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Abstract

This thesis is concerned with the search for lepton-flavour-violating processes. The electron-
muon final state is studied in 2015 CMS data with an integrated luminosity of 2.7 fb−1 of
proton-proton collisions at a centre-of-mass energy of 13 TeV. In this search no evidence
for physics beyond the standard model is observed in the invariant electron-muon mass
spectrum. Upper limits on the cross section times branching ratio have been set on sev-
eral theories extending the standard model and predicting charged lepton flavour violation.
Scenarios of resonant tau sneutrino production in R-parity violating supersymmetry are ex-
cluded for masses below 1.0 TeV for couplings λ132 = λ231 = λ′311 = 0.01 and below 3.3 TeV
for λ132 = λ231 = λ′311 = 0.2. In the context of the sequential standard model, a heavy gauge
boson Z ′ with mass below 3.3 TeV is excluded. The observed invariant mass spectrum is
also interpreted in terms of the non-resonant signal of quantum black hole production in
models with extra dimensions. The observed exclusion limits range from 2.5 TeV for one
extra dimension to 4.5 TeV for six extra dimensions. All limits are set at 95 % confidence
level.

Zusammenfassung

Diese Masterarbeit beschäftigt sich mit der Suche nach leptonzahlverletzenden Prozessen.
Der zu untersuchende Endzustand besteht aus einem Elektron und einem Myon und wird
in CMS Daten aus 2015 mit einer integrierten Luminosität von 2.7 fb−1 von Protonenkolli-
sionen bei einer Schwerpunktsenergie von 13 TeV analysiert. In dieser Suche wurde kein
Hinweis auf neue Physik im Spektrum der invarianten Massenverteilung des Paares aus
selektierten Elektronen und Myonen gefunden. Ausschlussgrenzen auf das Produkt von
Wirkungsquerschnitt und Verzweigungsverhältnis wurden für mehrere Theorien, die das
Standard Model erweitern und Leptonzahlverletzung mit geladenen Leptonen erlauben,
bestimmt. Für Szenarien, in denen die resonante Produktion von einem Tau-Sneutrino in
supersymmetrischen Modellen mit R-paritätsverletzenden Prozessen eine Rolle spielt, wer-
den Massen des tau sneutrino von unter 1.0 TeV für Kopplungen von λ132 = λ231 = λ′311 =
0.01 und unter 3.3 TeV für λ132 = λ231 = λ′311 = 0.2 ausgeschlossen. Im Kontext des Se-
quentiellen Standardmodells werden Massen eines neuen und schweren Eichbosons Z ′ von
unter 3.3 TeV ausgeschlossen. Die beobachtete invariante Massenverteilung wird desweit-
eren in Bezug auf die nicht resonante Produktion von Schwarzen Quantenlöchern in Mod-
ellen mit zusätzlichen Raumdimensionen untersucht. Die beobachteten Ausschlussgrenzen
reichen von 2.5 TeV für eine zusätzliche Raumdimension bis zu 4.5 TeV für sechs zusätzliche
Raumdimensionen. Alle Ausschlussgrenzen wurden mit einem Konfidenzniveau von 95 %
bestimmt.
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1

1 Introduction

Since the beginning of modern physics at the end of the 19th century, physicists are driven
by the challenge to find a fundamental theory to describe all known elementary particles
and their interactions. During this period our picture of nature has changed along with the
discovery of new particles. In 1897, J.J. Thomson measured the ratio of charge and mass
of the electron. The antiparticle of the electron, called positron, as well as the muon were
discovered using cosmic rays in the 1930s. The properties of the photon have been exam-
ined by looking at the photoeffect in 1905 and the Compton effect in 1922. The existence
of neutrinos was postulated in 1930 by Pauli who studied the spectrum of the β-decay of a
neutron. In 1956, for the first time an electron antineutrino was observed. In the 1960s, it
has been proposed that the nucleons are made of partons. Two partons, namely the u- and
d-quark were subsequently detected. As the energy rose in collider experiment, the heavier
quarks were observed as well, ending with the top-quark in 1995 at the Tevatron. The mas-
sive gauge bosons were spotted the first time in 1983 at the proton-antiproton accelerator
SPS at CERN. The particle most recently discovered is the Higgs boson in 2012 at the LHC.
The best approach to describe all those known particles and their interactions until today is
the standard model of particle physics. The standard model has passed many experimen-
tal precision tests since its finalization in the 1970s. However, there are theoretical aspects
and experimental evidences suggesting that the description of the standard model is not
complete. This search is part of the ongoing quest for physics beyond the standard model
anticipating that the end of the road of discoveries is not yet reached.

The absence of flavour changing neutral currents in the standard model opens a search
window for new physics. There are several extensions of the standard model that include
such currents realized by heavy, neutral particles which are allowed to decay via a lepton-
flavour-violating process into a pair of standard model particles. In this thesis, three dif-
ferent models are studied. The R-parity-violating supersymmetry model predicts a neutral
tau sneutrino that can decay into an electron-muon pair. In the context of the sequential
standard model an additional gauge boson called Z ′ is allowed to decay into eµ. The third
category of models that is studied consists of theories introducing extra dimensions. In these
theories quantum black holes can be produced and decay into an electron-muon pair.

The Large Hadron Collider at CERN provides an excellent environment to perform a
search for new physics in high energy collisions. Events of proton-proton collisions recorded
by the CMS detector in 2015 at a centre-of-mass energy of 13 TeV are analysed. The amount
of recorded data sums up to an integrated luminosity of 2.7 fb−1. In this thesis events with
a highly energetic electron-muon pair are selected.

This search for lepton-flavour-violating processes is complemented by numerous direct
and indirect searches. At the LHC several direct searches have been performed. The ATLAS
collaboration has looked into the electron-muon channel at a centre-of-mass energy of 7 TeV
[1], 8 TeV [2] and 13 TeV [3]. This search with the CMS detector has a predecessor at 8 TeV [4].
Indirect searches also looking for lepton-flavour-violating processes have been performed
for example by the SINDRUM [5], COMET [6] and DeeMe [7] collaborations.

This thesis is structured as follows. First, the theoretical basics of this analysis are pre-
sented beginning with the standard model. Processes predicted by the standard model con-
stitute the background of this analysis. Theories extending the standard model, such as
R-parity-violating supersymmetry, the sequential standard model and models introducing
extra dimensions, are discussed in section 2. Section 3 introduces the experimental setup
consisting of the circular collider LHC and the detector CMS. Afterwards, the electron and
the muon and how they are reconstructed and identified are discussed in section 4. The de-
tails of the analysis are presented in section 5 which deals with the data and simulated sam-
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ples in this analysis. The selection criteria are listed and the standard model backgrounds
are discussed. The evaluation of the systematic uncertainties is also part of section 5. The
results of the analysis are described in section 6. The statistical interpretation of the results,
which consists of setting limits for the signal models, is the topic of section 7. Addition-
ally, a comparison of this search with other direct searches at collider experiments as well
as a comparison with indirect low-energy experiments is provided. Finally, section 8 gives
a conclusion of this thesis. Conventions concerning notation and units that are used in this
analysis are listed in section A.1.
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2 Theory

This section is concerned with a brief introduction of the general concepts of quantum field
theory. The topic of quantum field theory is more thoroughly discussed in reference [8].
One example of a quantum field theory which is of utmost importance for this analysis is
the standard model of particle physics (SM). The fundamental principles of the standard
model are discussed in section 2.1. The focus lies on topics that are directly connected to the
analysis of this search. Furthermore, this section deals briefly with the question why there is
no flavour-changing neutral current (FCNC) in the SM. This is followed by a discussion of
theoretical problems within the standard model and the latest experimental evidence that is
not compatible with the predictions of the standard model. This leads us to theories which
extend the standard model of particle physics, often called beyond standard model (BSM)
physics (section 2.2). Naturally, these theories intend to solve the apparent difficulties of
the standard model. In sections 2.2.1, 2.2.2 and 2.2.3 we focus on the theoretical models
that are studied in this analysis, namely R-parity-violating supersymmetry (RPV-SUSY), the
sequential standard model (SSM) and extra dimensions. Those contents of this section that
are more focused on theoretical issues are mostly based on references [9; 10]. References [11;
12; 13] provide the foundation of those parts of this section that are more directed towards
experimental particle physics.

2.1 Standard Model of Particle Physics

The standard model of particle physics offers a unification of the theory of special relativity
and quantum mechanics. Quantum field theories, like the standard model, tell us about
quantum fields which are in the interpretation of particle physics the elementary particles
of nature. The standard model describes the currently known elementary particles and their
interactions except gravity. The particle content of the standard model is shown in figure
2.1. This content can be divided in two categories, matter particles and force carriers.

All the matter particles have spin 1
2

1 and are therefore called fermions. The fundamental
interactions, being the electromagnetic, weak and strong interactions, are mediated by force
carriers which have spin 1 and are therefore called bosons. Additionally the Higgs boson
enters the game, which has spin 0 according to today’s knowledge.

The standard model is a so-called gauge theory. That means that there is a certain degree
of freedom within the theory. This degree of freedom manifests itself in gauge symmetries.
Gauge symmetries indicate that the theory is invariant under a certain set of local and con-
tinuous transformations. That implies that the physical predictions of the theory do not
change if a gauge transformation is applied. This is called gauge invariance of the theory
with respect to model-dependent gauge transformations. Gauge invariance is a fundamen-
tal requirement in gauge theories and a powerful tool to narrow down the theory to the
processes that are consistent with gauge invariance. The gauge group 2 of the standard
model is SU(3) × SU(2) × U(1). These gauge symmetries are closely related to the force
carriers of the standard model by group theoretical aspects. This is why the force carriers
are often called gauge bosons.

The SU(3) is the gauge group of quantum chromo dynamics (QCD) or strong interaction.
The gauge bosons of QCD are called gluons, which are massless. In total there are 8 gluons,
which can be derived from group theory [10]. They couple only to particles carrying colour
charge, i.e. to themselves and to only a subset of the matter particles, called quarks. Gluons
do not interact with leptons since they are not colour-charged.

1In this thesis natural units are used as discussed in section A.1.
2One can find the link between groups and symmetries in reference [15].
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Figure 2.1: Particle content of the standard model showing the matter particles with spin 1/2, called
fermions, the gauge bosons with spin 1 and the Higgs boson with spin 0. The fermions are divided
into leptons and quarks. Properties such as mass, spin and charge of the standard model particles
are listed. [14]

The SU(2) × U(1) forms the gauge group of the electroweak theory, which unifies the
electromagnetic and weak force. The mediators of the electroweak force are the W± and
Z boson as well as the photon. The photon couples to all particles with electric charge,
whereas the W and Z bosons couple to all fermions as well as to each other. The unification
of electromagnetism and the weak sector goes back to the physicists Glashow, Weinberg and
Salam [16; 17].

The particle that was experimentally discovered most recently is the Higgs boson [18].
This particle emerges from the theoretical idea of spontaneous symmetry breaking of the
electroweak gauge group. This idea goes back to the physicists Brout, Englert and Higgs [19;
20]. Thanks to symmetry breaking it is - inside the standard model - theoretically allowed
to give masses to fermions as well as to the W and Z bosons. The Higgs boson is the only
particle with spin 0 in the standard model [21].

Other properties of the standard model, such as the renormalizability or the perturbative
structure, are briefly discussed in the following.

