in the ECAL
without a matching track in the inner tracker. Furthermore, photons have a different shower
shape, because of the absence of bremsstrahlung. Their energy in the PF algorithm is calculated
by forming ECAL superclusters, as described in the previous section about electron reconstruction.
Separated calorimeter deposits with no compatible tracks are reconstructed as isolated photons.
Converted photons are recognized by combining the measurements from the tracker and the
ECAL, which enables to find possible conversion points. Bremsstrahlung photons, with their
characteristic contribution to the shower shape, are assigned to the respective electron by a
back-propagation of their track to the electron trajectory (Fig. .

All other ECAL clusters, which are not compatible to any electron or positron track within
the tracker acceptance (|n| < 2.5), a reconstructed as non-isolated photons, emerging e.g. in
hadronic jets. In this case, neutral hadrons are a potential source of background. However, it can
be observed, that neutral hadrons deposit only around 3% of the jet energy within the ECAL,
while photons make up about 25% [56] (Fig. . Above the tracker acceptance, charged and
neutral hadrons can not be discriminated. Hence, photons are only reconstructed, if there are no
matching energy deposits in the HCAL under the hadron hypothesis.
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Fig. 3.7: Photons in the PF algorithm. The landscape of ECAL energy deposits (a), due to an
electron radiating bremsstrahlung [60]. The electron track is reconstructed by a GSF
fit, until it enters the ECAL. Energy deposits, caused by bremstrahlung photons are
spread in the ¢ direction of the ECAL surface. The particle composition within jets
(b). Photons and charged hadrons make up around 90% of the jet energy, which can

be measured with a high precision, because of a high tracking resolution (<1%) and
energy resolution [60].
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3.4.3 Muons

In terms of muon reconstruction, tracks from the inner tracker (tracker track) and from the muon
chambers (standalone track) are treated separately, first. Tracker tracks are reconstructed by
means of an iterative technique using various slightly different tracking algorithms. They make
use of the measured hits in the silicon pixel and strip detectors. A tracking algorithm, based on
a so-called Kalman-filter [61] is utilized to reconstruct the standalone tracks. In this case the
respective information is obtained from the DTs, CSCs and RPCs alongside the muon track.

In a second step tracker tracks and standalone tracks are combined. Therefore two distinct
approaches are applied. On the on hand, an inside-out algorithm extrapolates a tracker track
to the muon chambers. This is done for all muons with a total momentum p > 2.5 GeV and
a transverse momentum pt > 0.5 GeV. An track, that is associated to a so-called arbitrated
tracker muon, is generated, if the extrapolated trajectory matches at least one of the hits in
the muon chambers. On the other hand, an outside-in approach links the standalone tracks to
appropriate tracker tracks by applying a Kalman-filter algorithm. If two tracks are compatible,
the hits in the muon chambers are combined with hits from the inner tracker and form a global
muon track.

Muon reconstruction is very effective. About 99% of the muons emerging in the detector are
reconstructed as tracker muons, global muons or as both. In the last case, a double counting is
prevented. Muons that reach only the innermost muon segment, are reconstructed as a tracker
muon. Muons traversing the whole muon system are usually detected as global muons. Hence,
the inside-out algorithm (arbitrated tracker muons) yields better efficiencies for low-pr muons,
while the outside-in approach (global muons) is more efficient for high-pp muons. However, late
showering hadrons, that pass the HCAL, may also be detected in the first muon station. These
punch-through particles are considered as a serious background for the tracker muons. Global
muons have a lower background rate due to punch-through hadrons. Furthermore, high-pt global
muons (pp > 20 GeV) profit from a higher momentum resolution, compared to the tracker-only
fit, because of the additional information of the hits in the muon chambers.

Finally, the reconstructed muons are considered for further selection criteria in the PF algorithm,
which forms the basis of the muon identification (Sec. [£.3.1.2)). Here, the muon tracks are
associated with the energy deposits in the ECAL and the HCAL. The selection criteria for PF
muons are presented in the context of the POG muon ID in Sec. .3.1.2] Especially high-pr
charged hadrons that reach the first muon segment are removed from the reconstructed muons
by this algorithm.

The momentum p of the muons is determined from the inner track, if their pt is smaller than
200 GeV. Otherwise, the track with the smallest x? of its fit is considered. Reconstructed muons
passing the muon PF algorithm are excluded from the possibility to be reconstructed as any
other particle type. However, if the momentum of a charged hadron is assessed to be too high,
muon identification is reviewed with looser selection criteria.

3.4.4 Hadrons

Charged and neutral hadrons usually leave their energy in both calorimeters, the ECAL and the
HCAL. A neutral hadron is reconstructed, if no matching track can be found for energy deposits
within a HCAL cluster. In contrast, HCAL energy clusters, that do have a compatible track
and momentum in the inner tracker are recognized as charged hadrons. Furthermore, residual
ECAL clusters, that correspond to the charged hadron track are taken into account. Outside the
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tracker acceptance (|n| > 2.5), matching ECAL clusters are considered for the neutral hadron
energy too, for reasons, that have been stated in the photon reconstruction. Thus, the energy
assigned to a hadron in the PF algorithms depends, whether it is a charged or a neutral hadron,
as well as if it occurs within the tracker acceptance or not. An overview is given in Tab.

Tab. 3.2: Energy reconstruction of neutral and charged hadrons, by means of ECAL and HCAL
energy deposits [56].

hadron type ECAL deposits HCAL deposits track
neutral hadron within |n| < 2.5 allowed yes no
neutral hadron within |n| > 2.5 yes yes no
charged hadron yes yes yes

The momentum of a charged hadron is based on its tracker track, but is optimized by a x? fit,
which additionally takes in consideration the position of the compatible clusters in the ECAL
and the HCAL.

3.4.5 Jet energy corrections and missing transverse momentum

The jet energy correction (JEC) [62] is performed on jets with a pp > 10 GeV and a pseudorapidity
of n < 5.2. It is composed of three steps. First, a pileup correction is applied, in order to
exclude particles from the event, that arise from other proton-proton collisions. In-time pileup,
due to additional events within the same bunch crossing, is reduced by rejecting particles, that
originate from well reconstructed pileup vertices. Out-of-time pileup, from events of different
bunch crossings, can be mitigated by using the time related measurement data of the calorimeters.
Another technique is the so-called pileup per particle identification (PUPPI) weight [63], that
indicates the probability of being from a pileup vertex, for each particle within the jet. Next,
initial state radiation (ISR) and final state radiation (FSR) are corrected by means of comparisons
between detector data and simulated MC data (Sec. . Finally, the n and pt dependent
detector response is determined and taken into account for the JEC.

Furthermore, energy corrections depending on the jet flavor can be applied. The response for
heavy-flavor jets, due to bottom or charm quarks, is lower than for light-flavor jets. The reason
for this is, that heavy-flavor quarks can decay e.g. into lighter quarks and leptons.

The accuracy of the energy reconstruction of all objects within an event, including the jet energy,
is very crucial for the determination of the missing transverse energy Kt [56]. It indicates
the occurrence of particles, that pass the detector, without interacting with the material, e.g.
neutrinos. They can be detected only indirectly, via an unbalanced vectorial sum of the transverse
momenta pr; of all particles Nparicles; that are measured by

Nparticles

pr=— Y i (3.11)
=1

If the transverse momentum p°™" is propagated to F'r, the expression becomes

Nparticlcs NPF jets
Pr=— > Pri— >, <]7ch§”' —ﬁT,j)- (3.12)
i=1 j=1
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3.5 Data simulation

Simulated data plays an important role in the particle physics, observed at the LHC, as well
as in many other fields of experimental physics. It creates the connection between theoretical
predictions, on the one hand, and the observations by the experiments, on the other hand.
The simulated data at the CMS experiment is produced by so-called Monte-Carlo (MC) event
generators [64]. Matrix elements are calculated for the first orders in perturbation theory. At
low energy scales, QCD processes can not be treated by means of perturbation theory. The
confinement of the partons in the proton beams and the re-hadronization to final-state hadrons,
after a collision is not computable, but instead must be modeled empirically. This is done with
parton shower modules such as Pythia [65].

The MC enables a comparison of the state of the art theory in particle physics, i.e. the SM, with
the measured data in the proton-proton collisions at the LHC. Furthermore, the predictions of
BSM theories can be tested for their consistency with the observed physical processes. Another
benefit of the MC is, that these events contain the full generator information, including all initial,
intermediate and final state particles. This is called the MC truth information. It allows for e.g.
the supervised learning technique (Sec. , which is applied in this work.

Pythia [65], POWHEG [66], Herwig [67], or MadGraph [68] are MC event generators, utilized for
the simulation of high-energy proton-proton collisions at the LHC. Pythia is mainly deployed to
simulate QCD processes. Higgs and diboson production, as well as tt signals are procuced with
the additional aid of POWHEG. MadGraph is applied in terms of e.g. tt + jets events, or DY
processes (Sec. , as well as for the simulation of BSM models. Parton showering is generated
with Pythia 8.2 or Herwig 7.

Technically the generation of MC is performed in several steps [69]. First, the hard scattering
processes of an event at a high-energy scale are simulated, based on the parton distribution
functions (PDFs), which describe the incoming partons within the proton beams. Then the
parton showers after the hard collision are modeled, including initial and final state radiation.
The next stage of the MC event generators is the hadronization process of the partons. While
the first two steps can be calculated via perturbative QCD, a model has to be built for the
non-perturbative hadronization processes, for some reasons explained earlier. Furthermore,
secondary decays are simulated in this third step. The fourth stage considers the evolution, i.e.
the interaction and hadronization, of the residual partons, that are not directly involved in the
hard scattering process. Finally the decay of unstable particles in treated.

In order to take into account the detector material, the“geometry and tracking (Geant)4”
toolkit [70] is utilized. Geant is a software that simulates the transition of particles through
matter, by means of MC techniques. This toolkit is modeling the geometry and the material
properties of the CMS detector and yields simulated hits for the artificial event. Detector hits
due to pileup events are generated too. In a addition to this, the detector electronics are imitated
by adding some noise, in a separate stage |71]. Lastly, the digitization results the simulated
raw data, which can be processed subsequently by reconstruction algorithms (Sec. in an
equivalent manner as the real detector data.

3.6 Data storage

Different data formats [72] are used, in order to store the detector data and the MC. First, the
raw data is digitized and various algorithms are applied, in order to produce the reconstructed
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data (Sec. , referred to as “RECO”. On the one hand, RECO includes low-level physics
information, like reconstructed hits in the inner tracker and the muon stations, or measured
calorimeter deposits. On the other hand, it stores high-level physics objects, like electrons, muons,
photons, jets Er.

Twice a year, the reconstructed data is processed into the analysis object data (AOD). The AOD
is a data format, that contains all high-level physics objects and a compressed version of the
lower-level RECO information, which is sufficient for all common analysis use cases at CMS. The
AOD format is centrally produced and stored at multiple CMS computing sites. In the AOD,
one event makes up a size of about 480 kB.
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Fig. 3.8: The data flow in the CMS experiment during the LHC Run 2 .

Another data format, which was introduced first in CMS at the LHC Run 2, is the so-called
mini-AOD. It is generated centrally from the AOD format and has about 10% of its size (40-50 kB
per event). The mini-AOD reduces disk and I/O resources, which are necessary for the analysis,
but also provides enough information for around 80% of the CMS analyses. This downsized
format contains the following information:

« High-level physics objects: like leptons, photons, jets, and Kt
e The basic kinematic data of all PF candidates: reconstructed by the CMS PF algorithm

(Sec.

e The trigger information

o Simulated particles, both final state particles and generated jets, plus their reference
information

e Other information, such as the primary and secondary vertices and various filter decisions

The mini-AOD is the basis for further private data formats and analyses. The schematic data
flow of the CMS data in the LHC Run 2 is illustrated in Fig. In addition to this, a novel
and even more compressed data format, named nano-AOD , is available for typical analyses.
In this case, the data size is further reduced to around 1 kb/event.



Chapter 4
Lepton identification at the CMS experiment

In this section an overview of the state-of-the-art techniques and algorithms in lepton identification
at the CMS experiment is given. First, two important processes, that generate opposite charged
final state lepton pairs, are described. Then, standard approaches in lepton identification, as
well as more advanced approaches based on machine learning techniques are discussed.

4.1 Production of dilepton final states at the LHC
4.1.1 The Drell-Yan process

The Drell-Yan (DY) process describes a production mechanism of lepton-antilepton pairs in
hadron-hadron collisions at high center-of-mass energies. It was named after Sidney Drell and
Tung-Mow Yan, who first postulated this process in 1970 [74].

The initial state is a quark-antiquark pair, which annihilates into a virtual photon v* or a Z
boson, provided that the net electric charge of the quark-antiquark pair is zero. If the net electric
charge is equal to + 1, the quark pair can annihilate into a W boson. In the first case, the Z boson
can further decay into a lepton-antilepton pair with a probability of around 10% (Z — ¢~ ¢*) [75].
The Feynman diagram of this process is shown in Fig.

u
D Uu
F { d

12

(b)

Fig. 4.1: The Drell-Yan process. The Feynman diagram (a) of the Drell-Yan process and the
example of a DY process (b) in a proton-proton collision [76].

The colored initial-state partons can lead to initial-state radiation, as also shown in Fig. In
this example of a proton-proton collision at the LHC, e.g. a down quark from one proton (duu)
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may annihilate with a down antiquark comming from another proton (Fig. [76]. Thus, the
produced final state muons (Z — p~ ™) are not the only particles, which are expected in this
event. The initial-state ratediaton of highly energetic partons causes the formation of extra jets
in the event. Together with the leptons from the Z boson, they define the main signature of the
event. Such DY processes can be measured with a high precision, because of the very clean final
state.

The spectrum of the invariant mass of the lepton-pair (m,-,+) is characterized by several peaks,
due to mass resnonances with SM particles (Fig. . The peak at around 91.2 GeV corresponds
to the resonance of the invariant mass with the mass of the Z boson (mgz) [74]. Thus, the DY
process is very important, in terms of detector calibration. It is used as a so called “standard
candle” [77]. According to the invariant mass spectrum, the range of 6 GeV to around 40 GeV is
referred to as low-mass and the region beyond 40 GeV is called high-mass in the following [78].

13.1 fb™ (13 TeV, 2016)
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Fig. 4.2: Measured spectrum of the dimuon invariant mass with the resonance peak around the
mass of the Z boson at myz = 91.2 GeV. The residual peaks refer to other resonances
with SM particles above a continousely diminishing background of DY events [79].

Apart from the calibration, this process is also relevant for quantifying SM parameters, as well
as for searches of new physics beyond the SM. Due to its high cross section and the clean final
state, this process can be measured with a high efficiency [78]. Examples are the determination
of the masses and production rates of the W and Z bosons, the measurement of the PDF's inside

the protons and the limitation of new physics models containing new heavier particles, similar to
W and Z bosons [80].

4.1.2 The tt dilepton final state

Another important process, with a final state lepton-antilepton pair, can emerge in so called tt
events, where a top-antitop quark pair is produced initially in the proton-proton collision. At
the LHC top pairs are normally produced through the strong interaction. Initial states can be
e.g. two gluons or a quark-antiquark pair, but at the LHC the gluon-gluon fusion (Fig. |4.3a)
dominates towards the quark-antiquark annihilation (Fig. [81].
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Fig. 4.3: Feynman diagrams for common top pair production at LHC [81].

The top quark is the only quark within the SM, that has a higher mass than the W boson [82].
As a consequence of this high mass, the top quark propagates just for a very small time, so that it
already decays before it comes to a hadronization. Usually the top quark decays into a W boson
and a bottom quark (t — Wb). Although in principle decays into strange and down quarks
are possible (t — Ws or t — Wd), they are suppressed by very small values of the respective
matrix elements |Vis| and |Viq| in the unitary Cabibbo-Kobayashi-Maskawa (CKM) matrix [83}
84]. This matrix indicates the strength of the weak interaction, when mixing up- and down-type
quarks via the W boson. The matrix is given by

_’Vud‘ ‘Vus| ‘Vub’

Verm| = [[Veal  [Ves|  |Vep
|Vial  [Vis| Vil

[0.97428 4 0.00015  0.22530 + 0.0007  0.003470 + §:90016
= 10.22520 £ 0.00070 0.97345 £ 399918 0.041000 + -394+
10.00862 + 00055 0.04030 + 8:0007  0.999152 =+ §:500043

(4.1)

Flavor changing decays via the neutral Z boson (t — Zq) are suppressed too (by the GMI
mechanism [85]). Therefore, the previously mentioned decay into a W boson and a bottom quark
(t = Wb) occurs in almost 100% of the time [82]. The bottom quark hadronizes, which can be
measured as a jet in the detector. The W boson subsequently decays either in a leptonic or a
hadronic way. Hence, the final states are a lepton and a neutrino (W — ¢*v or W~ — (=), or
a quark-antiquark pair (W — qq).

Considering the tt events with t — Wb decays, there are three possible final states according
to the combinatorics of the two different types of decay of the W boson [86]. Firstly, a final
state with two leptons and two neutrinos (¢7v plus £~ 7), which is referred to as the (di)leptonic
channel (10%). Secondly, the semi-leptonic channel (44%) with a lepton plus a neutrino and a
quark-antiquark pair ((Tv or £~ plus qq), and thirdly two quark-antiquark pairs (qq plus qq)
in the hadronic channel (46%). All three processes are illustrated in Fig. where the first two
occurrences are also known as the tt dilepton (Fig. and single lepton (Fig. final states.
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Fig. 4.4: Schematic illustration of possible tt events, in three different decay channels. The
tt dilepton final state (dileptonic channel) (a), the tt single lepton final state (semi-
leptonic channel) (b), and the tt hadronic channel (c).

Focusing the tt dilepton final state, the signature of this kind of events is a lepton-antilepton
pair, two b-jets from the hadronization of the bottom quarks and a certain amount of missing
energy K, due to the two neutrinos, which do not interact with the detector material [86].
This signature is often overlaid by one or more jets. They can originate e.g. from hadronizing
quarks that are not directly involved in the process, or even from other events, which is known
as pileup [87].

4.1.3 Dileptonic backgrounds

In practice it turns out, that often it is not trivial to unambiguously identify a process. Indeed,
both the DY process (Sec. , and the tt dilepton final state events (Sec. contain a
final state lepton-antilepton pair. A distinguishing characteristic is the missing energy Kt in tt
events from the two invisible neutrinos. A requirement of 1 > 40 GeV is a common procedure,
in order to discriminate these two processes. However, there is the probability that some DY
events pass an F cut, e.g. because of mismeasurement of the jet energies [78].

As already mentioned, jets and pileup can complicate the proper reconstruction of an event. In
some cases jets are falsely reconstructed as leptons [87]. Hence, tt single lepton events or other
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W — lv + jets events, where one of the jets is misidentified as a lepton (Fig. , are a major
source of the background for both event types, DY and the tt dilepton final state [78]. Another
problem is the in-flight decay of hadronized quarks into one or more leptons, e.g. a B-meson,
which can derive from the hadronization of a bottom quark (Fig. . In this case, two leptons
can be detected in the semi-leptonic channel.

= (e7,u7)
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Fig. 4.5: tt events in the semi-leptonic channel with extra leptons. Additional fake lepton (a),
due to the misidentification of a jet. Additional non-prompt lepton (b), due to the
decay of a hadronized bottom quark.

Different diboson productions (WW, WZ or ZZ) with leptonic decays and the Z — 777~ — putpu~
process make an additional, but smaller contribution to the background. Furthermore, QCD
processes can make up a non-negligible background, especially for the low-mass region in DY [78§].

On this account, it becomes clear that the determination of the origin of the final state leptons
is of great importance, in order to reduce the background events within a desired signal process.
The characteristics of the leptons and the different techniques which are applied to achieve an
appropriate separation of the signal and background, are outlined in the following sections.

4.2 Lepton features and classes

Leptons can be divided into three different classes, regarding their source from the hard scatter.
The classes are labeled as prompt, non-prompt and fake. Usually prompt leptons are considered
as signal leptons, whereas non-prompt and fake leptons are forming the background. There are
distinct lepton features, in order to discriminate the three lepton classes. Besides global lepton
features, also flavor specific features for electrons and muons are introduced in the following.

4.2.1 Prompt leptons

Prompt leptons from the decay of vector bosons originate from the primary vertex (PV). It
is the reconstructed location of the main collision, that is taking place in an event. In many
analyses, prompt leptons are the objects of interest, since they can either be helpful to select
certain processes or to search for BSM physics.
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4.2.2 Non-prompt leptons

Non-prompt leptons are formed at a secondary vertex (SV), a second reconstructed point of
interaction. A SV usually occurs later in the event, due to the decay of longer-lived particles. The
main source of non-prompt leptons is the semi-leptonic decay of heavy flavor hadrons, containing
bottom or charm quarks and sometimes strange quarks . A typical process, is the decay of a
B-meson into one or more leptons, after the hadronization of a bottom quark. But also in-flight
decays of pions and kaons are a potential source . Thus, non-prompt leptons usually appear
in jets, sprays of particles emerging from showers and hadronizations of quarks . Furthermore,
photons can convert into an electron-positron pair, when interacting with matter, like e.g. the
detector material in front of the ECAL . Another source of non-prompt muons are cosmic

muons .

One measure that indicates non-prompt leptons is the so called impact parameter . The
impact parameter describes the smallest distance between the reconstructed track of the respective
particle and the PV. Non-prompt leptons are characterized by a higher impact parameter dp,
than prompt ones, since the SV is expected to be displaced from the PV for a certain distance.
An example of an event with a SV, due to a b-jet is illustrated in Fig. [4.6] In case of cosmic
muons, a discrimination is usallay easy, since their tracks do not match with the PV at all.

—% tracks b jet
------ b hadron \
—————— impact

parameter

i28 secondary
/! vertex

\ 7 &mary vertex

Fig. 4.6: Illustration of the impact parameter dy for an event with a b-jet, from the hadronization
of a bottom quark, and two other light jets. The secondary vertex (SV) of the b-
jet is displaced from the primary vertex (PV). The smallest distance between the
reconstructed track of a particle within the b-jet and the PV is given by dp. The image
is adapted from .

At the LHC, the common impact parameters d,, and d., which refer to the smallest distance in
the z-y plane and along the z axis, are used as a feature in identifying non-prompt leptons. A
distribution of these two parameters d;, and d. in simulated tt events is shown in Fig.

Another distinguishing parameter is the isolation, or often also the relative isolation of a lepton.
The isolation is defined as the inverse ratio of the transverse momentum of the lepton pr ),
and the sum over the transverse momenta of all n particles within a certain cone around the
respective lepton. In case of the relative isolation
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Fig. 4.7: Impact parameter distributions for prompt, non-prompt and fake muons in simulated
tt events. Prompt leptons are expected to be close to the primary vertex, while
non-prompts and fakes have a broader distribution.

n
2. Pri
L (AR<0.3) == (4.2)
DT lep
the lepton itself is excluded from the n particles, which are added up in the sum [92].
AR = \/A¢2 + A772 = \/(¢l6p - (Z)Z)Z + (77lep - 772')2 (43)

is utilized as a measure for the cone size. It indicates the angular separation between two particles
in the ¢-n plane, e.g. between the lepton and a particle ¢ within a jet.

Prompt leptons are supposed to be more isolated than non-prompt leptons, unless a jet is over-
lapping with a prompt lepton by chance. The relative isolation is usually used for discriminating
prompt and non-prompt leptons in the high-pp range. The (absolute) isolation, in contrary
works better for low-pr leptons, where e.g. low-pr bottom quarks can decay with larger opening
angles [92].

Non-prompt muons emerging from in-flight decays of pions or kaons are characterized by a
kink in the tracks at the point of the decay (Fig. [89]. The so-called track kink finder
algorithm [94] addresses this issue and enables to recognize such processes. It searches for kinks
along the reconstructed muon track and calculates the x? between inward and outward track
states for each layer of the silicon tracker (Fig. [4.8b).

4.2.3 Fake leptons

Fake leptons conceptually differentiate from prompt and non-prompt leptons, as they are no real
leptons. This fake lepton class consists of objects, that are wrongly reconstructed as leptons.
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Fig. 4.8: Example Feynman diagrams of semi-leptonic meson decays (a). On top a pion decay
n~(du) = pu~ + v, and below a kaon decay K™ (su) — u~ + v,, marked by the
characteristic kinks at the decay points. The distribution of the track kink finder
variable (b) for prompt, non-prompt and fake leptons in simulated 2016 MC tt samples.

Hence, there are distinct processes for fake electrons and muons leading to a false classification,
which are closely related to the setup and the geometry of the CMS detector [95].

Considering electrons, the reconstruction is based on the particle tracks in the silicon tracker and
the energy deposits at the electromagnetic calorimeter (ECAL). On source of fake electrons are
photons, which shower at the ECAL and are linked mistakenly to a charged track at the silicon
tracker. The energy deposits of a photon can be similar to the ones of an electron. Usually
around 94% of the energy is located within a 3x3 array of crystals and around 97% in a 5x5
shape [96]. A parameter to distinguish electrons from photons at the ECAL is the so called
shower shape. Electrons are emitting a tail of bremsstrahlung photons on their curved path
through the detector, due to the applied magnetic field and the interaction with the detector
material. Hence, the energy deposits of electrons are spread in ¢. This results in a different
shower shape for electrons, as no bremsstrahlung is emitted by the photons. It is worth to note,
that material in front of the ECAL can cause photon conversions into non-prompt electrons.
Therefore, an adequate separation of electrons and photons in the reconstruction algorithm is
essential.

There are several variables describing the shower shape of a particle at the ECAL, like R9 or
oinin- The observable R9 is calculating a simple ratio of energy deposits within crystal areas,
where E3y3 is the energy measured in a 3 x 3 crystal array and Egypercluster Tefers to a certain
cluster of clusters of crystals [97].

RY =

Esyx3 . E3yx3
———*° __ or (sometimes) —= (4.4)
Esupercluster 5x5

However, variables like
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are based on the determination of the root mean square (RMS) of the shower width [98]. Instead
of using the absolute 7 of the respective crystal, the idea is to define the

i = TMcrystals * 0.0175 + 7Mseed crystal (48)

of a certain crystal 4, by simply counting the number of crystals ncrystals from the seed crystal
Nseed crystal and multiply it with the average Ancystal = 0.0175 of a crystal. Seed crystals are
crystals containing an energy, which is higher than a particular threshold value [96].

A second source of fake electrons are hadronic jets, consisting e.g. of charged and neutral
pions [95]. Jets, containing a single charged pion, can cause an appropriate track in the inner
tracker. Afterwards the decay of a my meson into two photons may lead to a significant deposit
of the jet’s energy in the ECAL. If this happens and the charged pion track is assigned to the
energy deposit of the photons, a fake electron is reconstructed by the algorithm. In this case,
the shower shape is again a distinguishing feature [98]. Electrons usually deposit most of their
energy in one or two crystals in 7, whereas jets have a broader distribution. Furthermore, muons,
which are not reconstructed as such ones, can fake an electron through the combination of their
track in the inner tracker and a matching deposit in the ECAL, caused by a photon. [95].

Muon reconstruction, on the contrary, is based on the hits in the outer muon chambers (standalone
muons). In combination with a matching inner track a so called global muon is reconstructed
(see Sec.[3.4). A particle which fakes a muon, therefore must have an adequate lifetime to reach
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the muon detector system [95]. Potential candidates are charged hadrons and punch-through
particles arising from high-energy hadronic showers [89]. If, in addition to this, a random track
in the silicon tracker can be assigned to these particles by chance, it is possible that a fake muon
is reconstructed out of this bunch of unrelated hits [95]. Parameters which are useful to separate
fake muons are e.g. the segment compatibility and the calorimeter compatibility. The muon
segment compatibility is a measure for matching hits in the single muon chambers (segments).
Fake muons tend to have a worse segment compatibility than prompt and non-prompt muons
(Fig. . The calorimeter compatibility indicates, if the calorimeter energy deposits of a
respective object is consistent with a potential muon. High energy bunch-through particles can
be recognized by large energy deposits and thus a low calorimeter compatibility (Fig. .
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Fig. 4.10: Discriminating features in fake muon identification. The segment compatibility (a)
and the calorimeter compatibility (b).

4.3 Approaches in lepton identification

A reliable identification is indispensable for any physics analysis using leptons. Especially for
multi-lepton final states, high efficiencies in terms of identifying signal (prompt) and background
(non-prompt or fake) leptons are required. Furthermore, the fraction of background leptons
increases in the low-pp region. Different approaches have been developed over time, from simple
cut based IDs to advanced machine learning algorithms. An overview of the common techniques
is given in the following sections.

4.3.1 Cut based lepton IDs

Starting with cut based electron and muon IDs, simple cut values for common lepton parameters
are recommended by the CMS physics object group (POG). The lepton isolation and impact
parameters are treated separately, as they are related closely to the respective analysis use case.

Lepton IDs for different standard working points are suggested by the electron and muon POG.
A loose working point is usually chosen, if the backgrounds are fairly low. For analysis with
events containing W and Z bosons, a medium working point is advised. In case of high and
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difficult backgrounds, a tight selection should be preferred. In addition to this also a very loose
working point, referred to as veto, is offered. The fraction of background leptons is decreasing
from a loose to a tight selection, but also the amount of signal leptons passing the applied cuts is
shrinking towards a tighter selection. Therefore the optimal working point is very sensitive to
the particular physics of the analysis.

4.3.1.1 Electron POG ID

Regarding particles which were reconstructed as electrons, distinct cuts are tuned for the ECAL
barrel (|9superciuster| < 1.479) and end-cap (|Msupercluster| > 1.479) regions. The current cut based
electron IDs for 2016 detector and MC data are given in Tab. [99].

Tab. 4.1: Cut based electron POG ID for 2016 detector and MC data samples [99].

barrel end-cap
electron feature veto loose medium tight veto loose medium tight
full 5x5 oypin < 0.0115  0.011 0.00998  0.00998 0.037 0.0314  0.0298  0.0292
|ANseed| < 0.00749 0.00477 0.00311 0.00308 0.00895 0.00868 0.00609 0.00605
|[Apin| < 0.228 0.222 0.103 0.0816  0.213 0.213 0.045 0.0394
H/E < 0.356 0.298 0.253 0.0414  0.211 0.101 0.0878  0.0641
I 1. with effective area < 0.175 0.0994  0.0695 0.0588  0.159 0.107 0.0821 0.0571
[1/E—1/p| < 0.299 0.241 0.134 0.0129  0.15 0.14 0.13 0.0129
expected missing inner hits < 2 1 1 1 3 1 1 1
pass conversion veto yes yes yes yes yes yes yes yes

4.3.1.2 Muon POG ID

The basic module of the POG muon IDs is the PF muon identification algorithm [56]. Here,
isolated muons are obtained by requiring an selection criterion, based on the particle tracks and
calorimeter deposits in the vicinity of the muons. This selection contains all reconstructed muons,
where the sum of the transverse momenta pp of all tracks and the transverse energy Ep of the
calorimeter deposits, within a cone of AR <0.3 around the muon direction in the n-¢ plane, is
smaller than 10% with respect to the muon pr. As a result, hadrons with a misidentification
potential as muons are removed. Non-isolated muons, i.e. muons within jets, are identified by
a tighter selection |100], which is similar to the tight muon POG ID in Tab. Further on,
either track-matching hits in at least three muon stations or compatible energy deposits are
required. This selection sorts out high-pp (punch-through) hadrons. Muons, that do not pass
the tight selection are recovered, if they have either a high quality standalone track (at least 23
out of 32 DT hits, or 15 out of 24 CSC hits), or a high quality inner tracker track (at least 13
hits) plus compatible calorimeter deposits.

The loose muon ID is based on particles, that withstand the previously mentioned PF muon
identification algorithm and are pooled in the PF muon ID (isPFMuon) [100]. In addition to
this, the particles must have been reconstructed either as global-muons (isGlobalMuon) or as
arbitrated tracker muons (isTrackerMuon), in order to reject standalone and non-arbitrated
tracker muons (see Sec. . A medium working point is defined with muons passing the loose ID
plus extra requirements on the quality of the muon track and the particle itself (Tab. [101].
The x? of the local position is a measure for the quality of the tracker-standalone position
match of the reconstructed muon tracks, whereas the global-track x? indicates, whether the
reconstructed global track is consistent with the measured hits or not. It is normalized by a



36 4 Lepton identification at the CMS experiment

division by the number of degrees of freedom Ngot, which is defined as the difference between
the number of data points (hits) and the number of fitted parameters in the reconstructed

global-track. Therefore a normalized global-track % roughly equal to 1 is preferable.

Tab. 4.2: Cut based muon POG IDs for run-II detector and MC data samples |101].

(a) medium muon POG ID (b) tight muon POG ID
muon feature requirement muon feature requirement
isPFMuon yes isPFMuon yes
isGlobalMuon or isTrackerMuon yes isGlobalMuon yes
fraction of valid tracker hits > 0.8 normalized global-track y? < 10
# of valid muon chamber hits for global track fit > 0
AND # of matchted muon stations > 1
tracker-track |dgy| w.rt PV < 0.2 cm
segment compatibility > 0.451 OR 0.303 tracker-track |d,| w.r.t PV < 0.5 cm
track kick finder < - 20 # of valid pixel hits > 0
x? local position < - 12 # of valid tracker layers with hits > 5
normalized global-track x? < . 3
isGlobalMuon - yes

The loose and medium muon IDs are tuned for the identification of prompt muons, as well as for
non-prompt muons emerging from heavy flavor decays. A third working point, the tight muon
ID is designed to reduce the fraction of non-prompt muons from in-flight decays and to suppress
punch-through particles and cosmic muons |[101]. The requirements of the tight muon ID are
listed in Tab. The cuts on the impact parameters |dg,| and |d.| of the tracker-track, w.r.t
the primary vertex, are loose. They are selected to further decrease non-prompt muons from
heavy-flavor decays, like from bottom and charm quarks. The cuts on the impact parameters
can be tightened even more, if critical background is an issue due to the physics of the analysis

use case (see Sec. [4.3.1.3]).

4.3.1.3 lIsolation and impact parameter

As already mentioned, the relative lepton isolation (Iy..) and the impact parameters (day, d)
are important features, in order to discriminate prompt and non-prompt leptons. These features
are not included in the POG lepton IDs, but are treated separately. The reason for this is, that
the efficiency of such isolation and impact parameter cuts is closely related to the physics of the
considered event |99]. Furthermore, for some analyses non-prompt leptons might be of interest,
as they are real leptons too. However, analyses addressing prompt final state leptons are more
common.

Nevertheless, some standard cut values, which turned out to be good starting working points,
are advised. Regarding impact parameters, common cut values to identify prompt electrons in
the barrel are d,, < 0.05 cm and d, < 0.1 cm, while for end-cap electrons slight looser cuts,
dyy < 0.1 cm and d, < 0.2 cm, are recommended. In terms of prompt muon identification a
loose selection is applied by using the impact parameter cuts in Tab. [£.2b] Considering relative
isolation (Eq. ), typical working points are listed in Tab. [101].