A perturbative theory, in general, denotes the fact that one knows that a certain physical
theory is easy to solve in a simplified version but the solution of the full theory is very hard to
obtain. Now the assumption is that there is an expansion parameterαwhich defines a power
series giving in the limit of infinite power in α the physics of the full theory. As long as the
expansion parameter is small enough, this procedure works well. By calculating each term
corresponding to a power in α theoreticians hope to decrease the difference with respect to
the full theory. The terms corresponding to the growing number of orders in α is denoted as
leading order (LO), next-to-leading order (NLO) and so on. Feynman graphs present a way
to visualize the technique. Each power term is associated with a set of Feynman diagrams.
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The complete theoretical prediction is then given by summing up all graphs according to
the Feynman rules.

Renormalizability is a feature which tells us that the divergences appearing in our model
can be handled. For example, if the perturbation series contains divergent integrals, these
can be compensated by divergent bare quantities which are not measurable. This bare quan-
tity is connected to the physical quantity. An example of this procedure is the Higgs mass
which can be measured in an experiment. This measurable quantity is composed of an un-
physical Higgs bare mass and quantum loop corrections (see section 2.2).

From a theoretical point of view perturbative structure and renormalizability of a model
are often seen as a necessity to construct a meaningful and consistent theory of particle
physics. This is why they are usually also imposed on theories extending the standard
model. The enthusiastic reader can look into [8] to get some more insights.

In the context of quantum field theories the particle fields and their interactions can be
expressed by the Lagrangian. The Lagrangian has to be gauge invariant, renormalizable
and Lorentz-invariant. The gauge invariance is discussed above and mainly motivated by
experimental evidence. Renormalizability is required due to the theoretical advantages dis-
cussed above. The Lorentz invariance is imposed because of Einstein’s postulates of relativ-
ity. Given the Lagrangian, one can calculate for example processes like particle collisions.
Those processes are studied intensively by the experiments at the LHC. Figure 2.2 presents
high precision measurements of production cross sections of standard model processes. For
comparison, the theoretical expectation is shown. It is remarkable, how good the agreement
of the measurements with the theoretical expectation is over such a large range of 8 orders
of magnitude in cross section. One gets a feeling why the standard model is supposed to be

Figure 2.2: Comparison of CMS measurements studying standard model processes with their the-
oretical prediction. The horizontal axis shows many different processes covering electroweak pro-
cesses from Diboson production to Higgs physics. The agreement of measurement and expectation
over a range of 8 orders of magnitude in cross section is remarkable. [22]
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the best-tested physical theory of all time.
For this analysis, one important aspect of the standard model is the electroweak sector

since we are dealing with electrons and muons in the final state. It is also worth mentioning
what kind of processes are forbidden in the electroweak sector. This analysis focuses on
flavour violating processes and tries to answer the question why there is no FCNC in the
standard model. In the environment of a hadron collider, such as the LHC, quantum chromo
dynamics also deserves some considerations since the initial state consists of quarks and
gluons. In order to dive into the formalism, the notation conventions have to be fixed. They
are listed in section A.1.

2.1.1 Electroweak Theory

The electroweak theory is given by the Lagrangian

LEW = −1
4
F aµνF

a,µν − 1
4
F 1
µνF

1,µν︸ ︷︷ ︸
LG

+ Ψ̄i /DΨ︸ ︷︷ ︸
LF

−GijΨ̄iψ
d
jΦ + G̃ijΨ̄iψ

u
j Φ + h.c.︸ ︷︷ ︸

LY

+ |DµΦ|2 − V (Φ)︸ ︷︷ ︸
LH

.

(2.1)
The gauge term LG represents the self-interactions of the gauge bosons (W±, Z and γ). LF
denotes the kinetic term, where the coupling of fermions to the gauge bosons as well as their
kinematic term are contained. The fermions are denoted by the fields Ψ. The Yukawa term
LY gives the interaction of the fermions, leptons and quarks, with the Higgs boson. LH
gives the Higgs term and its potential V (Φ), where Φ denotes the Higgs field. We have to
dig a little bit deeper to be able to discuss peculiarities like FCNC. We start with the gauge
term LG. First, we state what is meant by the field strength tensor F 1/a

µν

F 1
µν = ∂µBν − ∂νBµ
F aµν = ∂µW

a
ν − ∂νW a

µ + g2ε
abcW b

µW
c
ν , a = 2, 3, 4. (2.2)

The fields W a and B denote the electroweak gauge fields and g1 and g2 are the correspond-
ing gauge couplings. The fields of the photon, the W and Z bosons are linear combinations
of these fields. In the Higgs term the abbreviation of the covariant derivative Dµ is defined
by

Dµ = ∂µ − ig2I
aW a

µ + ig1
Y

2
Bµ, (2.3)

where Y is the hypercharge and the Ia are the Pauli-matrices of the SU(2) group 3. The
Higgs potential can be written as

V (Φ) = −µ2Φ†Φ +
λ

4

(
Φ†Φ

)2
(2.4)

where the first term appears like a mass term for the Higgs and the second term gives a
Higgs self-interaction. We impose µ2, λ > 0. In this case spontaneous symmetry breaking
is possible since the vacuum expectation value (VEV) of this potential assumes the value
〈Φ〉 =

(
0, v/
√

2
)T

and hence the VEV is non-zero 4. The parameter v is the value where
the Higgs potential is minimal. We require λ > 0 since then the vacuum is stable. Due to
symmetry breaking three of the four electroweak gauge bosons acquire mass. We know that
the massless gauge boson is the photon.

3These matrices are the generators of the SU(2) group.
4That is a necessity for symmetry breaking. [10]
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In the Yukawa sector, one finds a peculiarity of the electroweak theory written out in
the Lagrangian. The fields Ψ and ψ both denote fermionic fields with the difference that Ψ
is a left-handed doublet field and ψ represent a right-handed singlet field. The group acts
differently on left- and right-handed fields. This is the chiral structure of the SU(2) group.
One can also find the fermionic mass terms in the Yukawa term which become obvious by
expanding the Higgs field around its vacuum expectation value and looking at the constant
term. The masses of the fermions can be predicted directly from the VEV of the Higgs field.
There is another peculiarity in this procedure. The matrices Gij and G̃ij in LY need to be
diagonalized to obtain the fermionic mass terms. This diagonalization results in a rotation
between the mass states and the interaction states of the fermionic fields. This rotation is
represented by the Cabibbo-Kobayashi-Maskawa (CKM) matrix in the quark sector [23]. In
the lepton sector, the same arguments apply and the so-called Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix is obtained [24]. These matrices then appear in the kinematic termLF
which results in the mixing of quarks and lepton flavours in the charged currents (W±) of
the electroweak sector. The strength of the mixing is given by the elements of the matrices.
In the PMNS and CKM matrices diagonal elements are the biggest, i.e the mixing of flavours
is existent but suppressed.

After discussing the charged current, we intend to discuss the neutral current sector of
the electroweak theory with a few words. The only neutral current that is mediated by a
massive particle in the standard model is realized by the Z boson. In contrast to the charged
currents, there is no quark or lepton flavour mixing in the terms of the Z boson due to
its diagonal structure with respect to the weak isospin [10]. We see that FCNCs are not
included in the standard model. This statement is of utmost importance for this search since
observing these processes would be a clear signature of physics beyond the standard model.
Theories extending the standard model and allowing for FCNC are discussed in section 2.2.

2.1.2 Quantum Chromo Dynamics

The physics of quantum chromo dynamics is given by the Lagrangian

LQCD = −1
4
F aµνF

a,µν︸ ︷︷ ︸
LG

+ Ψ̄i /DΨ︸ ︷︷ ︸
LM

, (2.5)

where a = 1, .., 8 since the gauge symmetry of QCD is SU(3). The gauge sector is con-
structed similar to the SU(2) case. One striking difference is that we are dealing with 8
instead of 3 gauge bosons. One can write the field strength tensor as

F aµν = ∂µA
a
ν − ∂νAaµ + gsf

abcAbµA
c
ν , (2.6)

where Aa represent the gluon fields, gs denotes the strong gauge coupling and fabc are the
so-called structure constants of QCD. There are also self-interacting terms in the gauge sector
like in the case of SU(2). The matter part of the Lagrangian LM is dictated by the covariant
derivative

Dµ = ∂µ − igsAaµGa, (2.7)

where Ga denotes the 8 Gell-Mann matrices times 1
2 . In the matter sector of the QCD La-

grangian only fermions with colour charge are meant by writing Ψ.
There are two striking features of QCD to be mentioned in the context of a hadron col-

lider search. Both of these features are due to the fact of the running coupling constant [25]
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5. Figure 2.3 shows the running of the strong gauge coupling as a function of the momentum
transfer Q.

Figure 2.3: Running of the strong gauge coupling αs as a function of the momentum transfer Q. Sev-
eral measurements (different coloured symbols with error bars) are plotted along with the theoretical
expectation (solid black lines) from the standard model. In the legend, where all measurements are
listed, the respective order of QCD perturbation theory used in the extraction of αs is indicated inside
the brackets. The range of momentum transfer Q that is shown in this figure is well inside the per-
turbative regime of QCD. However, the tendency that the coupling is going up for low momentum
transfers < 1 GeV can already be seen. [25]

In QCD, the running points out that the strong coupling is decreasing with increasing
energy transfers in processes of QCD interactions. This fact allows to treat the QCD as
a perturbative theory in the environment of the LHC. The other property is the so-called
confinement. Confinement is a feature of QCD in the region of low energy transfers (large
distances). For this energy regime the coupling increases leading to a rising attraction be-
tween colour-charged particles (quarks and gluons) that are moving away from each other 6.
This is why one cannot observe single quarks or gluons as free particles. Instead they form
hadrons resulting from the energy stored in the strong field between them when moving
apart. In collider physics this effect is called hadronization. A collimated bunch of hadrons
is called jet, which is another term often used in the context of collider searches.

2.2 Beyond the Standard Model

Although the standard model of particle physics has been tested extensively in numerous
high precision measurements for example at the LHC (see figure 2.2) and all those measure-
ments found no deviation from standard model physics, there are nonetheless several topics
apparent in particle physics which are not consistent with the standard model. These topics
can be divided into two categories. One category consists of theoretical problems within the
standard model. The other category contains latest experimental evidence that is not com-
patible with the standard model. In the following several examples of the two categories are
briefly discussed.

In the standard model, the predicted Higgs mass mh, that one would measure in an

5Also the coupling constants of the electroweak coupling are running but their running with respect to the
energy transfer does not change the theoretical properties as much as in the QCD case.

6This is the opposite behaviour than in the case of the electric force.
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experiment, is composed of two contribution, the so-called bare mass mb and the quantum
corrections to its mass by loop corrections δmh. In an effective field theory approach, the
loop corrections have been determined to be

(δmh)2 ∝ G2
F

[
Λ2
UV + ...

]
. (2.8)

The G2
F denotes the coupling to the fermions and ΛUV represents the fundamental scale of

new physics. If the scale of new physics is the Planck scale of ≈ 1019 GeV, then the quantum
corrections would be very large compared to the measured value of 125 GeV. This implies
also a huge bare mass mb � mh. That such a fundamental variable of the standard model
is the result of a difference of quantities that are 17 orders of magnitude away is supposed
to be unnatural. This problem is often referred to as the hierarchy or fine-tuning problem of
the Higgs mass [26].