4.3.2 Machine learning in lepton identification

Simple cut-based lepton IDs seem to be sufficient for events with high production rates and
a clean final state, where backgrounds are not an issue. For special analysis use cases, where
production rates are rather low, or when searching for new physics, higher requirements are
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Tab. 4.3: standard working points in relative lepton isolation [101]

working point Lo <

Very Loose 0.40 cm
Loose 0.25 cm
Medium 0.20 cm
Tight 0.15 cm
Very Tight 0.10 cm

Very very Tight 0.05 cm

imposed on the efficiencies in lepton identification. Recently, machine learning has boomed and
its techniques are utilized in various scientific fields, likewise in particle physics. In the following
sections a selection of approaches to improve lepton identification, by different machine learning
techniques, is presented.

4.3.2.1 POG electron MVA ID

One of the first machine learning developments in lepton identification is a multivariate analysis
(MVA) for electrons [102], which is based on a boosted decision tree (BDT) [103]. The basic
concept of a BDT is to combine a series of rather weak single decision trees into a strong
discriminator. MVAs, in general, learn to combine the information of multiple input parameters
and output a single value for the respective object, e.g. an electron. This discriminator value
can be applied for a signal and background classification, while in terms of the cut-based IDs,
several cut values have to be tuned.

For the BDT training, DY + jets MC samples are utilized. Prompt electrons are considered
as signal and non-prompt, as well as unmatched electrons form the background sample. The
training is performed separately for three different 7 regions, the inner barrel, the outer barrel and
the end-cap, as well as for two different pp ranges, low-pr (5 Gev < pp <10 GeV) and high-pp
(pr > 10 GeV). In the MVA, provided by the POG, around 20 different electron variables are
considered, such as pr, Nsupercluster, Tinin, 129, kink finder hits, kink finder X2, or the normalized
global-track x?2, which are already introduced in the previous sections. Furthermore, PF isolation
features are among the input variables. Two different versions of the electron MVA ID are offered,
one with the isolation features and one without [102].

The full list of electron variables used e.g. for the 2017 version of the BDT training can be found
in [104].

4.3.2.2 Lepton MVA IDs - TTH and TTV BDTs

A set of advanced lepton MVA IDs [105] have been developed for the purposes of ttV, ttH and
SUSY analyses. The IDs are based on BDTs using a forest of 1000 trees and a maximum depth
of four nodes. They are trained and evaluated with the so called Toolkit for Multivariate Data
Analysis (TMVA) [106], likewise the previous mentioned POG electron MVA. As input variables
an appropriate selection of high discriminating features are considered (Tab. , which mainly
cover the isolation and impact parameter part in order to separate prompt and non-prompt
leptons. Regarding electrons, the POG electron MVA ID is included additionally. For muons
the segment compatibility is an extra training parameter. Besides the common features, also
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an auxiliary b-tagger is implemented in the MVAs, specialized to identify jets arising from the
hadronization of a bottom quark (see Sec. 4.3.2.3]).

Tab. 4.4: Lepton MVA input training features ||

feature type variable

global features lepton pr, lepton n

isolation and closet jet track multiplicity of closest jet, mini ¢,
for charged hadrons, mini I, for neu-
tral hadrons, I (AR < 0.3), jet pieh
v2, jet pr ratio v2, DeepCSV b-tagger for
closest jet

impact parameter |dzy, |d-|, significance d3p
electron specific electron MVA ID (no isolation)
muon specific segment compatibility

Different lepton MVA IDs are available for 2016 and 2017 data samples, separated into electrons
and muons. They have further improved the efficiencies in lepton identification. Especially if
non-prompt backgrounds from leptonic decays of bottom quarks are an issue, like in several tt
analyses, the lepton MVAs outperform the simple cut-based POG IDs. An example analysis
use case is the “search for tZq in trilepton events” , where the BDT based lepton IDs are
applied successfully.
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Fig. 4.11: Efficiencies of various lepton MVA IDs utilized in the search for tZq in trilepton
events. The BDT based lepton IDs clearly surpass the cut-based ttV and ttH POG

working points [105].

4.3.2.3 b-tagging - The deepCSV algorithm

The identification of jets emerging from heavy flavor quarks, meaning bottom and charm
quarks, is an important task for several analyses at the LHC, since these jets are a major
source of non-prompt leptons. Hence, an efficient b-tagging (or c-tagging) helps to reduce such
backgrounds . Various algorithms have been developed to address this issue, mainly based on
machine learning methods, like BDTs and neural networks. They are combining the information
of the impact parameters, secondary vertices, possible nearby leptons and other jet features.
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Therefore, these b-tagging techniques go under the name of Combined Secondary Vertex (CSV)
algorithms [108|. They provide a single discriminator value for each analyzed jet. This value
indicates the probability (calculated by the CSV algorithm) of being e.g. a b-jet, in case of a
b-tagger.

One of the latest version is the DeepCSV b-tagger [108], which has been trained on a deep neural
network (DNN), optimized for heavy flavor tagging. It is part of the DeepJet framework [6,
109], that is designed for jet identification and classification. It is introduced in Sec. m The
DeepCSV tagger uses typical b-tagging features, containing the information of displaced tracks
and vertices, as well as global features, like the jet transverse momentum pr_jet, or the number
of charged particles in the jet. In total around 60 input features are trained in a DNN consisting
of six layers, with 100 nodes per layer. The performance of the DeepCSV b-tagger compared to
other CSV algorithms is illustrated in Fig. It shows, that the DNN clearly has the potential
to outperform those other b-taggers.
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Fig. 4.12: ROC curves showing the performance of the DeepCSV b-tagger compared to other
CSV algorithms [109].

4.3.2.4 Lepton isolation - Deeplsolation

The lepton isolation is another important feature, in discriminating prompt and non-prompt or
fake leptons, since prompt leptons are expected to be more isolated. The standard approach,
which has nothing to do with machine learning so far, is to calculate the relative isolation. It
is the simple ratio of the sum of the transverse momenta of PF candidates within a fixed-size
AR cone around the lepton and the transverse momentum of the lepton itself (see Eq. )
One machine learning technique is to train a BD'T with the various isolation variables in order
to provide an improved relative isolation. In general, isolation variables are high-level features,
composed of lower-level features, which contain the information of the PF candidates around
the respective lepton. By implication, this means that some information may get lost in those
high-level features |110].

The Deeplsolation study [110] is a current approach in lepton isolation, using advanced machine
learning tools. It addresses the previously mentioned issue of information loss, due to high-level
features, by training a DNN with lower-level input features of the PF candidates within a
AR < 0.5 cone, in addition to global lepton features. Features which are used to represent the
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PF candidates in the vicinity of a lepton are e.g. the PF candidate momentum divided by lepton
momentum, the component of PF candidate momentum parallel to the lepton four-momentum,
AR and the polar angle (a = tan~1(n, ¢)) w.r.t the lepton, or the so called PUPPI weight [63],
which indicates the probability to be from pileup. For the charged PF candidates, features,
that are representing the track quality and the compatibility with the primary vertex (PV), are
included. The global features consist of typical kinematic and isolation features, as well as of the
number of PF candidates per particle type and the number of vertices.

The Deeplsolation study showed, that a DNN trained with these input features, does outperform
not only the I, variable, but also a BDT based isolation discriminator (see Fig.[4.13a)) [110]. The
architecture of the Deeplsolation neural network is heavily inspired by the DeepJet framework

and is illustrated in Fig.

4.3.2.5 DeeplLepton ID - the missing piece

So far, many efforts have been made in improving the discriminating power of single features or
feature categories by means of machine learning methods, with success. However, there have been
no recent studies in providing an overall lepton ID, that utilizes all these advanced algorithms,
like the DeepCSV b-tagger or the lower-level PF candidate information in combination with a
DNN. A DeepLepton ID is not only a logic consequence of the previous developments, but also a
missing piece in the landscape of lepton IDs.

The DeepLepton neural network, which is the subject of this master thesis, is designed to compute
exactly such a missing ID, which is long overdue. Its architecture is heavily inspired by the
DeepJet framework and previous mentioned approaches in terms of b-tagging and isolation are
combined in the DeepLepton input features. Its general purpose is to further improve efficiencies
in lepton identification and thus, in event selection. In particular, it is designed especially for
analyses, where difficult backgrounds are an issue, like the following use cases:

o “The search for stop quarks in opposite-charged dilepton final states” [3, 4], where a difficult
background appears, with a lost and a non-prompt or fake lepton. By now, tight cuts
on the conventional relative isolation are applied, to reduce the non-prompt backgrounds.
However, this approach decreases the signal efficiency too.

o “The search for supersymmetry with extremely compressed spectra (Compressed SUSY)” [5],
where both isolation and relative isolation features do not have a sufficient discriminating
power in terms of background leptons.

e “The search for tt+Z in the three and four lepton channel”, where backgrounds add up,
because of enumerative combinatorics with non-prompt and fake leptons. In connection
with this analysis, the previously mentioned TTV lepton MVA was developed (Sec. [4.3.2.2)).

The practical computation of the DeepLepton ID is treated in Ch.[6] The results of the DeepLepton
classifier are presented in Ch. [7] and discussed in more detail in Ch. [§
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Fig. 4.13: Performance and architecture of the Deeplsolation neural network from [110]. The
ROC curve (a) of the newly trained Deeplsolation feature compared to the standard
I 1. (RelIso) and a BDT. The network architecture (b) utilized in the Deeplsolation
study.



Chapter 5

Deep learning in particle physics

This chapter gives an introduction into deep learning and its applications in particle physics.
First, the basic terminology is discussed. Then, the common components of a deep neural network
are illustrated. Finally, a selection of different example use cases for deep learning in particle

physics is provided.

5.1 Deep learning - Overview

Nowadays the terms artificial intelligence (AI), machine learning and deep learning are often
mixed up. While AI describes a general concept of a non-human intelligence of machines, or
computers, machine learning refers to a practical approach to acquire narrow Al, by analyzing
data with various techniques. A distinct subset of advanced algorithms inside the machine

learning tools is then called deep learning [111].
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Fig. 5.1: Different domains in machine learning \\

Machine learning is divided in three main areas |113], which are shown in Fig. [5.1} Firstly,
supervised learning can be applied for classification tasks, or forecasts. Therefore the data has to
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consist of input-output pairs (x,y), where x is a set of input parameters and y is the desired and
known output, that should be learned by the respective machine learning algorithm. Examples
are the classification and discrimination of images of birds and planes, or the weather forecast,
based on prior weather data. Secondly, unsupervised learning is deployed in order to discover
new structure and reveal information from unlabeled data. In this case, unlabeled means that
the respective output of a distinct input is unknown for the data, so that no input-output pairs
can be provided. An application of unsupervised learning is the finding of clusters within some
unknown data, which may hint at a class structure of the studied data. Thirdly, the reinforcement
learning is used to develop systems, that can acquire and improve skills, by interacting with
their environment. This approach is related to the supervised learning, but is based on a reward
system. Instead of making a correct classification, a reward function indicates the goodness
of a certain action of the system. Hence, the system learns a proper behavior via trial and
error. A popular example of reinforcement learning is its usage in the development of self-driving
cars [114].

Typical machine learning techniques are random forests [115] and boosted decision trees
(BDTs) |116], artificial (deep) neural networks [117], kernel density estimation [11§], support
vector machines [119], and genetic algorithms [120]. Within high energy physics (HEP) these
algorithms are also called multivariate analysiss (MVAs), as several variables are considered
simultaneously for the learning process [121]. Deep learning |111] represents a subdomain of the
algorithms utilized in machine learning. It is commonly based on so-called deep neural networks,
composed of a sequence of different types of neural networks, like convolutional neural networks
(CNNs), recurrent neural networks (RNNs) and ordinary FC, or dense, neural networks. An
introduction into deep neural networks (DNNs) is given in the following section.

5.2 Deep neural networks

Modern DNNs consist of different modules with distinct functions. The basic components, which
are important for the understanding of the DNN as applied in this master thesis, are outlined in
the following subsections, mainly inspired by Ref. [111}, [121].

5.2.1 Fully connected neural networks

A neural network is commonly used in the supervised learning approach, in order to find a function
f(x), that maps best a phase space of a set of input parameters & into a lower-dimensional space
of labeled output categories y. In other words, a neural network is a function approximator. The
approximated function f(x;€) = Yprea. is therefore related to some model parameters 6. The
optimal configuration of @ is tried to achieve via an iterative learning process, called training.
To this end, a loss function L(y, f(x;0)) is defined, which expresses a measure for the difference
between the predicted output of the neural network ypreq. and the actual true output y. As
a consequence, the best possible parameter setting of the respective model is reached at the
minimum of the loss function.

A neural network is composed of so-called layers with a certain amount of nodes, or units. Each
node is connected to all nodes of the previous layer via weights, which is referred to as “fully
connected”. The first and the last layer, is called input and output layer, respectively. The
intermediate layers are referred to as hidden layers. The values of the nodes of the i-th of N
hidden layers in the neural network are given by a vector h;. Additionally, the conditions hg = x
and Ani1 = Ypred. are fulfilled for the input and the output layer. The weights between two
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layers h; and h;y; are represented by the matrix W;. Thus, the predicted outputs of a neural
network ypreq. are a result of a series of transformations

hit1 = gi(Wih; + b;), (5.1)

which map the states of the nodes in layer h; into the states in h;;1, where g; is some function
and b; are the biases.

Shallow neural networks have just one hidden layer, while such networks with many hidden layers
are called deep. Although it has been shown that a shallow neural network can approximate any
function [122], they have practical disadvantages against DNN. On the one hand they need a
large number of nodes in the single hidden layer and on the other hand they can fail in finding
an appropriate function, especially when high-dimensional data sets are analyzed. Furthermore,
DNNs have the potential to clearly outperform neural networks with just one hidden layer [123],
and are therefore preferred for many state of the art applications.

An issue of DNNs that increases with the number of hidden layers is the so-called vanishing
gradient problem [124]. As already mentioned, a neural network is trained by optimizing the loss
function. This task requires the calculation of the gradient of the of loss function Vo L(y, f(x;0))
w.r.t the model parameters @, meaning the weights W; and the biases b;. In practice, the
determination of the gradient is achieved by a backpropagation of the difference between the
predicted f(x;6) = yYprea. and true outputs y through the layers of the neural network. This
can be a difficult task if the gradient vanishes at some stage. Dropout [125], a regularization
technique, as well as the usage of larger training samples, which has been enabled by the
development of graphics processing units (GPUs), helped to deal with the vanishing gradient
problem. Autoencoders [126], that generate abstract features from high-dimensional data sets,
provide another solution for this problem. A standard technique in order to find the global
minimum of the loss function in a neural network, is the gradient descent method [127].

In Eq. , g; refers to a distinct function, which is also known as activation function. There are
various activation functions available for the usage within a neural network [128]. Some examples
are given in Fig.[5.2] A general requirement on these functions is their nonlinearity. This enables
the solution of nonlinear problems through neural networks. Furthermore activation functions
should be monotonic and continuously differentiable, in order to achieve a proper convergence
into a global minimum of the loss function. Although the sigmoid and the tanh activation
functions feature all three properties, they struggle with the vanishing gradient problem. This is
due to their nearly horizontal curve shape at higher values of the argument |z|, illustrated in the
related graphs in Fig. 5.2l The rectified linear unit (ReL.U) partially overcomes this problem,
but there are still difficulties for argument values below zero, since in this region the gradient
of this activation function is 0. Hence, nodes in the neural network become inoperative, once
their value is zero. This phenomenon is called the dying ReLU problem [129]. Modifications of
the ReLU activation function, like e.g. the leaky ReLU or the exponential linear unit (ELU),
provide a solution for this issue.

Another type of activation function, commonly applied in the output layer of neural network, is
the so-called softmax function. It is utilized especially in multi-classification tasks, in order to
indicate the probability p; for each of the N output classes.

_ exp(ypred.,i)
> exp(Ypred.;)

(5.2)

)
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Fig. 5.2: Example of activation functions and their graphs [130].

The softmax function returns output values p; between 0 and 1, whereby the probabilities add
up to 1 (vap, =1).

The performance of a neural network and its training time are highly dependent on the settings
of the hyper-parameters [131] of the training model, like batch size, learning rate, or momentum.
A neural network usually is not able to process the whole training sample at once, because of a
large bulk of data. Therefore the training data has to be split up into smaller subsets, called
batches, with a certain batch size. First, the weights W; between the nodes and the biases b;
are initialized with random values. Then, they are updated in an iterative manner after each
batch and the loss function is calculated. The gradient of the loss function is utilized to set the
direction of the parameter update for the next iteration. If all batches have passed the network,
one epoch has finished. The step size, which is taken for an update of the weights and biases is
given by the learning rate. If a neural network gets stuck in a local minimum of the loss function,
an alternative step size is chosen to escape the local minimum. This step size is referred to as
momentum. The learning rate and the momentum are closely related. It is a common practice to
use a rather small learning rate and a higher momentum, which can be adjusted cyclically [131].
The goal of the neural network is to optimize the loss function until it converges, ideally into the
global minimum.

One crucial requirement on a neural network is generalization. This means, that the trained
model performs similar on both, the training data, and some test data set, which was not used
during the training procedure. Overtraining, or overfitting describes a problem, where the model
yields much more better results, when it is applied on the training data, than on the test data.
In this case the neural network is too powerful, so that is has learned some detailed information
about the training data, which has no general discriminating power, in terms of the desired
output classes. Thus, the performance on the test data set is significantly worse. Besides the
reduction of the network size (number of layers and nodes) and the increment of the training
data, so-called regularization techniques can help to prevent a neural network from overfitting.
One method to address this problem, is the deployment of dropout [125]. Here, the idea is to
blind out randomly a certain percentage of nodes. This effects an equal optimization of the
weights of all nodes in the neural network, instead of focusing just on a few major nodes.

Another problem emerging in neural networks is, that the distribution of the input data changes
from layer to layer inside the network. This issue is also referred to as internal covariate shift
and can be solved by a technique called batch normalization [132]. Higher learning rates can
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be achieved, by the normalization of the batch data after each layer, and usage of dropout may
become dispensable. Therefore batch normalization is applied as another regularization tool.

5.2.2 Recurrent neural networks

In ordinary dense neural networks, as described in the the previous Sec. the information flow
through the network is straightforward: form the input @, via the nodes of the hidden layers h;,
to the predicted output ypred.. Therefore these network models are also called feedforward [133].
However, there exist also models, which are based on the idea to feed back the model output as
an input again, in an iterative manner. These, so-called recurrent neural networks (RNNs) [134]
are very useful when processing sequential data with a variable length, like e.g. words in a
sentence, chronological weather data in a timeline, or a list of particles emerging in the vicinity
of another particle of interest, as in this master thesis.
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Fig. 5.3: The loop structure of RNNs allows to keep information inside the neural network,
when processing sequential data. The image is adapted from [135].

The goal of RNNs is to keep the information of an element, that once has occurred in the sequence,
inside the neural network. While the residual sequence is processed, the acquired information can
serve as an auxiliary feature for the elements, occurring later in the sequence. The loop structure
of RNNs enables such neural networks to develop a kind of memory (Fig. [5.3)). The problem
of simple RNNs is, that they perform good for short-term dependencies in sequentlal data, but
fail to discover long-term dependencies. In other words, the acquired information gets lost after
a certain number of loops (Fig. |5.4). Furthermore, simple RNNs can suffer from vanishing or
soaring gradients
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Fig. 5.4: Simple RNNs fail to connect the information in long-term dependencies |135].
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Special units inside advanced variants of RNNs are using a kind of gating technique, in order to
control the information flow through the network and thus, overcome the problems of simple
RNNs. Examples for units inside so-called gated RNN [136] are Long Short Term Memory
(LSTM) units |137] and gated recurrent units (GRUs) [138]. LSTM RNNs solve the problems
with vanishing or soaring gradients, and also address the issue of learning long-term dependencies
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in sequential data. An illustration of a LSTM unit U} in the [-th layer and the ¢-th sequential
(time) step within a RNN is shown in Fig. . The specific about LSTM units is, that they
have two output pipes. On the one hand, the activation of the hidden unit hé is calculated. This
ordinary output hff subsequently serves as the input for both, the unit of the next layer (and
the same sequential step) UtZH, and the unit of the next sequential step within the same layer
U} +1- One the other hand, an additional feature, the so-called cell state C! is determined, which
represents a kind of memory line, that horizontally flows through the sequential steps of the
network.
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Fig. 5.5: The information flow inside a LSTM unit is controlled by several gates. The image is
adapted from [139].

Hence, a LSTM unit has three input pipes: the cell state C!_; and the output hl_; of unit of
the previous time step, as well as the output hfl of the unit in the preceding layer, where hY is
given by the t-th element x; of the input sequence. Inside a LSTM unit, the information flow is
regulated by four gates in total [113]. First, a sigmoid function in the forget gate f! decides, to
which extend the information of the previous cell state C!_; is relevant for the actual cell. The
forget gate is also able to reset the cell state, in order to prevent an unlimited increase of the
memory. Next, two input gates i; and C’é are responsible for the update of the current cell state
C!, by adding new memory to some extend. Finally, the output gate determines the output of
the hidden unit hé, taking account of the momentary cell state C,f.

5.2.3 Convolutional neural networks

Another type of neural network, originally developed for the recognition of handwritten digits, is
the so-called convolutional neural network (CNN) [140]. CNNs are designed for the processing of
such data, that features a grid-like structure |[113]. Popular applications are image data, where
the image pixels represent a 2D grid, but also sequential data, which can be seen as a 1D grid
structure. Therefore, CNNs have become a very useful tool in the field of supervised learning,
especially for image recognition and classification. In the following the basic concept of CNNs is
outlined according to [141].

The architecture of a CNN is composed of several layers. Usually a structure of alternating
convolutional and pooling layers is chosen. Therefore, the basic algorithm of CNNs, explained
with the example of image processing, can be separated into two main steps, according to the
function of the two different layers. Firstly, the image is split into smaller, overlapping, sub-images
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and the same so-called filter is applied on each sub-image. In other words, the function of a
convolutional layer is to screen the image with a kind of filter, that has a certain kernel size.
Thus, the output of a convolutional layer h; is an array again, which is calculated by means of its
input array h;_1, a non-linear activation function g; and an linear operator W;, that represents
the filter.

h; = gW;h;_1 (5.3)

Rectifiers, like e.g. the ReLU, or a sigmoid function are commonly used as an activation
function for such convolutional layers. The linear operator W; can be understood as a stack of
(convolutional) filters. Hence, the output of a convolutional layer can be considered as a sum of
convolutions of its input and the filters. The same linear operator, or filter stack, is applied to
each sub-image, within a convolutional layer. This causes a translation invariance of CNNs.

The second step inside a CNN is called sub-sampling or pooling. Its purpose is to downsize the
output array produced by a convolutional layer. To this end, usually the so-called max-pooling
algorithm [142] is applied. This technique divides the output array into e.g. 2 x 2 squares and
keeps only the most significant value, instead of calculating the mean of the four values. This
helps to reduce the data size, but retains the important information. Another advantage of the
pooling layers is, that a subsequent convolutional layer can learn to extract higher-level features
from the downsized array. For example, a first convolutional layer may identify edges and curves
in the image data, while a second convolutional layer, after a pooling step, may possibly discover
circles or squares, and so on. The procedure can be repeated, as often as desired.

In terms of supervised learning, in general a conventional FC (or dense) neural network is deployed,
for a further processing of the information, provided by the CNN. An example architecture of a
DNN containing a CNN is illustrated in Fig. [5.6]

60x60x4 20%20x%4 16x16x16 8x8x16 512 128 4
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Fig. 5.6: Example architecture of a DNN consisting of a CNN and a subsequent FC neural
network. First, an input image is processed by alternating convolutional and pooling
layers. Then, the output of the CNN is fed into a dense neural network with two fully
connected layers. Finally, the output layer indicates the probabilities for the defined
output classes [143].

5.3 Applications in particle physics

Machine learning has a wide range of applications in particle physics. At the LHC, various
classical machine learning algorithms are deployed at different stages [144]: starting with the
detector simulation in the generation of MC data and the trigger decisions in real detector data,
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via the object reconstruction and identification, right through to physics analysis. The more
advanced deep learning techniques boomed in 2012 [121], when several DNNs yielded astonishing
results in image classification and recognition [145-147]. Moreover, the technological progress of
e.g. GPUs, enabled to train large neural networks with an increased amount of data.

This boom established the development and improvement of applications in HEP, particularly
in the field of object reconstruction and identification, and for physics analysis. Deep learning
has proofed its strengths e.g. in classification tasks with difficult signal to background ratios,
where the performances shallow neural networks and other machine learning techniques are
limited. Related to the physics at the LHC, a study [148] proofed, that DNNs using lower-level
data clearly outperform shallow neural networks, that make use of higher-level features, like e.g.
the reconstructed invariant mass. In the following, some examples for the application of deep
learning techniques, at different stages in HEP, are introduced.

5.3.1 Jet identification - The DeepJet framework

A parade example for a DNN is the architecture, which was utilized in the so-called DeepJet
framework [6} |149]. It is designed for jet-flavor tagging and multiclassification, via a supervised
learning approach. In this case, all three neural network components, which were previously
introduced, are applied. A schematic illustration of the network architecture is shown in Fig.
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Fig. 5.7: The DeepJet neural network. The Network architecture (a) used in the DeepJet
framework for jet classification [150] and the performance of the DeepJet neural
network (b) against the standard DeepCSV classifier, visualized by a ROC curve of
the b-tagging efficiency [151].

First, 1D CNNs are transforming and compressing lists of particles and SVs, that are assumed to
be constituents of a jet. Then, LSTM RNNs process the variable length particle sequences, in
order to discover jet discriminating features from the input data. Finally, these intermediate
features, together with some global jet variables, are fed into a conventional FC neural network,
which outputs the predicted probabilities for the following jet classes: b-jet, double b-jet, leptonic
b-jet, c-jet, uds-jet and gluon-jet. In Fig. [5.70] the b-tagging performance of the DeepJet neural
network is compared with the DeepCSV algorithm [108], the standard tool for jet classification
in the CMS experiment.
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5.3.2 Track reconstruction - The HEP.TrkX project

The HEP.TrkX project [152] is an ongoing collaboration about the reconstruction of particle
tracks in HEP. The aim is to develop machine learning based tracking algorithms for experiments,
where densely packed and overlapping particle tracks, as well as noise are a serious problem.
Hence, at collider experiments, such as the LHC, a proper track reconstruction can be a complex
task, due to a high collision energy and instantaneous luminosity.

In general track, reconstruction is very computing intensive, when applying traditional recon-
struction algorithms based on Kalman or Gaussian filters. However, the connection of single
pixel hits into a reconstructed track, can be understood as a classification task too. In this case
the training model has to discriminate matching from non-matching hits. First approaches, that
address this issue, make use of 2D or 3D CNNs. To this end, the input tracking data, has to be
provided in an image-like format of the pixel hits in the different layers of a detector. However,
these models show weaknesses at the level of realistic data with high track multiplicity, because
of the high complexity and dimensionality of the data. By contrast, a 1D sequence of the pixel
hits in the detector, is another way to look at the tracking data. In this case LSTM RNNs are
the optimal choice for the processing of this sequential data, with a variable length. Special
next-layer LSTM [152] models are applied, in order to make forward predictions for the positions
of possible hits in the next layer, without processing the data of the respective layer apriori
(Fig. . These RNN-based algorithms are competitive with state of the art reconstruction
techniques, which are using Kalman filters (Sec. .
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Fig. 5.8: Toy Example of 3D track reconstruction using LSTM units. The pixel hits in the
different detector layers are linked by a simple LSTM RNN (left) and a predictive
next-layer LSTM model (right), that makes a forecast for an area containing potential
pixel hits in the next detector layer [152].

A third way to represent the tracking data, is via a graph of points, that are connected in
a plausible way [|153], as illustrated inFig. The pre-linking algorithm can be deployed
by considering some criteria for the pixel hits, like e.g. geometric constraints. After this pre-
processing step, so-called graph neural network (GNN) from geometric deep learning [154] are
utilized, to extract information from the nodes and edges in the graph, as well as from the global
state of the graph. More weight is given to connections between matching pixel hits, than to
non-matching hits, in iterative learning steps (Fig.[5.9b]). First results of this study are promising,
but there are still some challenges to proof this algorithm for realistic tracking data.
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Fig. 5.9: Track reconstruction with geometric deep learning. Simple example of reasonably
connected pixel hits (a) in the different detector layers, according to certain criteria,
like geometry constraints [153]. Toy example for the classification of pixel hits (b) in
a graph of connected points in the r-z and r-¢ plane. Red nodes indicate matching
pixel hits for a distinct track, while blue nodes a excluded by the model [153].

5.3.3 Fast data simulation - Generative adversarial networks

Deep learning can be used not only to analyze data, but also to simulate data. MC event
generators (Sec. , which are traditionally applied to model the particle interactions, consume
a lot of computing resources and are very time intensive. An approach, that could speed up
these computations, is the so-called generative adversarial network (GAN) |155].

In a GAN, two competing networks are trained simultaneously (Fig. . One network outputs
fake data via an generative model G, that tries to imitate the distribution of some original data.
An adversarial second network creates a discriminative model D, which serves to classify the two
categories: the original data and the data, produced by the model G. The goal is to continue the
training process, until model D is not able to differentiate the generated data from the original
data any more.

Training set V Discriminator

AN
/ - @E {Fake

Fake image

Generator

Fig. 5.10: Principle of a GAN. The generator network creates fake data from a random input
and tries to fool the discriminator network, which is classifying the real and fake
data [156].

An example, for the usage of GANs at the LHC, is the simulation of electromagnetic showers
within a calorimeter, consisting of several layers |[157]. The framework yields high-fidelity ECAL
energy deposits and could tremendously speed up the computations, compared to traditional
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models. However, an acceptable accuracy could not be provided for the whole phase space, so far.
Another similar application of GANs is the generative modeling of jet images. Jet images are
calorimeter energy deposits of jet particles, which are visualized as a 2D picture in the 7-¢ plane.
These generated images are comparable over a large scale to the ones, that are traditionally
created by MC event generators, like Pythia (Sec. . The central processing unit (CPU)
computing time of GAN produced images could be reduced by a factor of about 14x against the
images, which are produced by Pythia. An illustration of average jet images of both approaches
is shown in Fig. |5.11

Difference between average Pythia image
Average Pythia image P and average generated image Average generated image
[__]

10 B 10t 1 1.0 ] L
10! & 3 10
10° 2 u I | | 10"
0s 05} 1 k ’ ]
10t 1 wt

o0 J ]

o
in

[Transfarmed] Azimuthal Angle |,
=
=
||
N |
=

[Transformed| Azimuthal Angle (@)
-
=

| Transtarmed| Azimuthal Angle |

-1
10 u 10°
-05 -0.5F 1 —-0.5
=2
10° & E 10?
-3 |
10 5 10 1 10 ]
10 ] n 10
-4
-10 -05 o0 0.5 10 10° -10 -05 oo 0s 10 -10 —-0.5 0o 05 1.0 10"
[Transformed] Pseudorapidity () [Transformed] Pseudorapidity [n) [Transformed] Pseuderapidity (n)

Fig. 5.11: Example jet images, which are produced by Pythia (left) and a GAN (right), plus
the difference of the two representations (middle) [156].
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Chapter 6
Materials and methods

This chapter covers the practical implementation of the master thesis, which is about the
computation of a new kind of lepton IDs, based on advanced machine learning techniques.
It is referred to as DeepLepton ID in the following, since the conception is heavily inspired
by the network architecture, which is applied in the DeepJet framework (Sec. and the

Deeplsolation study (Sec. |4.3.2.4)).

First, the generation of the training data set is described. Next, the central part of the work, the
network architecture and input features, as well as the actual training procedure is outlined. The
third and last section treats the evaluation of the training model on MC data and comparisons
of the MC and detector data.

6.1 Processing of training data

This section outlines the steps, which are necessary, in order to generate the appropriate training
data set for the later training within the DeepLepton framework.

As input data, MC samples from the 13 TeV RunllSummeri6MiniAODv2 campaign are used.
Unlike the real detector data, these data samples contain information about the generated
particles. By means of this information, leptons are identified as prompt, non-prompt or fake,

according to Sec.

6.1.1 Sample selection

In a first attempt, a combination of generated DY and QCD samples is used as a training data
set. The prompt leptons are taken from DY processes and the non-prompt and fake leptons are
obtained from simulated QCD multijet processes. The Z bosons from the DY process can be
measured with a high precision, at the LHC. Furthermore, it has a very clean final state and
a particular signature, due to a resonance, of the invariant mass of the two final state leptons
my+o— with the mass of the Z boson my |74, [77]. Therefore, it is considered as an appropriate
choice for the initial training sample. A full list of the 2016 MC samples, which are utilized
within this training sample, is given in Tab. It is referred to as the DY+QCD training data
set.