Another theoretical issue is that gravity is not included into the standard model. Grav-
ity is described with high precision by general relativity. Unfortunately, theoreticians did
not succeed so far in unifying the concepts of general relativity and quantum field theory.
Quantum effects of gravity play an important role at the Planck scale which corresponds to
the Planck mass ofMPl = 1.22·1019 GeV. So we know that there has to be physics beyond the
standard model between the electroweak scale (∼ TeV) where the standard model without
gravity works quite well and the Planck scale.

There exists some experimental evidence by astrophysical observations that a type of
matter exists that we cannot describe properly with standard model physics. This type of
matter is called dark matter. In the following a list of some of the observations hinting
towards dark matter are given. A more complete list can be found in reference [27].

• Using precision measurements of the Cosmic Microwave Background (CMB) and nu-
cleosynthesis it is possible to determine the matter content of the universe to be 30.8±
1.2 % 7. The baryon density is measured to be ≈ 5 % which leaves ≈ 26 % for the dark
matter content. [28]

• The observation of the cluster merger 1E0657558 yields strong evidence of dark matter
[29]. This cluster merger is measured using X-ray detection and simultaneously us-
ing gravitational lensing. With the X-ray detection the distribution of ordinary matter
can be determined. Gravitational lensing allows to detect the distribution of all kinds
of matter interacting via gravity in the cluster merger. These two detection methods
result in matter distributions that differ significantly. This difference cannot be ex-
plained by a modification of the gravitational force. However, this observation could
be explained by introducing a new type of matter not yet included in the standard
model, called dark matter. A picture illustrating the measurement can be seen in fig-
ure 2.4.

• The concept of a weakly interacting massive particle (WIMP) plays an important role
in dark matter searches. The concept proposes a massive elementary particle χ that is
stable, has no electric charge and yet undiscovered. These χ’s are supposed to be in
thermal equilibrium in the early universe, meaning that the back-and-forth processes
like χχ̄↔ ff̄ are keeping the particles in equilibrium with the SM particles denoted by
f . As time goes on after the Big Bang, the universe expands and the temperature drops.
This causes the particles to be less energetic and consequently the direction of χχ̄→ ff̄
is kinetically disfavoured due to the expected high mass of the χ’s (mχ ≥ 100 GeV) 8.

7This is expressed with respect to the total energy density of the universe ρcrit. This total energy density is
very close to the critical energy density, which causes the universe to be flat.

8The assumption that the dark matter candidate has a mass of ≥ 100 GeV is substantiated by exclusion
limits from collider searches. [30]
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Figure 2.4: The coloured image shows the X-ray detection of the cluster merger 1E0657558.
Shown in green contours are results of measuring the same cluster merger using gravitational
lensing. A significant difference between the two methods can be seen which hints towards
the existence of dark matter. [29]

The χ’s decouple from the standard model particles and the amount of χ’s stays more
or less constant. This is called freeze-out. The remaining cosmological abundance can
be approximated by

Ωχ =
10−37 cm2 · c
〈v · σχχ̄→ff̄ 〉freeze

, (2.9)

where σχχ̄→ff̄ is the annihilation cross section, c denotes the speed of light and v the
velocity of the χ’s. The denominator is taken as an average at the time of the freeze-
out. If one assumes the velocity of the χ’s to be v ≈ 1

3c
9 and inserting the abundance

of dark matter in the universe Ωχ, one finds

σχχ̄→ff̄ ≈ 10−36 cm2 = 1 pbarn. (2.10)

This order of magnitude is typical for processes of the weak interaction of the stan-
dard model. This is the reason why this concept is called WIMP miracle. A thorough
calculation of the approximations above can be found in reference [31].

Another piece of evidence for physics beyond the standard model is that the universe
is full of matter but there is almost no antimatter (matter-antimatter asymmetry). By first
principles, matter and antimatter should have been created equally during the Big Bang.
However, one can construct theories that treat matter different than antimatter. Actually the
standard model of particle physics is one of them. The difference is induced by CP violation.
However, the amount of CP violation in the standard model is not sufficient to describe the
matter-antimatter asymmetry properly. This is why an extension of the standard model is
expected to have more CP-violating terms.

With the list of evidences for physics beyond the standard model, the focus moves to-
wards the different BSM theories that are studied in this search. R-parity violating super-
symmetry, the sequential standard model and extra dimensions are introduced and dis-
cussed.

9This estimate is based on freeze-out calculation of heavy particles. [31]
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2.2.1 R-Parity-Violating Supersymmetry

One of the models which are studied is a supersymmetric extension of the standard model
which allows R-parity violating processes (RPV-SUSY). Before we discuss what R-parity
stands for, a brief introduction into supersymmetric extensions of the standard model and
their motivation is given.

Supersymmetry (SUSY) is among the most promising theories to solve for example the
hierarchy/fine-tuning problem as well as to provide a dark matter candidate. A ground-
laying version of a supersymmetric model is the so-called minimal supersymmetric exten-
sion of the standard model (MSSM). It is minimal in the sense that if you construct a super-
symmetric model as an extension of the standard model the particle content in the MSSM
is minimal [32]. In MSSM each particle of the standard model has a corresponding super-
partner, whose spin differs by half a unit compared to the SM partner. Every fermion gets
a bosonic superpartner and every boson gets a fermionic superpartner. The SM particles
and their superpartners are merged into so-called superfields. Table 2.1 shows a list of the
superfields.

These SUSY models introduce a new symmetry. If this symmetry were an exact sym-
metry of nature, then SM particles and their superpartners would be degenerate in mass.
However, until today no superpartner has been observed by experiments. Thus, supersym-
metry is expected to be broken and subsequently to be reduced to the SM gauge symmetries
at the electroweak scale.

The most generic and renormalizable Lagrangian in supersymmetric extensions includes
terms that violate both baryon and lepton number. Since these terms are strongly con-
strained by experiment, in many SUSY models an additional symmetry is introduced, called
R-parity, in order to remove those terms from the Lagrangian. R-parity manifests itself by
assigning a multiplicative quantum number to each particle. Standard model particles have
an even R-parity whereas the superpartners have odd R-parity. There are two important
phenomenological consequences due to R-parity conservation. Supersymmetric particles
can only be produced in pairs and the lightest supersymmetric particle cannot decay into

Superfields representation (SU(3), SU(2)) SM content

Q (3,2)
(
u
d

)
L

Uc (3̄,1) ūR
Dc (3̄,1) d̄R

L (1,2)
(
νl
l

)
L

Ec (1,1) l̄R
Hu (1,2) Higgs doublet
Hd (1,2) Higgs doublet

Table 2.1: List of superfields which is a compactified notation for both the SM particles and their
superpartners. In the middle column, one can see which superfield belongs to which representation
of the corresponding gauge symmetry of the standard model. In the right column, one can read off
the SM content of each superfield.
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standard model particles and is therefore a candidate for dark matter. Another problem that
would arise due to the baryon-number-violating terms consists of the prediction that the
proton can decay which is in strong contrast to experimental results [33]. This is also solved
by introducing R-parity conservation.

Despite all those facts, this analysis is concerned with R-parity violating SUSY models.
After this long plea for R-parity conservation, the motivation for a RPV-SUSY search de-
serves some explanation. As a first step we have a look at the structure of the RPV terms in
the superpotential :

WRPV =
1
2
λijkLiLjE

c
k + λ′ijkLiQjD

c
k︸ ︷︷ ︸

Wλ+Wλ′

+
1
2
λ′′ijkU

c
iD

c
jD

c
k︸ ︷︷ ︸

Wλ′′

+µiHuLi. (2.11)

The capital letters represent the superfields containing both standard model particles and
their superpartners (which differ in spin). The indices i, j, k denote the fermion generation.
The Li denotes the superfields of the left-handed leptons and the Eci correspond to the su-
perfields of the right-handed leptons. Qi denotes the superfields of the left-handed quarks
and the U ci , D

c
i denote the superfields of the right-handed up-type and down-type quarks,

respectively. The last term containing the Higgs superfield Hu is neglected in the following
since one can eliminate this term by rotating the Higgs field [34]. Details of how to con-
struct the corresponding Lagrangian out of the terms in the RPV superpotential as well as
the notation conventions of the superfields are given in reference [34].

The term Wλ′′ leads to baryon number violation. In order to account for the fact that
there are tight constraints on the lower limit of the lifetime of the proton [33] it is better to
remove the baryon-number-violating terms. This is accomplished by introducing an addi-
tional symmetry. In this analysis, the so-called Baryon Triality is introduced as an additional
discrete symmetry [35]. Thanks to Baryon Triality the baryon-number-violating terms dis-
appear and this stabilizes the proton. This is how the problem is solved from a theoretical
point of view. However, if one focuses on the couplings that are allowing the proton to de-
cay, one ends up with the couplings λ′′11k with k = 1, 2, 3. Consequently, introducing the
additional symmetry called Baryon Triality yields stronger constraints than demanding the
stability of the proton.

The terms Wλ and Wλ′ are responsible for lepton flavour violation. These terms are of
course not excluded from the model since these predict exactly the processes we are looking
for. The fundamental requirement of gauge invariance helps us to constrain some param-
eters. From gauge invariance one can conclude that λijk = −λjik, giving antisymmetry in
their first two indices.

In the following we discuss the model in the context of a hadron collider search like the
LHC. One can extract a few more aspects from the Lagrangian in equation (2.11) showing
that a collider search is possible. The single production of a supersymmetric particle is
possible for example in a resonance. The coupling λ′ allows for a production of a slepton via
quark-antiquark fusion in the proton-proton collisions of the LHC. The coupling λ allows
the decay of the slepton into a lepton-flavour-violating final state. Since there are many
parameters in this model one has to simplify the model to be able to perform a search. In the
following a list of assumptions is given that reduces the number of parameters in the search
to a minimum of 3.

• The first assumption to simplify the model deals with the tau sneutrino ν̃τ . In this
simplification it is the lightest supersymmetric particle (LSP) and can be resonantly
produced. If it is the LSP, only decays into standard model particles are allowed 10.

10Since decays into standard model particles are not forbidden in the RPV-SUSY, the LSP is unfortunately
not a good candidate for dark matter anymore.
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• The coupling λ′311 allows for tau sneutrino production via dd̄ annihilation 11. Here the
first generation is chosen since this generation provides the largest production cross
section at a proton-proton collider due to the parton distribution function (PDF) of the
proton [36]. The coupling λ132 gives the decay to the lepton flavour violating final
state of an electron-muon pair. We assume λ132 = λ231 so that the decay parameters
are independent of how the products are charged.

• The remaining couplings in the RPV Lagrangian in equation (2.11) are set to zero. The
only relevant supersymmetric particle for this model is the tau sneutrino.

These assumptions leave us with the process of a tau sneutrino ν̃τ produced via dd̄ fusion
and decaying into an electron-muon pair. One should keep in mind that also the decay into
a dd̄ pair is possible but this is not the signature we are looking for in our detector. The
corresponding Feynman diagram is shown in figure 2.5.