A further training focuses on the tt process, for e.g. tt+Z in the three and four lepton channel,
or the stops-dilepton search 3, [4] and other SUSY scenarios (Sec. [£.3.2.5)). For this training all
leptons are taken from simulated tt processes from samples in Tab. In this case, no separate
samples for the three lepton classes are defined.
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Tab. 6.1: 2016 DY+4+QCD training data set

Short Name Sample Name oerr Lepton Class
DY1JetsToLL_M50_LO DY1JetsToLL_M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 1012.5 prompt
DY2JetsToLL_M50_LO DY2JetsToLL_M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 332.8 prompt
DY3JetsToLL_M50_LO DY3JetsToLL_M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 101.8 prompt
DY4JetsToLL_M50_LO DY4JetsToLL_M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 54.8 prompt
QCD_Pt15t020_Mub QCD_Pt-15t020_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 3819570.0 non-prompt, fake
QCD_Pt20t030_Mub5 QCD_Pt-20t030_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 2960198.4 non-prompt, fake
QCD_Pt30t050_Mub5 QCD_Pt-30to50_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 1652471.5 non-prompt, fake
QCD_Pt50t080_Mub5 QCD_Pt-50t080_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 437504.1 non-prompt, fake
QCD_Pt80t0120_Mub QCD_Pt-80t0120_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 106033.7 non-prompt, fake
QCD_Pt80t0120_Mu5_ext QCD_Pt-80t0120_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 106033.7 non-prompt, fake
QCD_Pt120t0170_Mub QCD_Pt-120t0170_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 25190.5 non-prompt, fake
QCD_Pt170t0300_Mub QCD_Pt-170t0300_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 8654.5 mnon-prompt, fake
QCD_Pt170t0300_Mu5_ext QCD_Pt-170t0300_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 8654.5 mnon-prompt, fake
QCD_Pt300t0470_Mub QCD_Pt-300t0470_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 797.4 non-prompt, fake
QCD_Pt300t0470_Mu5_ext QCD_Pt-300t0470_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 797.4 non-prompt, fake
QCD_Pt300t0470_Mu5_ext2 QCD_Pt-300t0470_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 797.4 non-prompt, fake
QCD_Pt470t0600_Mub QCD_Pt-470t0600_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 79.0 non-prompt, fake
QCD_Pt470t0600_Mub5_ext QCD_Pt-470t0600_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 79.0 non-prompt, fake
QCD_Pt470to600_Mub5_ext?2 QCD_Pt-470t0600_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 79.0 non-prompt, fake
QCD_Pt600t0800_Mub QCD_Pt-600t0800_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 25.1 non-prompt, fake
QCD_Pt600t0o800_Mub_ext QCD_Pt-600t0800_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 25.1 non-prompt, fake
QCD_Pt800t01000_Mub QCD_Pt-800t01000_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 4.7 non-prompt, fake
QCD_Pt800t01000_Mub5_ext QCD_Pt-800t01000_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 4.7 non-prompt, fake
QCD_Pt800t01000_Mu5_ext2 QCD_Pt-800t01000_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 4.7 non-prompt, fake
QCD_Pt1000toInf_Mub QCD_Pt-1000toInf_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 1.6 non-prompt, fake
QCD_Pt1000toInf_Mub_ext QCD_Pt-1000toInf_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 1.6 non-prompt, fake
Tab. 6.2: 2016 tt+Jets and tt training data set

Short Name Sample Name oeff  tttJets  th
TTJets_DiLepton TTJets_DiLept_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 87.3 yes yes
TTJets_Dilepton_ext TTJets_DiLept_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 87.3 yes yes
TTJets_SingleLeptonFromTbar TTJets_SingleLeptFromTbar_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 182.2 yes yes
TTJets_SingleLeptonFromTbar_ext TTJets_SingleLeptFromTbar_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 182.2 yes yes
TTJets_SingleLeptonFromT TTJets_SingleLeptFromT_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 182.2 yes yes
TTJets_SingleLeptonFromT_ext TTJets_SingleLeptFromT_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 182.2 yes yes
TTJets TTJets_TuneCUETP8M2T4_13TeV-amcatnloFXFX-pythia8 831.8 no yes
TTJets_LO TTJets_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 831.8 no yes
TTLep_pow TTTo2L2Nu_TuneCUETP8M2_ttHtranche3_13TeV-powheg-pythia8 87.3 no yes
TTSemiLep_pow TTToSemilepton_TuneCUETP8M2_ttHtranche3_13TeV-powheg-pythia8 364.4 no yes
TT_pow TT_TuneCUETP8M2T4_13TeV-powheg-pythia8 831.8 no yes
TT_pow_ext3 TT_TuneCUETP8M2T4_13TeV-powheg-pythia8 831.8 no yes

Concerning supervised learning, usually a larger training data sample improves the performance
of the training model, in terms of generalization. In order to further increase the amount of the
training data, a combined sample, which consists of all the previous mentioned 2016 MC samples,
is produced too. Apriori it is not clear, whether merging the DY+QCD and tt samples into one
big training sample, has an impact on the performance of the training model. The dependence
on the different training samples is discussed in Sec. [81.7]

6.1.2 Input data processing with CRAB

The input data samples are processed via the so called CMS Remote Analysis Builder (CRAB)
utility [158]. CRAB does not only provide access to the CMS detector data and MC data,
but also enables to utilize CPUs and storage resources of computing sites linked to the CMS
experiment.
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Lepton identification represents a typical classification task in supervised learning. In order to
train the DeepLepton classifier, single leptons instead of full events are required, regarding the
training data. Hence, unlike the common terminology, a single lepton is considered as an event,
when producing the input data samples with CRAB. The samples are processed as files of flat
n-tuples of leptons, containing the lepton features. The files are stored in the ROOT [159] file
format, which is a machine-independent compressed binary format. It is designed to store and
handle a huge amount of data, without the dependence on evolving software infrastructure.

The central approach of the DeepLepton classifier, is to consider low-level information of the
vicinity of the leptons, for the classification task. Thus, relevant features of the PF candidates
and potential SVs, close to the respective leptons, are included in the sample files. For this
purpose, AR is chosen as a measure for the vicinity. PF candidates, within a cone of AR < 0.5
around a respective lepton, and SVs, within a cone of AR < 0.6, are selected. The different
PF candidate species (neutral and charged hadrons, photons, electrons and muons) are listed
separately and the respective lepton itself is excluded. The low-level PF candidate and SV
variables, which are utilized as input features, in addition to the lepton features, are given in
Tab. [6.6] and are discussed later on in Sec. [6.2.1]

Besides the training input variables, the true output class, which needs to be provided in terms of
supervised learning, is stored in the sample files too. The true output, meaning the actual lepton
class, is represented by the information of the origin of the final state leptons, which is available
in the MC data. This information is also referred to as MC truth. Based on the MC truth, each
lepton is assigned to one of the lepton classes: prompt, non-prompt and fake (See [6.2.2]).

When processing the input data samples, a preselection is made on the leptons. First, a cut on
the relative isolation of the leptons I (AR < 0.3) < 0.5 is applied. Second, only leptons which
are fulfilling pt > 5 GeV are taken into account.

6.1.3 From input data to training data

After the input data samples are processed, another few working steps are necessary, to provide
the training samples in an appropriate data structure, for the training of the DeepLepton neural
network. The whole training data preprocessing procedure is discussed in the following sections.
An overview of the various working steps is illustrated in Fig.

6.1.3.1 Data shuffling and balanced classes

During the training, usually a neural network is not able to process the whole training data set
at once, due to a large bulk of data. Hence, the training data is split into smaller sub samples,
so called batches, which are fed into the neural network one after another. After each batch, the
weights within the neural networks are updated . In terms of generalization, the data of a
single batch should ideally represent the distribution of the entire training data. Therefore, a
well shuffled training sample is essential to avoid biased batches, containing only a certain phase
space of the training data.

Another important issue, is a balanced ratio of the true output classes in the input training data.
Imbalanced data sets are considered as problematic in the machine learning community and
should be avoided [160].
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Fig. 6.1: The single steps in the training data preprocessing.

In terms of the preprocessing of the training data, which is utilized for the DeepLepton classifier,
the first step is to split up the leptons into the three classes, according to the MC truth information:
prompt, non-prompt and fake. Then all leptons, that fulfill the criteria

evt mod N =1 fori=0,1,....N — 1, (6.1)

regarding their event number (evt), are selected. They are buffered in N separate ROOT
TChains, a ROOT class, that enables to chain several ROOT files.

This effected a kind of shuffling within each of the three categories, as the event number is
uncorrelated to the lepton itself. Finally, the different classes are mixed together again, by
selecting leptons successively from one of the categories. In this process the lepton classes
are chosen randomly, but to ensure a balanced data set, the number of signal (prompt) and
background (non-prompt, fake) leptons is considered to be approximately equal.

1 ~ Al l

Np?:)mpt = pr"z;mpt + Nf??ﬂe (62)
The reason for this rather unconventional style of data shuffling is that, ROOT files are optimized
to be processed entry by entry, with an increasing entry number. Thus, a shuffling, by simply
selecting random entries from the files, would be inefficient.

Electrons and muons are treated separately and in this work only muons are addressed. The
number of muons, which are available for the training data set, after the above mentioned
pre-processing steps, is shown in Tab. [6.3]

During the preprocessing of the training data set, a pt selection is applied, too. Leptons with a
transverse momentum pr > 15 GeV are considered for the initial DY+QCD sample and a pr
> 5 GeV cut is chosen for the later tt samples (tt+Jets and tt).

6.1.3.2 Particle flow candidates and secondary vertices ordering

The inclusion of the vicinity of the leptons in the training data, raises the question, if and
how to order the PF candidates and the SVs per lepton. To process the information of the PF
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Tab. 6.3: The size of the muon training data set, after the preprocessing steps. A balanced
signal to background ratio is required for the samples.

Training Sample Name N N)rompt N)rompt Nioke
DY+QCD 6718 784 3359927 3043 701 315 156
training 5375989 2688424 2435 548 252 017
evaluation 1342 795 671 503 608 153 63 139
tt+Jets 6213194 3108750 2 845 990 258 454
training 4972 818 2488108 2277 700 207 010
evaluation 1 240 376 620 642 568 290 51 444
tt 26 620 073 13 303 086 12 255 741 1 061 246
training 21 324 472 10 658 812 9 815 211 850 449
evaluation 5295 601 2644 274 2 440 530 210 797

candidates and SVs within the DeepLepton neural network so called LSTM RNNs [137] are used.
The performance of these special type of neural networks is closely related to the order of the
sequential input (Sec. . Therefore, a reordering of the PF candidates and SVs per lepton,
by a decreasing importance, is supposed to yield the best results.

Inspired by [110], the relative transverse momentum prTEI' in relation to the associated lepton, is

considered as a descending key for the PF candidates. This implies, that PF candidates, which
are closer to the lepton, as well as higher in pr, are more relevant, than the others. Regarding
the SVs, the total pr of all particles originating from the associated vertex, is selected as a
discriminating feature for the importance of a SV.

6.1.3.3 Reweighting in pr and 7

Concerning the training data set, prompt, non-prompt and fake leptons may not have the same
pr spectra (Fig. a and b), due to different physical spectra, or the pr binning of the QCD
samples, which are utilized in the initial training sample (Tab. . The 7 spectrum of the three
classes (Fig. c and d) may vary too. A reweighting for both variables in the training data
is applied, in order to prevent the DNN from learning any discriminating feature from the pr
and 7 distribution of the leptons. The bins, which are selected for the reweighting, are listed in

Tab.

Tab. 6.4: The bins for the pr and n reweighting to a certain reference class in the training
sample.

lepton variable bins

DT 5, 7.5, 10, 12.5, 15, 17.5, 20, 25, 30, 35, 40,
45, 50, 60, 75, 100, 125, 150, 175, 200, 250,
300, 400, 500, 600, 2000

n 2.5,-2.,-1.5, -1. -0.5,0.5, 1, 1.5, 2.,2.5

For each 1 and pt bin and each class in the input training data, all leptons are reweighted to
a certain reference class. Different configurations are tested. Initially, the prompt leptons are
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Fig. 6.2: pp (a)-(b) and n (c)-(d) spectra of prompt, non-prompt and fake leptons in various
training data sets.

selected as a reference class by default. However, the non-prompt leptons are utilized in the
advanced training models. The results, of these different settings, are discussed afterwards in
Sec. [8.1.60] Practically, the pr and 7 reweighting is applied within the data conversion step of the
DeepJet framework, since a reweighting tool has been already implemented there.

6.1.3.4 Feature scaling and normalization

Another important preprocessing step, which is necessary to achieve a proper training data
structure, is the normalization of the input features. To this end, the mean p and the standard
deviation o are calculated per input feature. After that, the feature values are scaled by

Tnew = W7 (63)

where z,q and z,e, refer to the old and the new feature value, of the respective lepton.

This procedure ensures, that the new rescaled features x;,e,, follow a standard normal distribution,
with ¢ = 0 and ¢ = 1. The purpose of the feature normalization is, that it can speed up the
training and prevent from getting stuck in a local minimum of the loss function (Sec. . Again,
a tool for this task is provided, by the DeepJet framework in the data conversion step.
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6.1.3.5 Splitting training and test data sample

Whenever a neural network is trained, there is the possibility of overfitting. In this case, the
training model performs well on the training data, but not on some other related data, that
has not been used during the training procedure. To address this issue, it is necessary to split
the available data into a training sample and a test sample. The test sample is needed for the
evaluation of the training model afterwards. To this end, 80 percent of the full data sample
are considered for the training data set, while the remaining 20 percent are reserved for the
evaluation (Tab. . In practice, the number of leptons may not fulfill precisely the previously
mentioned ratio, since for reasons of simplicity the number of sample files (& ~ 10° leptons) is
divided into the two sub-samples, instead of the number of leptons.

6.2 Deep neural network training

This section addresses the training procedure of the DeepLepton neural network. The input
features and output classes are outlined, as well as the architecture of the DNN and the settings
of the training model. The further development and optimization of the network architecture has
been a constantly ongoing process during this master thesis. For that reason, the DeepLepton
neural network is introduced according to a reference network architecture, in the following
sections. Slightly different variants, e.g. different activation functions, are tested. The results of
these modifications are discussed afterwards in Ch. [d and [

6.2.1 Input features

The central idea of the DeepLepton classifier, is to combine the information of the lepton and
the particles within its vicinity, in order to provide a novel lepton ID, which is based on a deep
neural network. Regarding the lepton itself, both common features, which have been used already
in previous lepton identification approaches, like the TTH and TTV BDTs, and also other
additional lepton features are considered. In this work only muons are addressed. A full list
of the muon features, which are used for the DeepLepton training model, is shown in Tab.
Related histograms of the input training features can be found in the appendix.

Tab. 6.5: The lepton features utilized in the DeepLepton neural network training. The variables
in parentheses are used only in initial training test, but are excluded from the input
features in the final version of the DeepLepton neural network.

Type Features

global features DT, 1, day, dz, (uncertainty dg, ), (uncertainty d.), dsp, significance
dsp, inner track x2, inner track valid hit fraction, pr error track, p,
jet AR, tracker layers, pixel layers, tracker hits, lost inner hits, lost

outer hits

isolation features I 1., mini I for charged hadrons, mini I, for neutral hadrons, (jet
pr ratio v1), (jet pﬁ?l‘ v1l), jet pr ratio v2, jet p&‘?l‘ v2

high-level features jetBTagDeepCSV

muon specific features segment compatibility, muon inner track relative error, isGlobalMuon,
x? local position, x? local momentum, global track 2, global track
probability, track kinks, calorimeter compatibility, Ngtations
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In terms of the vicinity of the leptons, all PF candidates, within a cone of AR < 0.5, and all SVs,
within a cone of AR < 0.6 around the associated lepton, are taken into account (Sec. . The
different PF candidate species, i.e. neutral and charged hadrons, as well as photons, electrons
and muons, are treated separately. The utilized input training features of the PF candidates and
SVs are listed in Tab. [6.6

Tab. 6.6: The PF candidates and SVs input training features, representing the vicinity of the
associated lepton. Again, the variables in parentheses are excluded in the final version.

Type Npmar Features

neutral hadrons 5 prTel', AR, pt, puppi weight, fromPV

charged hadrons 25 pr{?l', AR, pr, puppi weight, fromPV, d,,, d., d, associated PV
photons 10 prTel', AR, pt, puppi weight, fromPV

electrons 3 pﬁ?l‘, AR, pr, dyy, d.

muons 3 prTel', AR, pr, dgy, d.

secondary vertices 4 pp, AR w.r.t. the lepton, x?, Naof, dgy, (uncertainty dg, ), dap,

uncertainty dsp, significance dsp, cos(©), highest d,, 2" highest
dyy, highest d3p, and ond highest dsp of tracks

A special type of neural networks, so called LSTM recurrent neural networks or LSTM units,
are applied in the DeepLepton architecture (Sec. . The usage of these LSTM units is very
computing intensive. Thus, only a certain number N, of each PF candidate species and SVs is
considered for the input of the DNN, instead of the full list of particles. This measure effects,
that less important particles are neglected, due to the sorting by a decreasing relevance.

A short explanation of the input variables of the DeepLepton classifier that are not discussed in

Ch. [ is given in Tab.

6.2.2 QOutput classes

The DeepLepton neural network is based on the supervised learning task (Sec. . Therefore, it
is essential to provide a training data set, that consists of input-output pairs, where the input is
a vector of the training features (Sec. and the output refers to the actual lepton class. The
output classes are defined, according to the MC truth, which has been stored in the training
files. They also specify the structure, i.e. the number of nodes, of the last layer in the DNN, the
output layer. The leptons are divided into the three categories, according to their source from
the hard scatter: prompt, non-prompt and fake.

Besides this multiclassification task, a simplified training model is performed with just two output
classes, prompt and not-prompt. Here, the non-prompt and fake leptons are merged into a single
background class. The impact, of this simplification, is discussed later in Sec. [8.1.6]

Practically, the true output class, of a final state lepton, is obtained from the MC truth information
in the training samples. To this end, the variables mcMatchId and mcMatchAny are used to define
the sets M and N:

M = {lepton : |mcMatchId(lepton)| € {6(t),23(W™),24(Z),25(H),37(H")}} (6.4)
N = {lepton : |mcMatchAny(lepton)| € {4(c),5(b)}}. (6.5)
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Tab. 6.7: Additional descriptions of the input features of the DeepLepton, which are not discussed

in Ch.

feature

description

lepton features:
dsp
inner track y?
inner track valid hit fraction
pr error track
jet AR
tracker layers
pixel layers
tracker hits
lost inner hits
lost outer hits
jet pr ratio

rel.

jet pT
jetBTagDeepCSV

muon specific features:
muon inner track relative error
x? local position
x? local momentum
global track y?
global track probability

N, stations

PF candidate features:
puppi weight
fromPV

d, associated PV

SV features:

X2

Naoy
day
d3p
cos(0)

(279) highest dyy or dsp

3D distance w.r.t. the primary vertex (cm)
normalized y? of the inner track of a lepton
fraction of valid hits on the inner track of a lepton
pr error for the GSF track or the best muon track
AR between the lepton and the nearest jet

# of tracker layers with hits

# of layers in the pixel detector with hits

# of total hits in the tracker

# of lost hits on the inner track

# of lost hits on the outer track

pr (lepton)/pr (nearest jet)

pr of the lepton transverse to the jet axis (subtracting the
lepton)

discriminator of the DeepCSV b tagging algorithm

relative pt error on the inner track of a muon
matching in position of a tracker muon
matching in momentum of a tracker muon
normalized x? of the global muon track
pseudo-probability of the global muon track
# of matched muon stations

probability that the respective particle is from the PV [63]
number between 0 and 3, which defines how tight the
association of the respective candidate with the PV is (3:
tightest association - the track is used in the PV fit, 0: the
track is used in the fit of another PV)

longitudinal distance w.r.t. the PV associated to the re-
spective candidate (cm)

x? of the vertex fit

# of degrees of freedom of the fit (2 Nypgeks — 3)
transverse distance from the PV (cm)

3D distance from the PV (cm)

cosine of the angle between the 3D displacement and the
momentum

(second) highest |dyy| or |d3p| of vertex tracks
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With these sets and their complementary sets M and NC, the following conditions are formed,
in order to separate the three lepton classes from each other:

prompt = M (6.6)

not — prompt = M° (6.7)
non — prompt = M N N (6.8)
fake = M® N NC. (6.9)

Prompt leptons arise out of the decay of a W, Z or Higgs boson, as well as from a top quark,
which further decays e.g. into a W boson and a bottom quark. Non-prompt leptons originate
from decays of longer-lived particles, like heavy-flavour hadrons containing b or ¢ quarks. There
is also the possibility, that particles are misidentified as leptons, for example hadrons within a
jet. In this case the particle is referred to as a fake lepton. More theoretical background about
the lepton classes can be found in Sec.