In this search, this process determines the signal process of the RPV-SUSY model. The
parameter of the search are the tau sneutrino mass Mν̃τ and the coupling parameters of the
production λ′311 and the decay into an electron-muon pair λ231 = λ132. In the calculation
of the cross section of this process the narrow width approximation (NWA) is used. More
information about the conditions under which the NWA is valid and the implications of the
NWA on the calculation are summarized in section A.2. In the NWA the cross section times
branching ratio assumes the form

σ · BR(ν̃τ → e±µ∓) ∼
(
λ′311

)2 Γeµν̃τ
Γtotν̃τ
∼

(λ′311)2
(

(λ132)2 + (λ231)2
)

3 (λ′311)2 +
(

(λ132)2 + (λ231)2
) (2.12)

as a function of the coupling parameters. Γeµν̃τ and Γtotν̃τ denote the partial width of the tau
sneutrino into an electron-muon pair and the total width, respectively. We discuss some
limit cases of this cross section formula. For λ′311 � λ132, the cross section times branching
ratio is not dependent on λ′311 anymore. Increasing λ′311 does not result in an increasing
sensitivity. For a very small coupling λ132, the tau sneutrino becomes a long-lived particle.

d

d

ν̃τ

e

µ

311λ' 132λ

Figure 2.5: Feynman graph presenting ν̃τ production via dd̄ fusion and decaying into an electron-
antimuon pair. In Feynman notation the solid and dashed lines denote fermions and bosons, re-
spectively. Each vertex is accompanied by a coupling, here λ′311 and λ132. These go into the matrix
element calculation leading to the cross section of the process.

11A production of a tau sneutrino by up-type quark annihilation is forbidden because of SU(2) invariance of
theWλ′ term.
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This would result in a signature of displaced vertices, i.e. the tau sneutrino travels a distance
through the detector and decays then into an electron-muon pair. This search cannot study
this part of the parameter space. For λ′311 � λ132, equation (2.12) becomes independent
of the λ132 coupling, which means that the branching fraction for an eµ decay of the tau
sneutrino is ∼ 100 %. The sensitivity of the search only scales with the production cross
section driven by λ′311.

The total width of the tau sneutrino can be written as

Γν̃τ
Mν̃τ

=
1

16π
·
(
3(λ′311)2 + 2(λ132)2

)
. (2.13)

The numerical factor in equation (2.13) is coming from phase space calculations. We consider
the RPV-SUSY model in a parameter space of λ132, λ′311 and Mν̃τ where both couplings are
smaller than 0.1. Thus, comparing the relative width with the invariant mass resolution
given by the CMS detector, leads to

Γν̃τ
Mν̃τ

�
σMeµ

Meµ
. (2.14)

Typical values of the invariant mass resolution of an electron-muon pair are 2− 6 % (figure
5.7). If equation (2.14) holds then the search can be declared to be a search for a resonance.
This has several implication on the statistical interpretation of the results and especially in
the limit setting procedure in section 7.2.1.

The formulae (2.12) and (2.13) are given at leading order of perturbation theory. In order
to account for next-to-leading order (NLO) QCD effects a k-factor for the production cross
section is introduced. The correction is based on a program provided by the authors of [37].
In figure 2.6 the k-factor is presented as a function of the tau sneutrino mass Mν̃τ .
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Figure 2.6: The applied k-factor in the RPV-SUSY model as a function of Mν̃τ is shown on the right
vertical axis. Additionally a comparison with the k-factor at

√
s = 8 TeV is presented. The k-factor is

calculated by using a program which is provided by the authors of [37].
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A typical shape of the invariant mass spectrum of a signal model simulated for the CMS
detector coming from the tau sneutrino process is presented in figure 2.7.
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Figure 2.7: Signal shape of a tau sneutrino in RPV-SUSY with a mass of Mν̃τ
= 1 TeV and couplings

of λ132 = λ′311 = 0.01 leading to σ × BR ∼ 5 fb at leading order. This is presented as a function of the
invariant eµ mass Meµ after full reconstruction (see section 5).

2.2.2 Sequential Standard Model Z ′

The Sequential Standard Model (SSM) extends the Standard Model by introducing an addi-
tional U(1) gauge symmetry. This new symmetry is naturally accompanied by an additional
neutral gauge boson called Z ′. The SSM is a rather simple extension of the SM, which is why
it is suitable to use as a benchmark model in a search for lepton-flavour-violating decays. A
more detailed description of the SSM can be found in [38]. We assume that the Z ′ has the
same couplings to the quarks as the SM Z boson of the electroweak force. In addition, the
model allows us to write

LZ′→lilj =
gEW

2 cos θW
κijZ

′
µ

[
1
2
l̄iγ

µγ5lj −
(

1
2
− 2 sin2 θW

)
l̄iγ

µlj

]
.

li, lj denote the lepton fields, the indices i, j represent the fermion generation and Z ′µ
denotes the Z ′ vector field, the constants gEW and θW are the electroweak coupling constant
and the Weinberg angle, respectively. The Lagrangian has the same structure as the cou-
plings of the Z to the SM leptons. The only difference is the coupling constant κij , which
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allows for lepton flavour violation. We impose a single dominant assumption, i.e. κ12 = 1,
all other κij = 0. In other words, we only consider the LFV decay Z ′ → eµ. This is the only
decay mode considered in this search.

The Z ′ couples to the quarks like the standard model Z boson. Thus, a search for the
production of the Z ′ can be performed with CMS data. The most probable initial states are
given by the fusion of a light quark-antiquark pair, like uū or dd̄. This is different than in
the RPV-SUSY search where only down-type quarks are allowed in the initial state. For
simplicity, interference between the SM Z boson and the Z ′ is not included in this model.

This search is similar to the search for a tau sneutrino in the RPV-SUSY case since it is
also a resonance search. We have to check if equation (2.14) holds. For this, we take a look
at the total width ΓZ′ . We consider the branching ratio into the electron-muon pair to be
BR(Z ′ → eµ) = 10% staying constant over the studied mass range. With this assumption
and the input that all other branching ratios are the same as for the standard model Z, the
LFV decay basically replaces the branching ratios of Z → ll̄. For the mass region of this
search (500 GeV < MZ′ < 5 TeV) we can write ΓZ′

MZ′
< 0.01 and that is below the invariant

mass resolution (see figure 5.7).
In this model, there is a single parameter, namely the mass of theZ ′,MZ′ , which is varied

for the different samples.

2.2.3 Quantum Black Holes

In section 2.2 we argued that the energy scale corresponding to the Planck mass should yield
new physics. However, the Planck mass ofMPl = 1.22 ·1019 GeV is clearly out of the testable
range of present and future collider searches. Fortunately, there are BSM theories on the
market that effectively lower the Planck scale to the TeV range, which would make a collider
search at the Planck scale possible. Models introducing extra dimensions belong to that
category. There is a variety of extra-dimension models with different types and numbers of
extra dimensions. For this analysis the topology of the extra dimensions and its connection
to the 3 + 1 space-time dimensions is not of utmost importance. One can find theoretical
details of the models in references [39; 40].

The fact that these models allow for the production of microscopic black holes 12 in high
energy particle collisions is however of utmost importance for this search. In extra dimen-
sions the threshold masses for a production of microscopic black holes are expected to be at
the reduced Planck mass MD ∼ TeV, where quantum gravity effects begin to play a role. For
the region where the energy scale of physicsQ is much greater than the reduced Planck mass
Q � MD a semiclassical description of gravity is sufficient. In this region (Q ∼ 5− 20 TeV)
semiclassical black holes are produced. Since they are thermal objects, their decay is de-
scribed by Hawking radiation 13. However, with a production threshold of 5 − 20 TeV it is
either very unlikely or totally impossible that semiclassical black holes can be observed at
the LHC (

√
s = 13 TeV). Fortunately, there is the region close to the reduced Planck mass,

Q ∼ MD. In this region, non-thermal quantum black holes (QBHs) can be produced. In
contrast to the semiclassical black holes, QBHs are expected to decay into a pair of standard
model particles. Among the different decays, there is the compelling possibility to decay
into a LFV final state like an electron-muon pair. Since we assume the QBHs to have spin-0,
be colourless and neutral, the most important initial states in a proton-proton collider are
quark-antiquark pair (qq̄) and two gluons (gg). This is why the QBH is our candidate in the
context of extra-dimension models that is to be observed at the LHC [41; 42].

12Microscopic denotes the difference to their astrophysical brothers, also called black holes.
13Hawking radiation predicts a democratically decay into all standard model particles.
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In the following, we want to have a look at the cross section of a process involving a
production of a QBH at a proton-proton collider like the LHC. First, there is the question
whether the mass spectrum of the QBHs is discrete or continuous. In this search the spec-
trum is assumed to be continuous. 14 The production cross section can be written as

σppQBH(s,MQBH, n,MD) =πr2
s(M

2
QBH, n,MD)

∫ 1

0
2zdz

∫ 1

(MQBH)2

y(z)2s

du

∫ 1

u

dv

v

× F (n)
∑
i,j

fi(v,Q)fj(u/v,Q) . (2.15)

Here, s is the centre-of-mass energy squared, n the number of extra dimension in the model,
MQBH denotes the threshold for a QBH production and MD represents the reduced Planck
mass. QBHs can be described as heavy particles with a very short lifetime. Using di-
mensional analysis one obtains Γ(QBH → 2 particles) ∼ 1

64π2MQBH for the total width
[42]. In equation (2.15), one assumes that the cross section can be extrapolated from the
cross section of semiclassical black holes meaning the geometrical cross section πr2

s with the
Schwarzschild radius given in n-dimensions by

rs(M2
QBH, n,MD) = k(n)M−1

D [MQBH/MD]1/(1+n) (2.16)

with

k(n) =
[
2n
√
π
n−3 Γ((3 + n)/2)

2 + n

]1/(1+n)

. (2.17)

The parameter z in equation (2.15) denotes the rescaled impact parameter, F (n) and y(z) are
calculated in the framework of classical black holes and not for the non-thermal QBHs. Thus
they are set to F (n) = y(z) = 1. The labels i,j run over the different particle species, fi,fj
are parton distribution functions evaluated at the scale of momentum transferQ, u and v are
the momentum fractions of the incoming particles. The respective form factor for the case
of n dimensions which should be introduced for the parton-level cross section to reproduce
the correct cross section from the Lagrangian with contact interactions is

FF = (4πk(n))2

(
MQBH√

ŝ

) 2n
1+n

Θ(
√
s−MQBH). (2.18)

Here, the Θ function is a step function. This yields the characteristic shape of the turn-on of
the signal shape at the threshold massMQBH followed by a plateau. In figure 2.8, an example
of a QBH signal spectrum is shown with a threshold mass of 1 TeV and n = 1. The turn-on
at the threshold mass is smeared out and the plateau is replaced by a decreasing tail due to
the PDFs of the proton.

The parameter for the QBH search are the number of extra dimensions n and the thresh-
old mass for QBH production MQBH ≡ Mth. In this search, two different models of extra
dimensions are studied. For n = 1, the Randall-Sundrum (RS) model is used [39]. The RS
models consist of a single warped extra dimension. Gravity is localized on a so-called brane
and the SM particles are confined to another brane. This denotes the fact that these parti-
cles cannot propagate in the extra dimensions. In contrast, in the ADD models, gravity is
allowed to propagate in the extra dimensions and is not localized on a brane. The SM parti-
cles are still confined to a brane within the extra dimensions. The ADD models have several
large 15 compactified extra dimensions. For n = 4, 5, 6, ADD models are studied [40].

14However, this topic is a question under debate for QBHs. For example in reference [43], one finds an
argumentation for discrete mass spectrum.