6.2.3 Deep neural network architecture

The architecture of the DeepLepton neural network is heavily inspired by the DeepJet framework.
It consists of two main parts: on the one hand, a set of parallel arranged LSTM RNNs [137], in
combination with preceding one-dimensional CNNs and on the other hand, a well-established FC
neural network. The first part, with the convolutional and LSTM components, has the function
to process the list of PF candidates and SVs. The output of the LSTM RNNs together with the
lepton features represent the input for the second part of the neural network, the dense layers. A
schematic layout of the reference architecture is shown in Fig. In the following the sequence
and function, of the single layers in the DeepLepton neural network, is treated. More detailed
information about DNNs and their components can be obtained from Ch.

The vicinity of the lepton is included in the DeepLepton network training, in form of low-level
features of the PF candidates and SVs. In this case, vectors with a variable length have to be
handled by the DNN, since the leptons have varying numbers of PF candidates and SVs. Hence,
the vicinity features can not be fed directly into simple dense layers. LSTM RNNs are applied, in
order to deal with this vectorial training data structure. RNNs are able to process variable-length
inputs into a fixed-length output (Sec. . A separate LSTM RNN is applied for each of the
PF candidate species, as well as for the SVs. For the SVs and the charged hadrons LSTM units
with 150 nodes are utilized, whereas 50 nodes are selected elsewise. It is assumed, that the SVs
and the charged hadrons contain the most information within the vicinity features, compared to
the other PF candidate species.

During the experimental part of this work, bidirectional LSTM RNNs are tested, too. Bidirectional
RNNs are a modification of traditional RNNs, where the input array is processed twice: firstly,
in the given order and secondly, in the reverse order. The presumption is, that the performance
of the training model would benefit from a second iteration, if there are more than one relevant
features for the ordering of the input data. The results of these tests are discussed in Sec. 8.1.1]

One disadvantage of LSTM RNNs is that they are computing intensive. In order to reduce
the training time, two measures are taken. For one thing, the maximum number N, of PF
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Fig. 6.3: The reference network architecture of the DeepLepton classifier, is closely related to
the DeepJet |6] framework.

candidates and SVs per lepton is limited. The selected values for IV, are illustrated in the
respective histograms of the tt training data sample in Fig.

As a second measure, 1 x 1 convolutional layers are applied in advance, in order to generate a
lower-dimensional representation of the training data, which is then processed by LSTM units.
Four layers with 64, 32, 16 and four nodes are implemented in terms of the SVs and the charged
hadrons, whereas three layers with 32, 16 and four nodes are chosen for the neutral hadrons,
photons, electrons and muons. The ReLU is selected as an activation function. The auxiliary
convolutional layers ensure, that the same transformation is applied to each PF candidate and
SV [110]. This is achieved by setting the kernel size to 1. The kernel size is related to the size of
the filter mask of the CNN and a kernel size equal to 1 means, that the PF candidates and SVs
are handled one after another. Thus, the 1 x 1 convolutional layers do not act as common CNNs,
but like dense layers, which are able to process sequential input training data |[110]. Alternative
training models including pooling layers, which are well-established in CNNs, are considered too.
Furthermore, network architectures without the CNNs are tested. The results are summarized in

Sec. 8111

The output of the LSTM units, i.e. the processed vicinity features of the PF candidate species
and the SVs, together with the selected lepton variables, formed the input for the last stage in
the DeepLepton network architecture, which is an ordinary FC neural network. This part of
the network is initially implemented with eight fully connected dense layers, one layer with 200
nodes and seven more, with 100 nodes per layer. Modifications, of the layers in the FC neural
network, are discussed in Sec. As for the convolutional layers, the ReLU activation function
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Fig. 6.4: The limitation of the number of PF candidates and SVs per lepton (red line). The
multiplicity distributions are plotted for muons of the tt training data sample with a
pr > 5 GeV.

is chosen. The final layer of the whole DNN, the output layer, is formed by another dense layer
with three nodes, referring to the three output classes. The so called softmax activation function
is applied in this layer. It is defined in Eq. (5.2). The softmax function effects, that the entries
in the nodes of the output layer add up to one.

Besides the usage of the ReLU activation function, the impact of the ELU and the scaled
exponential linear unit (SELU) [161], on the performance of the DeepLepton classifier, is tested.
The results are discussed in Sec. [R.1.3

6.2.4 Training model hyper-parameters

In this subsection the settings of the hyper-parameters of the DeepLepton training model, like
batch size, learning rate, momentum, number of epochs, as well as batch normalization and
dropout (Ch. [j]), are outlined.

In general, batch normalization [132], followed by dropout [125], is applied after each layer in the
DeepLepton neural network, including an initial batch normalization before the first convolutional
layer. The normalization of the input features of each layer, prevents the distribution of the
input features from changing from layer to layer. This helps to increase the stability of the
neural network. Dropout, as a regularization method, decreases the probability of overfitting, by
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randomly ignoring a certain percentage of nodes, for each iteration step of the training procedure.
In the DeepLepton neural network a standard dropout rate of 0.5 (50%) is selected.

There are various approaches for the optimal choice of the batch size in the machine learning
community. A rather big batch size of 10,000 is considered for the DeepLepton neural network,
because of a large bulk of training data (Tab.[6.3)). After a number of trials, the initial learning
rate was set to 0.001. This learning rate is halved each time, when five sequential epochs of no
progress appear. A graph, of the evolution of the learning rate and the validation and training
losses in the DeepLepton network training, is shown in Fig. The momentum, i.e. the step
size taken after an epoch where the validation loss did not improve, is set to 0.2. The training is
performed for 100 epochs. The time consumption is about five to ten hours, depending on the
effective training data set and the network architecture. In terms of optimization, the so called
Adam optimizer [162] is applied.

6.2.5 Hardware

A NVIDIA GTX 1080TI GPU is utilized for the practical execution of the DeepLepton neural
network training. It is part of an in-house server consisting of four GPUs in total (Fig. . The
specifications of the GPU-server are listed below:

e 1x System Building Block 7049-TRT

e 2x Intel Processor SKL-SP SILVER 4114

e 10C 2.2GHz 13.75M

e 8x 16GB Central Memory DDR4-2666MHz ECC RDIMM
e 1x 960GB 2.5” SSD SATA 6Gbps 3D TLC with 3DWPD
e 2x 12TB 3.5” HDD SATA 6Gbps 7200rpm 24x7 operation
e 4x NVIDIA GTX 1080TI GPU with radial cooling

e 1x 19” Rackmount Converstion Kit

Performing the neural network training on a GPU, drastically reduced the training time, compared
to initial attempts on CPUs. This enabled both, the usage of larger training sets, and also the
testing of more computing intensive network components, like the bidirectional LSTM units.

6.2.6 Software

b

The implementation of the DeepLepton neural network is heavily inspired by the “DL4Jets
framework [163], also known as DeepJet. It is designed for jet identification and classification.
The lepton classification task, which is the subject of this master thesis, represents a similar
exercise, in terms of machine learning. It may not be as complex as discriminating jets, though.

The DeepJet classifier, and thus also DeepLepton, is based on Keras [164]. It is an application
programming interface (API) for neural networks, which is using the Python programming
language. TensorFlow [165] is applied, as a backend. The function of TensorFlow is to handle
the required tensor manipulation. The Compute Unified Device Architecture (CUDA) [166],
developed by NVIDIA (Santa Clara, US), is deployed, in order to enable parallelized operations
on the GPU.
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(a) front side

(b) back side

Fig. 6.5: The front and back side of the in-house GPU-server at the HEPHY.

6.3 Training model evaluation

This section handles the evaluation of the training model, of the DeepLepton classifier, on a (MC)
test data sample. Furthermore, it addresses the validity of the training model in real detector
data, via so called data-MC comparisons. The whole workflow of the evaluation is illustrated in
Fig. and the single steps are outlined in the following sections.

test samples predict classes  predicted samples evaluation plots

CMs Private Simuai venis(2016)
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Number of Events

test data files

I
i
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i Deeplet data
' structure and

prediction for
test data files

s

test data files
e.g. tt

et

model prediction model evaluation

Fig. 6.6: DeepLepton evaluation. First, the application of the DeepLepton training model on a
test data set results in the predicted output classes. Then, discriminator shapes and
various ROC plots can be calculated.
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6.3.1 Performance in MC samples
6.3.1.1 Prediction of output classes

The first step in the evaluation procedure is the deployment of the DeepLepton training model on
a test data set, in order to receive the predicted probabilities for the output classes, per lepton in
the test sample. Attention is paid on an independent data set, which has not been used during
the training of the classifier.

In practice, this step is executed by a tool, that is provided by the DeepJet framework. First,
the test data ROOT files are converted into the needed data structure. Then the prediction of
the output classes is performed. As a result, separate ROOT files are produced, which contain
the predicted outputs, according to the respective training model. A file entry refers to the
probability p;, that a certain lepton is associated with an output class ¢ (prompt, non-prompt
and fake). Due to the softmax activation function (Eq. (5.2)), which is utilized in the output
layer, the probabilities per lepton add up to one.

Nclasscs

Z pi=1 (6.10)

6.3.1.2 Discriminator shapes

In a next step, the discriminator shapes are calculated. A discriminator shape represents the
distribution of the predicted probabilities (discriminator values) for a certain output class. As
already mentioned, the MC samples contain the information of the actual lepton class (Sec.[6.2.2)).
Hence, it is possible, to display the distribution of the discriminator values of each lepton class,
within the whole shape, that is associated with a single output class, too. To this end, histograms
are filled with the discriminator values, that have been predicted for the leptons of the test
sample.

In principle, discriminator shapes can be computed for each output class. An example plot is
illustrated in Fig.

The goal of the classifier is to provide a good separation between the signal and the background
leptons, which can be visualized by the discriminator shape. Thus, the discriminator shape gives
a first impression of the quality of the training model. Moreover, smooth shapes are desirable,
while leaps and bumps indicate weaknesses of the model.

6.3.1.3 ROC-curves

In order to get a clearer picture of the quality of the training model, the so called ROC curve is
determined. ROC curves are a very useful tool, to check the performance of a training model.
Furthermore, different models can be compared with each other. The ROC curve visualizes the
true positve rate (TPR) dependent on the false positve rate (FPR).

TPR— L TP ___xTP (6.11)
> positive actual condition > TP+ > FN
FPR = 2 F'P 2P (6.12)

>~ mnegative actual condition B S>FP+ Y TN
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Fig. 6.7: The prompt discriminator shape, computed for muons (pp > 25 GeV) in the tt test
data sample. Besides the global shape, the distribution of the discriminator values
within each of three actual lepton classes is displayed. A high discriminator value
indicates a high predicted probability of being a prompt lepton.

The TPR, also referred to as sensitivity, and the FPR, or 1 - specificity, are defined with respect
to the terminology of the confusion matrix in Tab. The TPR and FPR are also labeled as
signal and background efficiency.

Tab. 6.8: The confusion matrix illustrates the relation between actual and predicted conditions,
in terms of classification.

predicted condition

positive negative

True False
positive | Positive Negative
(TP) (FN)
actual
condition False True
negative | Positive Negative
(FP) (TN)

With regard to the lepton classification task, prompt leptons are considered as signal events and
non-prompt, as well as fake leptons, are representing the background events. In general, the
signal and background efficiencies are not constant, but they depend on the respective working
point. This means, that different discriminator cut values p.y¢, for the predicted probabilities p;
on the x-axis of the discriminator shape plot (Fig. , yield different efficiencies. Hence, each
discriminator cut value pg,; results in a certain point of the ROC curve.

In principle, the signal and background efficiencies are calculated according to
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Np‘sig>pcut Pprom;zt>[’cut
sig promp

€sio(Deut) = = and 6.13
Slg( Cu ) Nsig Nprompt ( )

Ng)kbk’g>pcut Pprompt >Pcut

g not—prompt

Ebke(Peut) = = . 6.14
g( « ) kag Nnot—prompt ( )

For this purpose, the actual non-prompt and fake leptons are merged into a single background
class, labeled as not-prompt in the following. Npromp: and Nyot—prompt are related to the total
number of leptons in the particular class. Nﬁfgfn";,‘zpp ' and Nﬁg{i’;ﬁgﬁfﬁt refer to those leptons of
the respective class, which fulfill the condition, that the predicted probability of being a prompt

lepton, pprompt is greater than the selected cut value pey:.

To take into account the fact, that the leptons in the training and test data set are mixed together
from samples, with different cross sections o*¥Pl¢ (Tab. 6.2)), the equations are modified
appropriately. A relative scale factor for the luminosity

O.sample

sample
Nsim

(6.15)

wr, =

is determined per lepton, where N """ ' is the number of simulated leptons in the associated
sample. After this modification, the effective formulas for the calculation of the signal and
background efficiencies are given by

Pprompt >Pcut
prompt i
i=1 WL,i
ZNprompt w i
i=1 Ly
Pprompt >Pcut
not—prompt i
21:1 WL i

Nnot—prompt
Zi:1 WL,

Esig (pcut) = and (616)

€bkg(pcut) = (617)

Here, the relative luminosity weight wy, ;, per lepton i, is accumulated.

For the comparison of the results, of the DeepLepton training model with the existing TTV and
TTH lepton IDs, a preselection is applied to the leptons in the test sample. The goal is to sort
out easy identifiable background leptons beforehand. To this end, a loose selection is chosen.
The requirements, to pass this loose selection (loose ID), are listed in Tab.

An example ROC curve, which compares the DeepLepton classifier with lepton IDs of the TTV
and TTH BDTs, is illustrated in Fig. In some cases, the area under the curve (AUC) is
taken as a measure for the quality of a classifier, instead of the curve itself. However, the AUC
value is not considered for the assessment of the performance of the DeepLepton classifier, since
ROC curves with the same AUC value may have different shapes and thus may intersect.

6.3.1.4 Efficiencies binned in pr, n and number of vertices

ROC plots are useful to evaluate the average performance of a training model on the whole test
sample. However, it might be of interest, if the performance varies for certain phase spaces of the
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Tab. 6.9: The 1loose ID selection for muons in the evaluation of the DeepLepton training model.
The pdgId refers to a numeric particle ID, which is assigned by the POG [167]. A

pdgId = £13 is associated with muons and antimuons (u%).
muon feature feature requirements
lpdgId| 13
pr > 10
In| < 2.4
mini I.q. < 0.4
significance dsp < 8
|dzy| < 0.05
ld.| < 0.1
isPFMuon yes

is POG medium Muon ID yes
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training info: T events, muans (p,>5GeV) - standard training info: t events, muons (p;>5GeV) - standard
= 1
% iooss ity muons ; = |
] cp_>25GeV -] Linasswsscuszasnns,sobannus, i __ .,
5 085 —-T 5 B AR L R S L bt T T
-_— C o
g F 08
@ 0.91 r
0.85 L TTH sig eft
E ™ 0'67 TTH bkg eff x 3
08EL.. v | loose ID muons TTVsigeft
¥ L p_>25GeV TTV bkg eff x 3
E DeapLepton initial T DeepLepton sig eff
i 0.4
0.75~ L —+— DeeplLepton bkg eff x 3
0.7F F
F 0.2
0.651 L
osb ol \ A L |
102 10" 1 0 05 1 15 2 25
background efficiency lull
(a) (b)

Fig. 6.8: Example plots for the evaluation of a DeepLepton training model on MC test data.
ROC curves (a) and signal and background efficiencies binned in 1 (b).

test data set. A correlation between the efficiencies and event properties, such as the amount of
pileup, is an undesired behavior. Stability versus 7, in turn, is a desirable property. To address
this issue, the signal and background efficiencies are plotted in bins of 7, for a fixed working
point. Furthermore, ROC curves as a function of the transverse momentum pr and the number
of vertices Nyerter are produced. A standard working point of an overall signal efficiency (=TPR)
of 90% is defined to this end.