15Extra dimensions are called ’large’ in comparison to the weak energy scale.
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Figure 2.8: Signal shape of a QBH with Mth = 1 TeV and n = 1. This is presented as a function of
the invariant eµ mass Meµ after full reconstruction (see section 5). The plateau of the step function,
which is expected from the form factor, is smeared out due to the influence of the PDFs of the proton.
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3 Experimental Setup

This chapter is devoted to introduce and explain the accelerator LHC and the detector CMS.
First, a brief description of the LHC is given. Then the CMS detector with its subdetectors is
discussed.

3.1 General Information about the Large Hadron Collider

The Large Hadron Collider (LHC) is a circular particle accelerator and is installed under-
ground near Geneva at the European Centre For Nuclear Research (CERN). The LHC has a
circumference of 27 km. A detailed description of the LHC can be found in reference [44].

In this analysis proton-proton collisions are analysed. Before the protons enter the LHC
there are different steps to go through. By ionizing hydrogen protons are produced. Af-
terwards they are accelerated in bunches by a linear accelerator (LINAC2) and three ring
accelerators (BOOSTER, PS, SPS). Inside the LHC, the protons are again accelerated to reach
the total energy of 6.5 TeV. Figure 3.1 shows the full acceleration chain of the LHC. The LHC
has four collision points surrounded by complex detectors, namely ALICE, LHCb, ATLAS

Figure 3.1: Accelerator complex at CERN: For each accelerator its year of construction is given and
in the circular case its circumference. Additionally one can see which particle is accelerated in which
part of the chain. For this analysis, only the proton line is relevant. [45]
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and CMS. The dataset used in this analysis stems from the Compact Muon Solenoid (CMS)
detector and is recorded in the year 2015. The amount of data for this analysis provided
by the LHC in 2015 sums up to an integrated luminosity of 2.7 fb−1 at a centre-of-mass en-
ergy of

√
s = 13 TeV. The maximum instantaneous luminosity of the LHC machine in 2015

is determined to be 5 × 1033 cm−2s−1. With a bunch spacing of 25 ns and considering the
number of colliding bunches, one can conclude that roughly 10 collisions occur per bunch
crossing. This reflects the problem that beside the physically interesting interactions many
other interactions take place. This is called pileup, whose influence on the analysis will be
discussed later.

3.2 Compact Muon Solenoid

The Compact Muon Solenoid (CMS) is a general multi-purpose detector. A view inside the
CMS detector is given in figure 3.2. The main goals of the design is the full coverage of the
interaction region and the high precision measurement of outcoming particles. The detector
is divided into a barrel region and two endcap regions. The centrepiece of the detector is
the superconducting solenoid providing a homogeneous magnetic field of 3.8 T along the
beam direction which causes charged particles to bend and consequently allows to measure
the momentum of charged particles. In order to perform the measurement as accurate as
possible the innermost subdetector of CMS is a silicon tracker. Going outwards, you can
find the electromagnetic and hadronic calorimeter to determine the energy of the particles.

Figure 3.2: View inside the CMS detector: The different subdetectors with their properties are shown.
[46]
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Outside of the superconducting solenoid there are the muon detectors. In order to confine
the magnetic field an iron magnet return yoke is interleaved inside the muon chambers. In
total the CMS detector is roughly 28 m long, 15 m wide and 15 m high and weighs about
14× 103 t, mostly caused by the return yoke.

3.2.1 Coordinate System

One has to fix a spatial coordinate system to be able to describe positions and directions
inside the CMS detector. By setting the origin at the nominal interaction point (centre of the
CMS detector) and letting the x-axis point towards the centre of the LHC, the y-axis point
upwards and the z-axis point in beam direction, we define a right-handed Cartesian coordi-
nate system. However, it is often more comfortable not to use the Cartesian coordinates but
instead spherical coordinates. The azimuthal angle φ is measured in the xy-plane starting
from the x-axis. The polar angle θ is measured starting from the z-axis. One can transform
the polar angle by writing

η = ln
(

tan
θ

2

)
.

This new quantity is called pseudorapidity. This variable transformation is done since dif-
ferences in pseudorapidity are invariant under Lorentz transformations and thus better to
handle in physics analyses. Another variable is defined by

∆R =
√

∆η2 + ∆φ2,

which gives the distance of two different directions in the ηφ-plane.

3.2.2 Tracker

The precise measurement of the momentum of particles emerging from the collisions is cru-
cial in order to find out what happened at the collision point. Furthermore, we know that
for a charged particle the saying ’the more curved its track inside a magnetic field is, the less
momentum it has’ holds. Thus, a possibility to get the momentum of particles is to measure
their tracks. This is the purpose of the tracker inside the CMS detector. The CMS tracker
consists of pixel barrel layers starting at a radius of 4.4 cm and silicon strip layers reaching
up to a radius of 1.1 m. In the endcaps, the tracker system is completed by 2 disks in the
pixel region and 12 disks in the silicon strip region. Figure 3.3 presents a schematic view
of the different components. One can also see the covered η range of the tracking system
|η| < 2.5 in figure 3.3. In total the tracker has a length of 5.8 m and has 2.5 m in diame-
ter. Thanks to the CMS solenoid a 3.8 T magnetic field penetrates the whole volume of the
tracker.

One has to bear in mind that the tracker has to withstand the harsh environment of
the LHC. Due to its design luminosity of 1034 cm−2s−1 one expects products of roughly 20
proton-proton interactions per bunch crossing, i.e. every 25 ns. Thus, a compromise has
to be found between the ability to measure the track (spatial resolution) and the life-time
of the tracker as well as the fast readout electronics. In this light, it is astonishing that the
tracker manages to measure the momentum at percent level. A particle with momentum of
p = 100(1000) GeV can be measured with a resolution of ∆p

p ≈ 1(5)% [48]. The order of mag-
nitude for the impact parameter is about 10 − 100 µm depending on the η and momentum
of the particles [47].
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Figure 3.3: Schematic layout of the CMS tracker in the rz-plane. Components of the tracker system:
PIXEL (inner pixel layers), TIB/TID (tracker inner barrel/disk layers), TOB (tracker outer barrel) and
the TEC (tracker endcap layers). [47]

3.2.3 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) builds the centrepiece of the energy measurement
of electrons, positrons and photons. However, one should also add hadrons to the list of par-
ticles whose energy is measured by the ECAL, since they are also depositing a non-negligible
amount of energy inside the ECAL. In a simplified way the main physical processes that con-
tribute to the detection method are introduced in the following. Suppose a photon traverses
the ECAL material. After a certain distance, it can eventually produce an electron-positron
pair via pair-production. Following the electron leg while traversing the material, it radi-
ates Bremsstrahlung. Combining these processes, one obtains a so-called electromagnetic
shower of positrons, electrons and photons. Assuming that, for the two processes, the en-
ergy of the initial particle is distributed approximately equally among the products one gets
an estimation of the energy of the incoming particle by counting the number of photons
inside the shower at several depths of the shower.

Figure 3.4 offers a view of the ECAL layout. The ECAL is made of lead tungsten (PbWO4)
crystals. It is divided into two parts. One of them is the barrel part (EB) which covers a
pseudorapidity range of |η| < 1.479. The other part called endcaps (EE) covers 1.479 <
|η| < 3.0. The barrel part consists of 61200 crystals and each endcap consists of 7324 crystals.
The lead tungsten crystal length in the barrel is 23 cm which corresponds to 25.8 radiation
lengths.16 The endcap crystals are slightly shorter (22 cm or 24.7 radiation lengths) since
a preshower of 3 radiation lengths of lead is installed [49]. The emitted light is detected
by avalanche photodiodes in the barrel and by vacuum phototriodes in the endcaps. This
difference is due to different level of radiation in the two regions. In general, the photo-
detection has to fulfil high expectations, namely a fast response, high radiation tolerance
and a good ability to operate inside the magnetic field.

16A radiation length is the distance after which the remaining energy of an electron is 1
e

of the initial energy.
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Figure 3.4: Layout of the CMS ECAL: Arrangements of crystal modules in barrel and endcaps with
the preshower in front. [47]

The energy resolution of the ECAL is determined to be

σ

E
=

2.8%√
E/GeV

⊕ 12%
E/GeV

⊕ 0.3%

divided into a stochastic, noise and constant term [50]. The ⊕ specifies that the errors are
combined in quadrature.

3.2.4 Hadronic Calorimeter

The main purpose of the hadronic calorimeter (HCAL) is to determine the energy of hadronic
jets. Additionally, the HCAL is indispensable for a precise measurement of missing trans-
verse energy which relies on the energy measurement of all detectable particles. Due to
nuclear interactions with the detector material hadrons are stopped inside the calorimeter.
The energy deposited by the hadrons leads to various types of excitation and ionizations
of the atoms and nuclei inside the HCAL. By emitting radiation light, these excited states
return to their ground state. The emitted light can be detected. One could say that this is
a similar principle as in the electromagnetic case, only applied in the context of the strong
interaction.

The hadronic calorimeter barrel (HB) and the two endcaps (HE) sit behind the tracker
system and electromagnetic calorimeter as seen from the interaction point (see figure 3.5).
The barrel covers |η| < 1.3 and the endcaps 1.3 < |η| < 3.0 in pseudorapidity. There are two
additional modules of the HCAL. One is placed in the very forward direction (HF) |η| < 5
and the other module named hadron outer (HO) sits outside of the magnet and catches all
remaining hadrons escaping the barrel and endcaps of the HCAL. The HCAL is a so-called
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Figure 3.5: Quadrant of the calorimetry and tracking system presenting the size of the components
and which pseudorapidity range is covered. [49]

sampling calorimeter stating that the particle’s properties are measured by alternating layers
of plastic scintillators as an active material and flat brass absorbers which are made of copper
(70 %) and zinc (30 %). When a particle passes through, the induced light in the scintillators
is collected by optical fibres and finally read out by photodiodes.

Test beam studies have determined the energy resolution of pions using the complete
calorimetric system to be ( σ

E

)
pions

=
127%√
E/GeV

⊕ 6.5%.

The first error is a stochastic term and the second error is a constant contribution [51].

3.2.5 Superconducting Magnet

The CMS superconducting magnet has been designed to provide a homogeneous magnetic
flux density of 4 T at the center of CMS. The magnet has a 6-m diameter and a magnetic
length of 12.5 m. At a nominal current of about 19 kA and an inductance of 14.2 H an
energy of 2.6 GJ can be stored inside the magnet. The iron yoke is installed to return the
magnetic flux and is the heaviest part of the CMS detector and weighs 10000 t. Instead of
operating the magnet at the full 4 T, a magnetic flux density of 3.8 T is chosen due to unkown
aging effects of the coil [52].

3.2.6 Muon System

The name ’Compact Muon Solenoid’ already suggests that identifying muons and measur-
ing their trajectories is one of the main purposes of the detector. Muon reconstruction is a
crucial task in the context of this analysis which looks into the electron-muon channel and
also in many other BSM searches. Thus the muon system deserves some considerations.
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The muon detectors are located at the very edge of the detector outside the magnet and
the calorimetric system since muons can penetrate several meters even in iron without be-
ing stopped, whereas all other particles, except neutrinos, which are considered as missing
transverse energy, should be stopped inside the magnet.

The muon system consists of in total 1400 chambers divided into 250 drift tube chambers
(DTs) in the barrel and 540 cathode strip chambers (CSCs) in both endcaps. The hits of
a traversing particle in the DTs and CSCs are used to reconstruct the particle’s track and
provide a trigger. A redundant trigger system is formed by 610 resistive plate chambers
(RPCs) both in barrel and endcaps. For precision measurements, the DTs in the barrel, where
the particle flux is lower, and the CSCs in the endcaps, where the particle flux is higher, are
used. The RPCs are installed in both the barrel and the endcaps. The spatial resolution per
chamber of the DTs and CSCs is in the order of 100 µm, whereas for the RPCs the spatial
resolution is about 1 cm [53]. The DTs cover |η| < 1.3, the CSCs 0.9 < |η| < 2.4 and the RPCs
|η| < 2.1 in pseudorapidity [54]. One can see the geometry of a CMS quadrant showing the
different components and their geometrical sizes in figure 3.6.

The drift tubes are made of individual drift cells. Figure 3.7 illustrates a drift cell together
with its electric field configuration. Each drift cell has a cross section of 13× 42 mm2 and is
filled with a Ar/CO2 gas mixture, where one keeps the concentration of CO2 in the range of
10− 20 %. The cell consists of a gold-plated stainless-steal anode wire which has a diameter
of 50 µm. The cathode strips and the field electrodes are made of aluminium tape. When
muons are passing through the gas volume, they ionize the gas molecules. Due to the electric
field inside the cell, electrons and ions are separated and drifting away from each other to
the anode and cathode. With the gas amplification near the central wire, a readable signal is
obtained.

Figure 3.6: Quadrant of the CMS detector: the outer part in reddish colour are DTs (horizontal), RPCs
(horizontal/vertical) and CSCs (vertical). [54]
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Figure 3.7: Drift cell of the muon DT chambers shown together with the electric field configuration.
One can see the electrodes, isochrones and the drift lines. [47]

The cathode strip chambers belong to the class of multi-wire proportional gas chambers.
A schematic view of the detection principle can be found in figure 3.8. The muon passes the
gas volume and again ionizes the gas molecules causing the electrons to drift towards the
anode wires. The avalanche of electrons due to the high electric field induces a charge in the
cathode strips. Both information of the wires and cathode strips can be used to reconstruct
a hit of a traversing muon. The CSCs provide a precision measurement and muon trigger
in one device. The CSCs operate in an environment of high particle rates and large and
inhomogeneous magnetic fields. This is why the CSCs are installed in the endcaps of the
CMS detector [47]. The resistive plate chambers can be classified as gaseous parallel plate
detectors. Besides a good spatial resolution, the RPCs offer a time resolution which is in the
order of 3 ns. That is an important feature of the RPCs regarding the trigger system since
there is only 25 ns between two consecutive bunch crossings at the LHC. 6 layers of RPCs
are installed in the barrel region, where there are 2 layers located in each of the 2 innermost
muon stations. With this redundancy, the trigger algorithm has access to at least 4 layers
even for low-pT muons.

Finally, the muon momentum resolution is a decisive figure-of-merit for the muon sys-
tem. The standalone momentum resolution is for low-pT muons (pT < 100 GeV) 6%−12%
and, for pT = 1 TeV, 20% (barrel). Fortunately, one can combine the information from the

Figure 3.8: Principle of the muon de-
tection with the CSCs. The traversing
muon ionizes the gas molecules. The
resulting free electrons are accelerated
towards the wire and produce on their
way new electrons causing a shower.
The induced charge on the cathode
strips can help to obtain a precise lo-
calisation of the avalanche along the
wire direction and thus the localisa-
tion of the traversing muon.[47]
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muon system with the inner tracker system resulting in a significantly better resolution. For
low-pT muons one gets 1%−2% and for pT = 1 TeV a momentum resolution of 5% (barrel)
[54].

A severe difficulty is to align the muon system among itself (barrel and endcap) and,
more importantly, with respect to the inner tracker. The deformation of the iron yoke due
to high magnetic fields puts limits on the momentum resolution. Solutions to the alignment
problem can be found in [54].

3.2.7 Triggering, Data Acquisition and Computing

In 2015 Run-II data taking the bunch spacing is 25 ns resulting in a rate of 40 million colli-
sions per second. To read-out and store all information of every event would be impossible
17. Thus, a dedicated trigger system is needed to select events that are interesting for phys-
ical searches. The trigger decreases the rate so far that the data can further be stored on
computer disks and in the end can be analysed.

The trigger system consists of 2 stages. The level-1 trigger is extremely fast and looks for
simple signs of interesting physics, e.g. high energy depositions in the calorimeter system.
After the level-1 trigger the rate of events is ∼ 100 kHz. This is followed by a high-level
trigger system (HLT), which performs a very basic reconstruction of the physical objects.
The remaining event rate is ∼ 100 Hz. Events passing both trigger stages are stored for
offline analyses [55].

The generated data is then transferred to and stored at the Worldwide LHC Computing
Grid (WLCG). The full reconstruction of the data events as well as the Monte Carlo (MC)
simulation of events is done by this grid infrastructure. There are more than 170 computing
centres in 42 countries participating [56].

17Additionally, reading out all events would most probably give only uninteresting low-energy collisions
and the power to reveal new phenomena would be suppressed.
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4 Physical Objects

This chapter will introduce those physical objects that are most relevant for this analysis,
namely the muon and the electron. We will discuss the reconstruction algorithms and trigger
stream of both the muon and the electron.

4.1 Muon

A muon traverses the detector depositing only a small fraction of its energy in the calorime-
ter system since muons are minimum ionizing particles. Thus the calorimeter system alone
cannot be used to reconstruct muons. Instead the muon system and the tracker are used.
Since all other detectable standard model particles should be stopped inside the calorimeter
system, we expect only muons to deposit energy in the muon systems. This fact allows to
construct a high-efficiency trigger for muon candidates.

In this section we first discuss the reconstruction algorithms of the muon candidates.
Then we will talk about some general muon selection criteria and finally spend a few words
on the muon trigger stream.

4.1.1 Muon Reconstruction

The track reconstruction algorithm fulfils the task to reconstruct a track from the different
hits in the tracker system and muon detectors by fitting. The types of algorithms differ in
what kind of hits are used in the fit procedure. Independent of what hits are used in the fit
all types of algorithms follow a general sequence consisting of 4 stages.

The first stage is called Seeding. An estimated trajectory state or a set of hits that are
compatible with the assumed physical process is used to find an initial point for the track
reconstruction. The state-based seeds do not need any hits but instead a track segment
with initial momentum and direction in the DTs or CSCs. The requirement for the hit-based
seeds is that they should be compatible with the beam spot. This allows to attach an initial
vector to the trajectory seed. Consequently, both types of seeds (hit-based and state-based)
provide a direction which is used in the next stage. After Seeding the Trajectory Building
is performed. Starting form the position of the trajectory seed one proceeds in the direction
given by the seed to find compatible hits in subsequent detector layers. Now the track
finding and fitting is performed with special combinatorial filters 18. The output gives a
huge amount of trajectories which is cleaned from ambiguities such as an overlap of the
used hits. This is called Trajectory Cleaning. In the final stage denoted Trajectory Smoothing
a backward fitting (smoothing) to all hits surviving the Cleaning is applied in order to take
the full covariance matrix for the final fit track into account.

The algorithm determines a track from which the particle’s properties such as momen-
tum, energy and direction are extracted. All inputs of the track finding procedure have un-
certainties which are propagated to the particle’s properties and are stored for every track.

A short description of the different types of muon candidates (corresponding to differ-
ent sets of hits used in the track fitting procedure) is given below. There are three basic
reconstruction algorithms namely standalone muon, global muon and tracker muon:

• Standalone muon: The seeds for this algorithms are trajectory estimates by matching
pairs of DT segments, CSC segments or both together and extracting the momentum
from the curvature. The fit is done by picking up and fitting CSC and RPC hits and
DT segments along the trajectory.

18More information on the combinatorial filters can be found in [57] and in its list of references.
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• Global muon: These muons are a combination of the standalone muons with a match-
ing track from the tracker. Seeds are standalone muons and matching tracks. The fit
is performed with the track candidate hits and hits from layers that are crossed by the
standalone muon. The track of the global muon is the one with the best fit probability.
Since the momentum resolution for tracks up to pT = 200 GeV reconstructed in the
muon system only is dominated by multiple scattering, the tracker information is the
best choice to reconstruct muons in this momentum region . Above that threshold, a
combination of the tracker track and the standalone muon improves the momentum
resolution.

• Tracker muon: Basically it is the opposite strategy compared to that of the global muon.
The tracker muon algorithm starts with a tracker track and searches the correspond-
ing muon signatures in the muon systems. This algorithm was invented to overcome
problems with missing hits in the muon systems, e.g. due to low momentum.

However, several difficulties occur when reconstructing a high-pT muon which is part of
the signature this analysis is looking for. First of all, the curvature of the muon track in the
magnetic field can not be measured that easily since the sagitta 19 is inverse proportional
to momentum and thus decreasing with increasing momentum and finally affecting the
momentum measurement. Additionally high-pT muons can radiate bremsstrahlung, e.g.
when propagating through the iron causing electromagnetic showers. To overcome these
challenges other, more sophisticated, reconstruction algorithms have been developed and
used:

• TPFMS muon: The starting point of a TPFMS (Tracker Plus First Muon Station) muon
is a global muon. The add-on is that the trajectory of the muon is refitted using only
the tracker and the innermost available segment of the muon system. This has the
advantage that even high-pT muons with its radiation mostly in the iron yoke can be
reconstructed well.

• Picky muon: In this case also the global muon reconstruction builds the starting point
from which muon stations with high occupancy are subtracted since it is more likely
that the muon produced an electromagnetic shower there. The criterion to eliminate
these stations is a χ2 fit. After elimination a refit is done.

• TuneP muon: This algorithm chooses the best reconstruction out of the above men-
tioned. The choice is based on a track-by-track evaluation using goodness-of-fit vari-
ables for each option.

The muon reconstruction used in this analysis relies on the TuneP algorithm. A more com-
plete discussion of the reconstruction algorithms can be found in [57] and [58].

The muon momentum resolution is a decisive figure-of-merit for the CMS muon sys-
tems. The resolution is determined separately with only the tracker, with only the muon
spectrometer and once with the full CMS tracker system. The differences in muon momen-
tum resolution of these procedures are shown in figure 4.1.

It is worth mentioning that the reconstruction power of the muon detectors is limited by
the quality of alignment. When combining the tracker system and the muon detectors in the
reconstruction algorithm, one has to know the position and orientation of the two systems
relative to one another. Dedicated studies to account for misalignment effects are performed
in the CMS collaboration [57].

19For a circular arc, sagitta is defined as the distance from the centre of the arc to the centre of its base.
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Figure 4.1: Muon momentum resolution as a function of momentum in different regions of pseudo-
rapidity [57]. The resolution is determined with the tracker alone, with the muon spectrometer only
and with the full CMS tracking system.

4.1.2 Muon Selection

The selection for high-pT muons recommended by the Muon Physics Object Group (POG)
[59] of CMS is used in this analysis. The following list gives a complete overview of the
muon selection.

• The muon is required to be reconstructed as a global muon.

• The global-muon track fit should include at least one muon-chamber hit in order to
suppress hadronic punch-through and muons from decays in flight.