An example plot is shown in Fig. [6.8b] The statistical error of the signal and background
efficiencies ¢;, with ¢ = sig or bkg (Eq. (6.13]) and , is given by the standard error of the
mean (SEM)

SEM(e;) = , (6.18)
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where o refers to the standard deviation

1 Y
o(€) =y~ (v¢— )2, with (6.19)
N;
(=1
1
r=—" Ty (6.20)
Ni o

and N; is the total number of actual signal or background leptons in the respective bin selection.
The signal or background efficiency regarding a single lepton x, can either be 1 or 0. Hence, the
mean = and the standard deviation o(¢;) simplify in this case of a binomial distribution of the
single efficiency values:

Psig>Pcut
Ni

N = (6.21)

T =

and

1
o(e) = J N D (wr—e€)?

(=1

(6.22)

1 i cu st e
:\/N-[N5;9>p L= )+ (N = NPT )]
7

€ (1—¢)

For the signal and background efficiencies ¢;, this finally results in the SEM of a Bernoulli
distribution

SEM (¢;) = 6"‘(]1V_6) (6.23)

which is a special case of the binomial distribution, due to the Boolean valued outcomes of the
single lepton efficiencies.

6.3.2 Data-MC comparisons

So far, the evaluation of the DeepLepton classifier is treated solely on artificial MC data. Apriori,
it is not clear, if the selected MC samples are representing the detector data in an appropriate
way, and how the DeepLepton training model performs in real detector data. Therefore, the
simulation is compared to data and it is checked, whether the efficiencies, that can be achieved
in MC data, are still valid for the real data or not.
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Comparisons of the DY and the tt MC samples, with the related detector data, are considered,
since these samples are also used in the training procedure. The selection of particles of a certain
type, that arise from a certain process, can be made very easily in the simulated MC samples,
by means of the MC truth information. However, this information is not available in the real
detector data. Thus, a method has to be applied, that enables to select leptons, emerging from
the desired DY and tt events in the detector data. Both processes are characterized by two
opposite charged final state leptons. An approach, that addresses this issue, is the “Tag &
Probe” method [168]. It is discussed in the following, where the 2016 Double Muon data samples
(Tab. with a total integrated luminosity of L = 36fb™! are examined. These samples
contain real events with at least two muons.

6.3.2.1 Tag & Probe method

The “Tag & Probe” method is a technique for the real detector data, that allows to select particles
of a desired type with a small fake rate, by making use of a known mass resonance. The mass
resonance of the Z boson is utilized, in order to identify muons, that derive from the DY process
(Sec. . First, events with tag muons are obtained from the data, by applying very tight
selection criteria. The selection criteria (Tab. are designed in a way, so that prompt muons
are identified with a reasonable small background rate.

In a second step, a set of reconstructed muons, passing a loose selection (Tab. , are obtained
from the detector data, by pairing them with the tags on condition, that the invariant mass of the
muon-antimuon pair m,,+,- corresponds to the mass of the Z boson mz. m,+,- is calculated,
according to the definition for a collider experiment:

ptp

Myt = \/2 pr(pt) - pr(p=) - (cosh(n(ut) —n(p=)) — cos(d(nh) — d(u™))). (6.24)

These muons are referred to as probes. Despite the loose probe selection criteria, muons are
identified with a high efficiency, due to the Z mass condition. A probe muon may also pass the
tight selection criteria and therefore get assigned to the set of tags. Double counting is accounted
for in the algorithm.

Tab. 6.10: The tight and loose muon selection criteria for tags and probes.

feature requirement tag muon probe muon
pr > 5 yes yes
|pdgId| = 13 yes yes
In| < 2.4 yes yes
|mini ¢ | < 0.4 yes yes
significance dsp < 8 yes yes
|dzy| < 0.05 yes yes
|d.| < 0.1 yes yes
isPFMuon yes yes
pr > 10 yes no
is POG medium Muon ID  yes no
jetBTagDeepCSV < 0.8958  yes no

mvaTTV > 0.4 yes no
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For data-MC comparisons of muons from the DY process, a corridor of + 15 GeV around the
mass of the Z boson mz = 91.2 is chosen.

1m0, — 91.2] < 15 (6.25)

At the LHC, the DY process most likely co-occurs with one or more jets, deriving from the
residual gluons and quarks within the protons, that are involved in the collision (Fig. [4.1b)). For
that reason, at least one neighboring jet is required in the event sample.

The main background, for this event selection, are high pr single and dilepton tt events (Fig. .
However, the tt dilepton events are characterized by a missing transverse energy Kt of > 40
GeV, due to the two neutrinos, which do not interact with the detector material (Fig. . In
contrast, the DY events are ranging more likely in a region with a % below 40 GeV.

Considering the tt data-MC comparisons, the missing mass resonance complicates an appropriate
muon selection. Nevertheless, the “Tag & Probe” procedure is applied as described before.
However, the condition, related to the invariant mass of the muon-antimuon pair, is modified to

Myt > 20 A Jmye - — 91.2] > 15. (6.26)

In addition to the mass resonance corridor of the Z boson, defined previously (Eq. (6.25))), the
region below 20 GeV is excluded for the tt event selection, in order to prevent from biasing

low-mass DY events (Fig. [6.9b).

Again, at least one jet is required. Furthermore, one or more leading b jets are postulated for
the tt events in the detector data, due to the fact, that a top quark most likely decays into
a W boson and a bottom quark. In order to identify jets, deriving from the hadronization of
bottom quarks, the so called DeepCSV b tagger [108] is utilized. The main background for the
applied tt event selection is DY. The associated 1 distribution, shown in Fig. is again a
discriminating feature between the two processes.

The distributions of the various input training features of the DeepLepton classifier show, whether
the MC represents the data. Separate plots are produced for the probes and the tags in the DY
and tt selections. Furthermore, comparisons of the discriminator shapes in real and simulated
data are made. These plots give some indication of the performance of the DeepLepton classifier
in real data.

The 2016 detector data and MC data samples, which are considered for the data-MC comparisons,
are listed in Tab. A pileup reweighting, as well as a scale factor for the DeepCSV b tagger
is applied in the MC data. As the application of the DeepLepton discriminator is computing
intensive, due to large bulk of data, only 10% of the MC data is taken into account. The results
of the data-MC comparisons are presented in Sec. [7.2]
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Fig. 6.9: The data-MC plots, showing the distribution of the invariant mass of the muon-
antimuon pair m,+,- and the missing transverse energy K1 in real and simulated
data, for the DY (Eq. (6.25)) and tt (Eq. (6.26))) selections.

Tab. 6.11: The 2016 detector data and MC data samples, which are used for the data-MC
comparisons. The integrated luminosity amounts to L = 36 b,

Short Name Sample Name dataMC
DoubleMuon_Run2016B_v2 /DoubleMuon/Run2016B-07Augl7_ver2-v1i/MINIAOD data
DoubleMuon_Run2016C /DoubleMuon/Run2016C-07Augl7-v1/MINIAOD data
DoubleMuon_Run2016D /DoubleMuon/Run2016D-07Augl7-v1/MINIAGD data
DoubleMuon_Run2016E /DoubleMuon/Run2016E-07Augl7-v1/MINIAOD data
DoubleMuon_Run2016F /DoubleMuon/Run2016F-07Augl7-v1/MINIAOD data
DoubleMuon_Run2016G /DoubleMuon/Run2016G-07Augl7-v1/MINIAGD data
DoubleMuon_Run2016H /DoubleMuon/Run2016H-07Augl7-v1/MINIAOD data
TTJets_DiLepton TTJets_DiLept_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 MC
TTJets_DiLepton_ext TTJets_DiLept_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 MC
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Chapter 7
Results

This chapter summarizes the results of the DeepLepton training model, that yields the best
performance, in terms of muon identification in the test data set. First, the model efficiencies in
MC data are presented. This includes discriminator shapes, ROC curves, as well as the signal
and background efficiencies dependent on selected event features (pr, 7, and the number of
vertices). The second part of this chapter treats comparisons of 2016 simulated MC data and
CMS detector data, in order to demonstrate the validity of the DeepLepton classifier for real
data. Alternative training models are discussed in Ch.

7.1 Performance in MC samples

In general, two separate pr regions are considered for the evaluation of the DeepLepton training
model in MC data. Muons in the range of 10 GeV < p1 < 25 GeV, are associated with a low-pp
region and muons with a pp > 25 GeV, are referred to as high-pp. Its worth to note, that the
training is performed, by using muons with a pt down to 5 GeV. However, the lower-limit of 10
GeV for the evaluation is chosen, for reasons of comparability with the TTV and TTH classifiers,
since these MVAs are trained on leptons with a pp > 10 GeV.

Different configurations are tested during development of the DeepLepton framework. The final
network architecture, with the best performance output among these tests, is shown in Fig.
Modifications towards the initial reference architecture (Fig. [6.3)), as described in Sec. are
the deployment of biLSTM units, instead of ordinary LSTM units, and the splitting of the FC
neural network. The intermediate vicinity features, which are represented by the outputs of the
biLSTM RNNs, and the global lepton features are initially processed in separate dense layers.
Afterwards, they are merged together and are fed into another final FC neural network. Instead
of the ReLU, the ELU is utilized as an activation function, for each layer within the neural
network, except from the biLSTM units, which use a special gating structure of sigmoid and

tanh functions (Fig. [5.5)).

Muons, from the tt sample in Tab. are used as a training data set. The lists of PF candidates
are sorted by a descending pr 11, while the order of the SVs is given by their total pp (Sec. .
Non-prompt leptons are chosen as a reference class for the reweighting of the training data, in
pr and 7, as explained in Sec. The training procedure is performed according to the

settings in Sec.

Fig. shows the distribution of the predicted prompt discriminator values for the different
classifiers in the tt test data set. The non-prompt and fake discriminator shapes of the DeepLepton
classifier are plotted in Fig.
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Fig. 7.1: The final network architecture of the DeepLepton neural network, which yields the
best performance in MC data.

The ROC curves are calculated, by means of the predicted discriminator values of the final
DeepLepton training model. In addition to this, the relating ROC curves, of the competitive
TTV and TTH MVAs, are computed. These curves are plotted as a reference, in order to assess
the performance of the DeepLepton classifier. The determined ROC plots in Fig. [7.4] show, that
the DeepLepton ID clearly has the potential to outperform the two other classifiers, which are
based on BDTs.

For a medium working point, with a signal efficiency of around 80%, DeepLepton results in an
improvement of the background efficiency, against the TTV and TTH approaches, of about 1-2%
for low-pr muons and 0.1-0.2% for the high-pr range. Whereas in case of a given background
efficiency, the increase in the signal efficiency amounts up to 4-5% for both pr regions. In general,
muon identification is much more difficult in the low-pt range, than for high-pr muons.

Signal and background efficiencies are plotted in bins of pr, n and the number of vertices Nyertex-
To this end, a fixed working point with an overall signal efficiency of 90 % is selected. The
resulting plots are used as a kind of quality check for the DeepLepton classifier. By means of the
distributions in the plots, it is proofed, if the performance of the training model is related to
different phase spaces of these three features. Since the efficiencies, achieved by the DeepLepton
classifier, are desired to be independent from pr, 7 and Nyertex, ideal efficiencies are supposed to
be represented by flat horizontal curves.
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Fig. 7.2: The prompt discriminator shapes of the DeepLepton (a)4(c) and TTV (b)+(d)
classifiers in separate pr regions. The plots show smooth shapes for both, DeepLepton
and TTV, but the DeepLepton shape has an abrupt decrease for high discriminator
values.

The efficiencies binned in 7, which are shown in Fig. are reasonably flat. Noticeable
dependencies just occur for high-pr muons in the endcap regions of the detector, with |n| > 2.0.
They are more significant for the TTH classifier.

Slight dependencies are displayed concerning the efficiencies, binned in Nyertex, towards higher
multiplicities in Fig. However, no considerable differences in the efficiency shapes of the
three competitors are observable.

An inconsistent picture becomes apparent for the signal and background efficiencies, dependent
on pr. Stronger dependencies characterize the the low-p region, until a rather flat plateau is
reached, above a muon pr > 50 GeV (Fig. [7.7a]). The decreased signal efficiencies in the low-pp
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Fig. 7.3: The non-prompt (a)-(b) and fake (c)-(d) discriminator shapes, resulting from the
final DeepLepton training model.

region can be explained by a difficult signal to background ratio and higher uncertainties in the
test data.

The trend versus pr of the DeepLepton signal efficiency in Fig. is a flatter than the
corresponding TTV and TTH graphs. Regarding the background efficiency, the conditions are
exactly vice versa. This behavior indicates, that for a certain working point with a given overall
signal efficiency, the DeepLepton classifier yields more equally distributed signal efficiencies in
the single pp bins, than the competitive BDTs, while it is the other way round, in terms of the
background efficiency. In order to understand this phenomenon in more detail, the evolution
of the discriminator cut value, dependent on the respective working point and the observed pr
range is investigated in Sec. [8.1.5
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Fig. 7.4: The DeepLepton ROC curves, relating to the reference (labeled as “initial” in the plots)
and the final network architecture, in comparison with the TT'V and TTH BDTs. The
DeepLepton classifier significantly improves the signal (prompt) muon identification in
the test data sample, against the two other competitive IDs.
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Fig. 7.5: The signal and background efficiencies, binned in 1. The DeepLepton classifier, as
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Fig. 7.7: The signal and background efficiencies, binned in pp. The left plot shows lower signal
efficiencies in the low-pt range and reasonable flat dependencies for a muon pt > 50
GeV. Unlike trends of the DeepLepton efficiencies, compared to TTV and TTH, are
observable in the right plot.
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7.2 Data-MC comparisons

The validity of the DeepLepton training model in real detector data, is shown by data-MC
comparisons. The utilized samples, from the 2016 detector and MC data, are listed in Tab.
Comparisons are made for opposite charged dimuon final state events, which are obtained via
the “Tag & Probe” method, according to Sec. In this case, events, based on DY and tt
processes, are treated separately, by applying appropriate selection criteria on the invariant mass
of the muon-antimuon pair mu+ o (Eq. (]m[) and m The corresponding data-MC plots,
with the distribution m,+,- in the DY and tt selection, are shown in Fig. - and -
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Fig. 7.8: The data-MC plots of selected muon input training features. Most of the training
variables are represented appropriately by the MC data samples (a)-(d). However,
(e) and (f) show disagreement and are therefore excluded from the final training of
the DeepLepton classifier.

Firstly, data-MC plots are produced for the input training features of the DeepLepton classifier
(Tab. and Tab. [6.6). By means of these plots, it is checked, if the MC data adequately
describes the distribution of the respective variables in real detector data. It turned out, that
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most of the lepton features are modeled very well, in particular: the lepton pr, the significance
of d3p, or the local position x?, as well as the isolation variables (Fig. 7.8 (a)-(d)). However,
data-MC comparisons, of the error of the impact parameters d,, and d., which are plotted in
Fig.[7.§| (e) and (f), are revealing some shifted distributions. Thus, the uncertainty of d, and d,
are excluded from the list of the training input features. A full set of the data-MC plots, related
to the training features, is in the Appendix.

Concerning the vicinity features, sufficient congruities between the 2016 detector and MC data
can be observed for the charged PF candidates and the SVs. Some shift occurs for the multiplicity
of the photons. The respective plots are shown in (Fig. [7.9]and [7.10]). Altogether, the distribution
of the training features in real data, is represented sufficiently well.
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Fig. 7.9: The data-MC plots of charged PF candidate species.

Secondly, global event features are examined. The pr of the leading and the subleading jet, the
Kt and its distribution in ¢, and the jet and vertex multiplicity, Njets and Nyertex, are shown in
Fig. Again, no significant discrepancies between the real and simulated data samples are
observed.
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Fig. 7.10: The data-MC plots of neutral PF candidate species and the SVs.

Finally, the DeepLepton training model is deployed on the full events of the detector data. The
resulting discriminator shapes are compared with the ones, that could be achieved in MC data
(Fig. . Due to the adequate agreement between detector and simulated data, a similar
performance of the DeepLepton classifier is expected for the real data. Future scale factor
measurements will quantify the residual discrepancy.
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Fig. 7.11: The data-MC plots of the global event features.
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7 Results

Fig. 7.12: The prompt discriminator shapes for “Tag & Probe” muons in data-MC comparisons.
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Chapter 8

Discussion

8.1 Results for different network configurations

In the following the milestones in the development of the DeepLepton training model, as well as
tests of alternative training models are discussed. This includes tests of various network architec-
tures, the estimation of the contribution of the low-level vicinity features to the performance of
the DeepLepton classifier, the evolution of the discriminator cut value, a check for overfitting, as
well as the performance of the training model in different test data samples.

8.1.1 The DeepLepton architectures

The development of the network architecture of the DeepLepton classifier has been an ongoing
process, during the experimental part of this master thesis. Earlier approaches are closely
related to the architecture, which is used in the DeepJet framework [6] and refer to the reference
architecture (Fig. [6.3)), as described in Sec. Modifications of this reference model are tested
as well. Improvements of the performance are achieved by the biLSTM units, as well as by an
alteration of the FC neural network. As already mentioned in Sec. [7.1] separate dense layers
are applied for the lepton features and the vicinity features, before both fractions are processed
together within a final FC neural network (Fig. [7.1)).

On the one hand, the network model seems to benefit from the bidirectional processing of the
inputs, which are fed into the biLSTM units (Fig. . On the other hand, the splitting of FC
neural network enables to slightly improve the efficiencies in terms of high-pp muons (Fig. .
No significant improvements can be observed in the low-p region, in these modifications.

Attempts to modify the CNN part of the architecture do not yield any performance improvements.
The application of pooling layers, which are a very common tool inside CNNs, results in a
performance reduction (Fig. . The task of the pooling layers in a CNN is to downsize the
data, so as to enable the learning of high-level features. However, in case of the DeepLepton
classifier, the CNN is used to processes sequential PF candidates and SVs via 1 x 1 convolutional
layers. This means, that only one PF candidate is considered at a time [110]. Hence, useful
information gets lost by applying pooling layers, and the DNN performs worse than without the
pooling layers.