• Muon segments should show up in at least two muon stations. This leads to further
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suppression of punch-through and also a suppression of accidental track-to-segment
matches. Furthermore, consistency with the muon trigger logic is guaranteed since the
trigger requires segments in at least two muon stations to obtain a meaningful estimate
of the muon transverse momentum.

• The tracker track ought to have a transverse impact parameter 20 of dxy < 2 mm and
the longitudinal distance dz of the tracker track from the primary vertex should be less
than 5 mm. Cosmic muons are suppressed by these criteria and a further reduction of
muons from decay in flight and tracks from pileup vertices is achieved.

• At least one pixel hit is requested in order to further reject muons from decays in flight.

• Since a minimal number of tracker layers with hits guarantees a precise pT measure-
ment, more than 5 tracker layers with hits are required.

On top of this muon selection, cuts on muon candidates at analysis level are applied. This is
the topic of section 5.5.1.

4.1.3 Muon Trigger

Due to the possibility to identify muons with a high efficiency over a large pT range, muon
candidates can also be used to define a trigger stream. In section 3.2.7 general aspects of
the trigger system have been discussed. Thus, here, we only focus on the muon-specific
features, i.e. the level-1 (L1) muon trigger and the single muon high-level trigger (HLT).

This analysis uses the unprescaled HLT Mu50 trigger path, which is seeded by either
L1 SingleMu16 or L1 SingleMu25. There are no isolation requirements on the HLT Mu50
trigger path. The requirement on the transverse momentum of the muon candidate is pT >
50 GeV [60].

The level-1 muon trigger is implemented in hardware and uses hits from the muon sys-
tem. The muon candidates found by the level-1 trigger provide the seeds for the high-level
trigger21. These seeds define a region of interest in the muon system which is the start-
ing point of the trigger (online) reconstruction. Details about the trigger streams and their
reconstruction can be found in [61].

4.2 Electron

The electron is the second part of the signature we are looking at in our search and thus the
reconstruction and trigger streams of the electron deserve some consideration. An electron
emerging from a proton-proton collision deposits energy in the tracker and finally reaches
the electromagnetic calorimeter. There the electron induces an electromagnetic shower.

4.2.1 Electron Reconstruction

Reconstructing electrons in CMS is based on information from the calorimeter system and
the tracker. The starting point of the electron reconstruction consists of the energy deposited
in crystals of the electromagnetic calorimeter. Summing up energy depositions in adja-
cent crystals, clusters are formed. In the next step, a cluster with a high energy deposit
is chosen and several clusters within a φ window around the starting point are grouped

20The transverse impact parameter dxy is the distance in the xy-plane form the primary vertex. For dz , there
is a similar definition w.r.t the z-axis.

21Including candidates that are not accepted by the level-1 trigger but selected candidates in the level-1
trigger stream.
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into a so-called supercluster. The φ window extends up to maximal 0.3 rad in both di-
rections. Electrons are radiating bremsstrahlung when traversing the tracker material and
subsequently via pairproduction electron-positron pairs are created inside the tracker vol-
ume. Thus the clustering procedure of ECAL crystals helps to collect the energy radiated by
bremsstrahlung [62; 63].

The superclusters are then combined with hits from the innermost tracker layers. The
energy and positions of the supercluster allow to calculate a first estimate of the electron’s
trajectory. One looks into the two innermost tracker layers to find a pixel hit which is com-
patible with the trajectory. A new estimate of the trajectory is built including the hits from
the two innermost layers. The same procedure is done including more and more outer
layers. It can happen that several trajectories are found at each stage. This is reduced to
maximal 2 trajectories by applying a χ2 criterion. A final fit is performed with all remaining
hits requiring at least 5 hits in the tracker [64; 61]. The electron’s energy and momentum can
be extracted from both the trajectory and the energy depositions in the ECAL.

This reconstruction is ECAL-based. In CMS, there is also a tracker-based reconstruction
with benefits for low-pT electrons (no bremsstrahlung) which is not discussed here since
we are looking at high-pT objects. The isolation and identification criteria are listed in the
analysis specific section 5.5.2.

Like in the case of muon reconstruction, also the electron reconstruction relies on two
different subdetectors of the CMS detector. Consequently, the alignment of the ECAL rela-
tive to the tracker is studied and has been determined to be less than 10 µm [65]. The effect
is not as big as in the muon case (∼ 100 µm) since both the tracker and the ECAL are inside
the solenoid.

In the context of this analysis an issue which one has to handle is the background in-
duced by jets faking electrons. Thus it is worth mentioning a feature in the electron re-
construction to reject hadronic signatures. The superclusters of the ECAL are preselected
using a hadronic veto cut before matching to the pixel hits in the tracker. By summing up
the energy deposited in the HCAL within a cone of ∆R = 0.15 around the position of the
superclusters energy, one can look at the ratio H

E
22 and define a cut.

4.2.2 Electron Trigger

The HLT electron trigger stream uses all events passing the level-1 trigger. The basic re-
quirements of the HLT selection consists of matching the superclusters in the ECAL to the
pixel hits of the tracker. The energy deposited in the ECAL should match the reconstructed
track momentum in the tracker volume. Additionally, the electron candidate is said to fulfil
some isolation requirements [61].

The electron trigger used in this analysis is the HLT Ele105 CaloIdVT GsfTrkIdT which
is seeded by either L1 SingleEG35 or L1 SingleEG40 or L1 SingleJet200. The requirement
on the transverse energy of the electron is set to be ET > 105 GeV. Several requirements are
implemented in this electron trigger. These requirements can be looked up in reference [66].

22The ratio H
E

is defined as the energy deposited in the HCAL over the energy in the ECAL.
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5 Analysis

In this chapter, the analysis of the electron-muon channel is described. The following sec-
tions explain what data are used, how the standard model background and new-physics
processes are simulated. The analysis-specific selection is described. Finally, a discussion of
the systematic uncertainties is presented. The analysis is done within the CMS collaboration
and a documentation can be found in [67]. The basic analysis concepts are also used in the
CMS 8 TeV analysis of the electron-muon channel [4].

5.1 Recorded Data

The data for this analysis were taken in 2015 with the CMS detector at
√
s = 13 TeV sum-

ming up to an integrated luminosity of 2.7 fb−1 [68]. Single electron and single muon datas-
treams are used in this analysis with the reconstruction version of December, 16th 2015. For
the muon dataset the high level trigger HLT Mu50 selects interesting events and for the
electron dataset the high level trigger HLT Ele105 CaloIdVT GsfTrkIdT is used. In order
to prevent double counting a veto of the HLT Mu50 trigger is implemented in the offline
analysis when running over the electron-triggered dataset. In general, a ’logical or’ of the
single muon/electron trigger is implemented. The advantage of this trigger strategy com-
pared to a simple single muon trigger is explained in section A.3. Both trigger paths are
explained in more detail in section 4.2.2 and 4.1.3 for the single electron and single muon
trigger respectively.

5.2 Simulation

Most of the standard model background processes and all of the signal processes are pre-
dicted by Monte Carlo (MC) simulation23. For the standard model background the MC
generators PYTHIA 6 [69], POWHEG [70], MADGRAPH [71] and aMCatNLO [72] are used.
The RPV-SUSY samples are generated using CalcHEP [73] interfaced with PYTHIA 8 [74]
for parton showering and hadronization24. For the QBH signal a dedicated QBH event gen-
erator [75] produces the events again combined with PYTHIA 8 for parton showering and
hadronization. The Z ′ samples are generated with PYTHIA 825.

After generating the processes the FULLSIM CMS detector simulation is used to get
the detector response of the different processes. GEANT 4 [76] provides the simulation of
particle interactions with the detector material. The reconstruction and selection procedure
of MC generated events is analogous to data events.

5.3 Scale Factors

The above mentioned detector simulation is a sophisticated tool to simulate physical pro-
cesses. However, it can happen that the output of the detector simulation differs from actual
data. This problem is addressed by introducing scale factors for

• Muon trigger,

• Muon identification,

23Except the ’W jets + QCD’ background which is determined with a data-driven approach (see section 5.6.2).
24Parton showering by PYTHIA adds additional jets to the events that were not considered by the other MC

generators. Hadronization combines generated quarks into hadrons and subsequently into jets.
25The RPV-SUSY, QBH and Z′ samples are hereafter often referred to as signal samples. Details of signal

samples can be found in section A.4
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• Muon isolation,

• Electron identification and

• Electron trigger 26.

The muon trigger scale factors are given in table 5.1 for different regions in pT and η. The
values are determined by a Count Method described in [60]. For the muon identification a

pT range (GeV) |η| range Scale factor Stat. Uncert. Syst. Uncert. (frac. of SF)
53 < pT < 140 |η| < 0.9 0.9724 ±0.0010 0.005

0.9 < |η| < 1.2 0.9656 ±0.0026 0.005
1.2 < |η| < 2.1 0.9651 ±0.0015 0.005
2.1 < |η| < 2.4 0.9584 ±0.0053 0.005

140 < pT < 5000 |η| < 0.9 0.969 ±0.011 0.005
0.9 < |η| < 1.2 0.985 ±0.042 0.005
1.2 < |η| < 2.1 1.006 ±0.022 0.005
2.1 < |η| < 2.4 1.032 ±0.095 0.005

Table 5.1: Muon trigger scale factors and the associated statistical and systematic uncertainties as
a function of the pT and |η| of the muon candidate. The |η| ranges are following the geometrical
arrangement of the components of the muon system. [60]

scale factor of 0.98 with a dominating systematic uncertainty of ±0.01 is applied. For the
muon isolation a factor of 1.00 ± 0.01(syst) is used. Again the statistical error is negligible.
These scale factors are determined by a Tag and Probe method [77].

The scale factor of the electron identification is given by 0.996±0.002 (barrel) and 0.996±
0.005 (endcap) [78].

All scale factors mentioned above are used to reweight the selected events according to
the kinematics of the selected electron-muon pair (see section 5.5).

5.4 Pileup

This section is concerned with corrections that take care of pileup effects. In section 3.1 there
is an explanation of what pileup is and why it is important to take into account. Pileup de-
notes the effect of additional inelastic processes happening in the same or different proton-
proton bunch crossings. To handle this effect, one needs to know the number of inelastic
interactions in a fixed time range when a certain number of bunch crossings take place. This
number can be obtained by measuring the instantaneous luminosity. Then, using the min-
imum bias cross section of inelastic proton-proton collisions σppinelastic = 73.1 mb at 13 TeV
[79] one can determine the number of inelastic proton-proton collisions per time interval.
This is measured separately for certain time ranges with the CMS detector in a complete
run of the LHC. Comparing the obtained distribution of data with the simulation of the
background and signal processes, one can reweight the simulated samples according to the
measured pileup interactions. Figure 5.1 shows a comparison between data and simulated
background as well as signal samples before and after pileup reweighting. One can clearly
see that for the number of reconstructed primary vertices the agreement improves signifi-
cantly.

26The electron trigger scale factors are applied for the events triggered only by the electron trigger.
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Figure 5.1: Number of reconstructed vertices before (left plot) and after (right plot) pileup reweight-
ing. After the reweighting the systematic uncertainty due to the±5% shift of the minimum bias cross
section is shown as a grey shaded band. All shown events are required to pass the complete selec-
tion and contain therefore at least one electron and one muon. More information on the different
background contribution shown here as coloured histograms can be found in section 5.6.