In principle, the LSTM units can handle the input data without applying the convolutional
layers at all. But the 1D CNN ensures that the same transformation is applied to each PF
candidate [110]. Tests without the CNN surprisingly yield a performance boost (Fig. [3.2b)), but
show bumpy discriminator shapes, which are not desirable (Fig. . Nevertheless, there seems
to be still potential for an improvement of the efficiencies.



90 8 Discussion

CMS Private Simulation tt events (2016) CMS Private Simulation tt events (2016)
training info: T events, muons (p,>5GeV) - biLSTM training info: t events, muons (p;>5GeV) - split dense layers

1: loose ID muans

Ep >25GeV. -~

1: loose ID muans

Ep_>25GeV P =

=

signal efficiency
o
w
w

signal efficiency
(=]
w
w

bt
o

0.85

N

TTH
T

TTH
™

0.8/

0.85
08 / L
v DespLepten initial ¥ DeeplLepton initial
& —— Daeplepton BLSTM & —— DespLepton split
0.751- 0.75 1%
0.7} 0.7F
0.65F 0.651
0.6C 06"
-2 -1 -2 -1
1o 10 background effir:.iency1 10 10 background elficienc:y1
(a) biLSTM units (b) split dense layers
Fig. 8.1: Dense layer and RNN architecture tests.
CMS Private Simulation tl events (2016) CMS Private Simulation tt events (2016)
training info: T events, muans (p.>5GeV) - pooling layers training info: t events, muons (p;>5GeV) - no CNN
% 1; loose ID muons ! g 1; loose ID muons | | :
] Ep_>25GeV 2 Cp_>25GeV : e
% 095—-T % 0.95-T e
| E | E :
& [ 5 [ /
3 09fF @ 0.9¢
0.85— 0.85—
C TTH r T™H
I TV TV
0.8 DaeplLepton initial 0.8 77 DeeplLepton initial
—— Daeplepton pooling ; —— DeepLapton ioCNN
0.75 T-: 0.75/-
0.7F 0.7F
0.651 0.651
0.6 0t
2 -1 2 -1
1 10 background effi\::iency‘I 10 10 background elfit:iency‘I
(a) additional pooling layers in the CNN (b) no CNN at all

Fig. 8.2: The training model tests, concerning an alternative and an omitted CNN architecture.
Additional pooling layers do not yield a performance gain (a), while a potential for
further improvements is revealed by the omission of the convolutional layers (b).

8.1.2 Impact of the vicinity features

A training model, using solely the global lepton features, is considered, in order to estimate
the contribution of the vicinity features to the performance of the DeepLepton classifier. Two
separate models are tested. One model makes use of all global lepton features, which are applied
in DeepLepton. Another model uses those features that are also deployed for the training of
the TTV and TTH BDTs. The former model performs similar to the 77V MVA (Fig. ,
whereas the latter model covers the performance of the TTH MVA (Fig. . Moreover, there
are only slight differences noticeable between the two models for high-pt muons.

The majority of the lepton information is apparently already covered by features utilized in
the TTV training. Reproducing the competing MVAs in this way ensures that the training of
DeepLepton is close to optimal. Most of the performance gain of the DeepLepton classifier derives
from the low-level vicinity features that are included additionally.
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without CNNs.
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Fig. 8.4: Training tests using only the global lepton features.

8.1.3 Dependence on the activation function

A further small gain in performance results from the usage of the ELU and SELU activation
functions, in comparison to the ReLU (Fig. . In contrast to the ReLLU, the ELU is able
to output negative values. Therefore, it do not suffer immediately from the dying ReLU
problem [129], where nodes stop responding to the neural network, because of a vanishing
gradient (Sec.[5.2.1). The SELU activation function is a slight modification of the ELU [161].

Both, ELU and SELU yield nearly identically results (Fig. . The SELU has slight advantages
for tighter working points, while the ELU is marginally more qualified for loose working points.
Because of technical issues in the deployment of the SELU, the ELU is selected for the final
configuration of the training model.
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Fig. 8.5: The comparison of different activation functions. Marginal improvements can be
achieved by the usage of the ELU and SELU, against the ReLU.

8.1.4 Training loss and overfitting

In general, dropout (0.5) [125] is applied as a generalization tool, in order to prevent the
DeepLepton neural network from overfitting.

Furthermore, the evolution of the training and validation loss over the epochs, is monitored
during the training procedure. Overfitting can be recognized at an early stage, if the validation
loss starts to increase, whereas the training loss continues to decrease. Regarding the DeepLepton
network training, a converging training and validation loss can be observed. A graph of the two
losses, as well as of the tuning of the learning rate, during the DeepLepton network training, is

shown in Fig.

In contrast to the validation set, the test data set is applied to evaluate the training model
afterwards. At this stage, overfitting can be identified, by a training model, that performs worse
on the test sample, than on the training sample. The ROC curves of the DeepLepton classifier,
evaluated on the training data set, are plotted in Fig. [8.7 A comparison with the results of
the evaluation on the test data set in Fig. [7.4] reveals a very similar performance. Thus, no
indication of overfitting can be found in the DeepLepton classifier training.

8.1.5 Evolution of the discriminator cut value

The pr dependence of the optimal DeepLepton discriminator cut value is studied in more detail
in order to understand the dependencies in pt which are presented in Sec. ROC curves for
different pr ranges are calculated with a color-encoded representation of the discriminator cut
values corresponding to the respective working points in the ROC curve. This complements

Fig.

For the TTV classifier a discriminator cut that depends on pr flattens the background efficiencies
(Fig. [8.8a)). The optimal discriminator cut value to achieve a given background efficiency is found
to be rather stable in pr, whereas it is pp dependent in terms of a given signal efficiency.

The working point dependent evolution of the discriminator cut values of the DeepLepton classifier
in the various pr ranges is shown in (Fig. [8.8b]). This classifier provides a more hybrid behavior.
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Fig. 8.6: The evolution of the training and validation loss in the DeepLepton neural network.
The utilized neural network API Keras [164] splits the data set which is intended
for the network training into two subsets: one real training data set (85%) and one
validation data set (15%). The training data set serves as the input data for the neural
network, while the validation data set is utilized solely for the validation of the network
model, during the training procedure. The learning rate is adjusted after five epochs
of no progress which accounts for the spikes in the validation loss.

The discriminator cut value slightly varies with pr, either for a given background efficiency, or
for a given signal efficiency. Hence, it is less stable when compared to the TTV BDT. However,
the DeepLepton classifier gives a higher performance in muon classification. Applying two cut
values for the low-pt and the high-pt region can easily overcome the residual dependence.

8.1.6 Tests on reference and output classes

Usually the non-prompt muons are used as a reference class for the reweighting in pr and 7 of
the training input data (Sec. . An alternative test training model, where the reference
class is set to the prompt muons, gives a worse performance (Fig. . Furthermore, it becomes
apparent, that extremely high discriminator cut values have to be chosen, in order reach sensible
working points (Fig. . Such a behavior is undesirable. Thus, the selection, of non-prompt
muons as a reference class, is considered to be more beneficial regarding both, the performance
of the training model and the evolution of the discriminator cut value.

A balanced signal (prompt leptons) to background (non-prompt or fake leptons) ratio is considered
for the DeepLepton training data (Eq. ) However, strictly speaking, a balanced ratio of
all trained output classes, would be ideal, in terms of a multiclassification task. Adjusting the
lepton multiplicity, of each class, to the level of the limiting class of fake muons, would involve a
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Fig. 8.8: The evolution of the discriminator cut value in the DeepLepton and TTYV classifiers,
dependent on different working points and pr selections.

tremendous reduction of the amount of training data. Hence, a simplified training model with
only two output classes is tested, where the non-prompt and fake muons are merged into a single
background class, referred to as not-prompt. This ensures a balanced ratio of the output classes,
without loosing any training data.

This simplification yields a slightly worse performance of the training model for loose working

points in both, the high-pp (Fig. [8.10a)) and the low-pr region (Fig. |8.10b). Thus, merging
non-prompt, but real muons, together with fake muons is not completely satisfying.

8.1.7 Dependence on training and test samples

Regarding the evaluation of the DeepLepton training model on a test data set, the main question
is sample dependence. It is furthermore interesting, how a classifier that is trained on certain
MC samples performs on other MC samples.



8.1 Results for different network configurations

95

CMS Private Simulation
training info: T events, muons (p,>5GeV) - biLSTM, split dense layers, elu, prompt

tt events (2016)

1 loose IC

muons
p_> 25 GeV

sig eff

V.

signal efficiency
o
w
w

bt
o

o
o
A

b
o

0.75

TTH
™

—— DaepLepton final

~— Daepleplon prompt

0.7

0.65

0.6

10

(a) high-pr ROC

background effir:.iency1

CMS Private Simulation
training info: t events, muons (p;>5GeV) - biLSTM, split dense layers, elu, prompt
T T ]

tt events (2016 MC data)

0.95

1: loose IC
 DeeplLe;

e

-

—

/ Wor Tegend

N,

/.

Sx>00 - x>002
= x=004 -x>006
- x>008 «x=01

0.9

2

0.85

N

N\

«x=012 -x>014
- x>0.16 -x>0.18
«x=02  .x>022
= x=024 -x>026

N

0.8

-x>028 -x=03
x =032 x=>0.34
x>038 - x>0.38
x>04 x>042

0.75

e

AN

x>044 - x>046
x>048 - x>05

x>052 - x>054
x>056 = x>0.58

0.7

x>0.6 x>0.62
x>064 - x>0866
x>0.68 x=07

x>072  x>074
x>076  x>078
x=08 x>082
x>0.84 - x>0.B86

0.65

TT T T T T T T [ T T T[T T TR T T T T[T T T T [TTTT

0.6

x>088 -x>09
x>092 «x>084
= x>096 -x>098
[

10

107

bkg eﬂ1

(b) color-encoded ROC curves

Fig. 8.9: The selection, of prompt muons as a reference class for the pr and n reweighting
during the training, downgrades the performance of the DeepLepton classifier (a). The
color-encoded evolution of the discriminator cut value, in different pr selections, is

shifted towards very high values (b).

CMS Private Simulation
training info: tf events, muons (pT >5GeV) - biLSTM, split dense layers, elu, simple classes

tt events (2016)

1

I loose IC
Ep. > 25

muo
GeV

e
©
o

5

signal efficiency

signal efficiency
o
w
(5

=4
w0

o
o
<

TTH
T

0.75

0.65

o €

14 =}

o w0
II\\\III\\\I\I\\N\\I\\\\\

—— DeepLepton final
= Deepleplon Zoutput
0.75
0.7
065
0.6
10

Fig. 8.10: A training with just two output classes
performance in the ROC curves.

(a) high-pr

background eﬁiciency1

CMS Private Simulation
training info: tf events, muons (pT >5 GeV) - biLSTM, split dense layers, elu, simple classes

tt events (2016)

1 I loose IC

F 10 GeV

/7

o
0

/

4
[

TTH
™
—— DeeplLepton final

—— Deepleplon Zoutput

0.7

06

107

(b) low-pr

background eﬂiciency1

(prompt and not-prompt) yields worse

To this end a “matrix comparison” is made. Three different samples are considered: the DY+QCD
sample (according to Tab. , the tt sample (as given in Tab. , and a combination of these
two samples. Each sample is split into a training (80%) and an independent test data set (20%).
Then, three separate classifiers (one per training sample) are trained, with the final DeepLepton
network architecture, according to Ch.[7] However, muons with a pp higher than 15 GeV, instead
of 5 GeV, are considered for these training procedures. The matrix comparison, for muons in the
low-pr range, is shown in Fig. [811]

Firstly, the training on the DY+QCD sample yields reasonable results for the DY+QCD and the
combined test sample when compared to TTV and TTH. In contrast, its performance in the
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Fig. 8.11: Matrix comparison for the low-pp range. Training models, based on different training
samples, are evaluated on different test data samples.

tt test sample is moderate. Good performance is obtained for tight working points, but weak
performance is observed for loose working points.

Secondly, the DeepLepton classifier, that is based on the tt training sample, provides good results
for all three test samples when compared to TTV and TTH. It even outperforms the DeepLepton
classifier that is trained on the DY+QCD training sample.

Thirdly, the combination of the DY+QCD and the tt training samples can further improve the
performances in the test samples, except for the tt test sample. In the latter case, the classifier
still outperforms the TTV and TTH approaches, but yields worse results, compared to the
DeepLepton classifier, that is trained solely on the tt sample. Increasing the training data set
by adding muons from the DY and QCD processes seems to have counterproductive effects, in
terms of muon identification in the tt test sample.

The incompatibility between the DY+QCD and the tt samples becomes even more distinct
in the matrix comparison for the high-pt muons, which can be found in the appendix. One
reason might be, that the QCD samples with cross sections, that are varying over a large order
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of magnitudes, from sample to sample, are not optimal for the learning process in the neural
network training, since they are binned in pp (Tab. [6.1]).

8.2 Challenges of the training and outlook

One problem, that appeared in initial training attempts was an oscillating validation loss and
validation accuracy, over the epochs in the training procedure. This issue could be overcome,
by adjusting the model hyper-parameters, like the learning rate (0.001), momentum (0.2) and
dropout (0.5), as well as by limiting the number of PF candidates per species fore each lepton
(Fig.[6.4). The latter measure is inspired by [110].

Another point is the necessity of cutting at extremely high discriminator values, in order to
achieve sensible working points. This problem occurs, when prompt muons are selected as a
reference class for the pr and 7 reweighting of the training data. It does not occur when the
non-prompt muons are the reference class (Sec. .

Ongoing studies at the HEPHY in the work group of Robert Schofbeck et al., are currently
addressing the training and evaluation of the DeepLepton framework on electrons, as well as for
2017 and 2018 data, to complete the picture of this novel lepton ID. Furthermore, scale factor
measurements have to be done, as a future task, to asses the performance of the DeepLepton
classifier in real data.

Whether the potential of the DeepLepton classifier is already fully exploited or not, is one of
the open questions, that arise for this master thesis. As discussed in Sec. there might
be still potential for a small performance gain by further optimizing the network architecture.
The implementation of conceptually new network types is a topic for future work. An example
could be the usage of GNNs from geometric deep learning [154] in order to learn the geometric
structure and substructure of particles in the vicinity of the lepton.



Chapter 9
Conclusion

In this work, I developed, described and evaluated the novel classification algorithm DeepLepton.
Earlier lepton ID criteria only take into account the high-level features of the lepton. In contrast,
I also include the particles in the vicinity of leptons, inspired by the DeepJet framework [6].
Various features of the particle candidates and the secondary vertices in the vicinity of the lepton
are considered as additional input for the network. It is found that the inclusion of the particle
activity provides a significant performance boost when compared to existing lepton identification
algorithms.

DeepLepton is the first approach for lepton identification that utilizes advanced deep learning
techniques. The architecture of the DeepLepton neural network consists of CNNs, biLSTM units,
as well as FC neural networks. Different architecture configurations and model settings are tested
in order to adapt and refine the training model.

First results of the DeepLepton classifier in simulated data yield a promising performance for muon
identification. Considering working points with a signal efficiency of around 80%, DeepLepton
achieves an improvement of the background efficiency of about 1-2% for low-pr muons (10 GeV
< pr < 25 GeV) and 0.1-0.2% for high-pp mouns (py > 25 Gev) when compared to existing
multivariate identification criteria. For a background efficiency in the range of 1-3%, values
frequently used in data analysis, the increase in the signal efficiency amounts up to 4-5% for
both pr regions and the performance gain even multiplies when final states with higher muon
multiplicity are considered. DeepLepton thus provides a corner stone for the quality of many
future data analysis with the CMS experiment.
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Appendix A

Input training data

A.1 Muon features
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Fig. A.3: The muon features, which are selected for the training of the DeepLepton classifier.
Muons from various tt MC samples, with a pr > 5GeV and a I (AR < 0.3) < 0.5,
are considered for the training data.



108

A Input training data

A.2 Vicinity features
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Data-MC comparisons in the DY selection
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B.3: Data-MC comparisons of input training features of probe muons in the DY selection.
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Fig. B.6: Data-MC comparisons of input training features of tag muons in the DY selection.
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Fig. B.7: Data-MC comparisons of global event features in the DY selection.
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B.4 Discriminator shapes
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Fig. B.8: Data-MC comparisons of the discriminator shapes in the DY selection.
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Data-MC comparisons in the tt selection

C.1 Training features
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Fig. C.3: Data-MC comparisons of input training features of probe muons in the tt selection.
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Fig. C.6: Data-MC comparisons of input training features of tag muons in the tt selection.



C.3 Global event features

123

C.3 Global event features

Number of Events

b4 h
T

Data/MC

CMS Preliminary L=35.8 fb ' (13 TeV) Scale -1.00
T T T

inary L=35.8 fb " (13 TeV) Scale -1.00

T T T
fi(2l) = DY
1f(11) —»— DoubleMuon (Run2016)

Fig. C.7: Data-MC comparisons of global event features in the tt selection.
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C Data-MC comparisons in the tt selection

C.4 Discriminator shapes
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Fig. C.8: Data-MC comparisons of the discriminator shapes in the tt selection.
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Appendix D

Matrix Comparison
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Fig. D.1: Matrix comparison for the high-pr range. Training models, based on different training
samples, are evaluated on different test data samples. The incompatibility between
the DY+QCD and the tt samples becomes apparent in these comparisons.
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