5.5 Analysis-Specific Selection

This section is devoted to the analysis-specific selection criteria for the muon and the elec-
tron. The criteria discussed in this section are applied on top of the criteria introduced in
section 4.1 for the muon and in section 4.2 for the electron. The analysis-specific selection
intends to be as model-independent as possible. With this general selection strategy, the
results of this analysis can then be re-interpreted for all resonant-like signals decaying into
an electron-muon pair.

5.5.1 Muon Criteria

The basic muon selection for high-pT muons as recommended by the Muon POG of CMS is
discussed in section 4.1.2. Additionally, other cuts are applied on analysis level. The muon
candidate should have a pT > 53 GeV in order to get around trigger turn-on effects. For the
analysis only muons within the pseudorapidity range of |η| < 2.4 are used. The transverse
momenta of measured tracks within a cone of ∆R < 0.3 around the muon direction are
summed up and divided by the muon transverse momentum. This ratio ought to be less
than 10%. This is the tracker-based relative isolation criterion. This criterion is applied in
order to reject muons that are part of a jet.

5.5.2 Electron Criteria

The electron selection of the analysis follows the High Energy Electron Pairs identification
(HEEP ID) version 6.0 of the CMS EGamma POG [80]. Table 5.2 shows the complete list of
all criteria. This list contains identification and isolation requirements at the same time. In
the following the variables in table 5.2, which are not introduced so far, are discussed [80]:

• isEcalDriven: The reconstruction of the electron should be seeded by the calorimeter
system.
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• |∆ηseedin |: The difference in η of, on the one hand, the track measured by the inner
layer of the tracker system and subsequently extrapolated to the interaction vertex
and extrapolated to the calorimeter and, on the other hand, the η of the superclusters
in the calorimeter.

• |∆φin|: The difference in φ determined with the same procedure as in the η case.

• H/E: We already know that this denotes the ratio of the energy deposited in the HCAL
over the energy deposited in the ECAL. More explicitly, the energy of the ECAL is the
energy of the electron’s supercluster and in the HCAL case a cone of radius ∆R =
0.15 around the electron’s direction is defined to sum up all energy depositions in the
HCAL. A tight cut on this variable helps rejecting jets.

• 5 × 5 σiηiη: This defines a measure of the spread in η in units of ECAL crystals of the
electron’s energy in a 5× 5 block around the seed crystal. Details can be found in [81].

• 5 × 5 E2×5/E5×5 : This variable is another measure of the spread. Here, the ratio of
the highest energy 2 × 5 block containing the seed crystal over the total energy of the
5× 5 block of the seed. It is shown in [82] that this further helps rejecting jets.

• EM + Had Depth 1 isolation: This isolation criterion uses both electromagnetic and
hadronic isolation. The ECAL isolation uses the energy depositions of reconstructed
hits with a certain energy threshold (barrel: ET > 0.08 GeV, endcap: ET > 0.1 GeV)
in a cone of radius ∆R = 0.3 around the electron’s direction in the calorimeter exclud-
ing those hits within an inner cone with radius of 3 crystals. The hadronic isolation
criterion sums up all energy deposition within a radius of 0.3 around the electron’s
position, excluding a cone of 0.15.

• Track Isolation: This isolation criterion is defined as the pT sum of all tracks in a cone
with the radius ∆R = 0.3 excluding the inner cone within ∆R ≤ 0.04. This rejects elec-
trons which are part of a jet since this quantity should assume low values for isolated
electrons and high values for non-isolated electrons.

Variable Barrel Endcap
ET > 35 GeV > 35 GeV

η range |ηSC | < 1.4442 1.566 < |ηSC | < 2.5
isEcalDriven = 1 = 1
|∆ηseedin | < 0.004 < 0.006
|∆φin| < 0.06 < 0.06
H/E < 1/(E/GeV) + 0.05 < 5/(E/GeV) + 0.05

full 5× 5 σiηiη - < 0.03
full 5× 5 E2×5/E5×5 > 0.94 OR E1×5/E5×5 > 0.83 -

EM < 2 + 0.03 ∗ (Et/GeV) + 0.28 ∗ ρ < 2.5 + 0.28 ∗ ρ for Et < 50 GeV else
+ Had Depth 1 isolation < 2.5 + 0.03 ∗ ((Et/GeV)− 50) + 0.28 ∗ ρ

Track Isolation < 5 < 5
Inner Layer Lost Hits ≤ 1 ≤ 1

|dxy| < 0.02 cm < 0.05 cm

Table 5.2: HEEP ID (v6.0) cuts for electron. The criteria are applied to select electrons in this analysis.
A description of the meaning of each variable can be found in the text. The variable Et is defined
by the supercluster’s energy times sin θtrk. θtrk denotes the polar angle of the electron’s direction
measured at the inner tracker layer.
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• Inner Layer Lost Hits: The track of an electron candidate is extrapolated towards the
beam-line. By counting the number of times the extrapolation crosses active tracker
material without a valid hit we obtain the number of lost hits. By cutting on this vari-
able one intends to suppress electrons coming from conversions of prompt photons
since it is very likely that the conversion happens somewhere inside the inner tracker.

• |dxy|: The transverse impact parameter dxy gives the distance of the track to the pri-
mary vertex. Again, we want to reduce the impact of non-prompt electrons.

5.5.3 General Selection Criteria

This section presents a list of general selection criteria applied on an event-by-event basis.
First of all, each event should contain at least one good muon (section 5.5.1) and one

good electron (section 5.5.2). We further introduce an electron veto if a global muon with
pT > 5 GeV is found within a cone of ∆R < 0.1 in order to account for muons that produce
bremsstrahlung and subsequently produce superclusters in the ECAL. In events that are
triggered by the single electron trigger and not by the single muon trigger, an additional cut
on the pT of the electron is applied in order to avoid trigger turn-on effects. A threshold of
pT > 120 GeV is introduced. Above that the efficiency that an electron passing the HEEP ID
criteria matches the single electron requirements is 99 % [83]. Finally if there is more than
one electron-muon pair in one event, we choose the pair with the highest invariant mass.
The invariant eµ mass is defined by

Meµ =
√

(pe + pµ)2, (5.1)

where pe/µ are the 4-momenta of the electron and muon, respectively. The invariant eµ
mass is invariant under Lorentz-transformations. This quantity plays a decisive role in the
statistical interpretation of the results. It is required that all events pass the conditions of
several missing-transverse-energy filters. Since the filters have almost no influence on the
analysis they are only mentioned here for completeness. A list of all applied filters is given
in [67]. Further explanations of the filters can be found in [84].

Other cuts are not applied due to different reasons. In general, the selection strategy aims
to be as model-independent as possible. Additional cuts would undermine that strategy. In
the following, some cuts and their advantages and disadvantages are discussed. None of
the cuts mentioned below are included in the selection of this analysis.

A cut on opposite sign of the electron-muon pair would reduce the fraction of tt̄ back-
ground. However, the cut is not used in this analysis to keep the analysis unaffected from
lepton charge misidentification. In 7 TeV data, the lepton charge misidentification is mea-
sured in Z/γ∗ → e+e− data for electrons. The charge misidentification probability is 0.1 %
in the ECAL barrel and 0.3 % in the ECAL endcaps [85]. 27 For muons, the charge misiden-
tification probability is less than 10−4 and measured with cosmic rays [86]. One could also
think about a b-jet veto or a cut on the ∆φ(e, µ). The cut on ∆φ(e, µ) would be motivated by
the fact that the electron and muon are expected to be back-to-back for the signal signature.
This can be seen in figure A.4. The b-jet veto would decrease the amount of tt̄ background
since this background has - most probably - two b-jets originating from the decay of the top-
antitop pair. The 8 TeV eµ analysis [4] checked the influence of those cuts on the statistical
interpretation. They found an improvement of the expected limit in the low mass region,
whereas in the high mass region (> 1.2 TeV) there was none.

27For very high-pT electrons, this misidentification probability will increase. To be on the safe side in this
kinematic regime, this analysis does not cut on the charge of the selected electron.
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5.6 Standard Model Backgrounds

The standard model backgrounds for this search in the eµ final state can be divided in two
categories. The first category, called prompt background, stems from standard model pro-
cesses that actually have (among other particles) a muon and an electron in the final state.
The second category is composed of processes that have a misidentified electron and/or
muon, therefore called misidentified background. Contributions of each process from the
two categories are determined separately and finally added to obtain the total event yield of
the standard model prediction in the eµ channel. To finally compare the background event
yield as a function of a kinematic variable to data it needs to be normalized to the inte-
grated luminosity. A list of all backgrounds is given in section A.5 providing information
for example about cross section, sample binnings and, if existing, the used MC generators.

5.6.1 Prompt Background

The dominating backgrounds for this analysis are among the prompt backgrounds. The
leading background is the tt̄ production followed by the diboson processes (WW ,WZ,ZZ
28). For invariant masses bigger than 1.5 TeV the WW becomes equally important as the tt̄
production. Also single top processes are considered meaning the t and tW channels.

• tt̄: The production of a top and an anti-top quark is the leading background in the eµ
channel for a broad energy range. The top quark decays via a W boson most probable
29 into a b quark. The W boson subsequently decays into a lepton plus lepton neutrino
pair. Similarly the anti-top decays. This case, if both W bosons decay leptonically,
is often referred to as full-leptonic decay. If one of the leptons is an electron and the
other one an anti-muon30, one obtains a prompt background. For the high invariant
mass region at Mll > 500 GeV high statistics samples are used. These tail samples
are produced only full-leptonically whereas the bulk samples include all decays. This
background is produced with POWHEG.

• WW : The WW background is the most important fraction of the diboson background
and becomes equally important as the tt̄ background for invariant masses above 1.5 TeV.
Again, this background contributes due to a full-leptonic decay of the W bosons and
is produced for high masses with dedicated tail samples starting at Mll > 200 GeV. All
the WW samples are predicted by POWHEG.

• WZ and ZZ: These processes contribute much less to the final spectrum and are there-
fore only mentioned for completeness. They are also produced by POWHEG.

• Single Top: This name summarizes the backgrounds where a single (anti-)top is pro-
duced. This can happen in association with a W boson or quarks. Again by leptonic
decay of the W boson one can obtain a muon and an electron in the final state.

5.6.2 Misidentified Background

The misidentified background consists of components that are determined by a MC gener-
ator, namely Wγ and Drell-Yan. The other component coming from ’W jets + QCD’ events
are determined in a data-driven approach.

28The diboson processes are ordered from dominant to subdominant.
29See CKM matrix elements in section 2.1.
30Of course, the same can happen with opposite charges.
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The Wγ background contributes to the eµ channel since the W can decay into a muon
and a muon-neutrino. The photon can be reconstructed as an electron which passes the
selection. This happens for Wγ background only in rare cases since the photons are mostly
low-energetic. Therefore, this background is very subdominant. This can be seen by looking
at the high-pT electron isolation and identification criteria in section 5.5.2.

We have to consider Drell-Yan processes (Z/γ → ll) since either a muon can be recon-
structed as an electron or vice versa and passes the selection criteria. Also tau-leptons are
included in the Drell-Yan processes here, since a decay to 2 lighter leptons and two neutrinos
can lead to an eµ pair in the final state.

The ’W jets + QCD’ 31 background consists of events where a jet is reconstructed as an
electron or a muon which passes the corresponding selection. Since the latter case is less
probable, only the electron case is considered. In contrast to all other background predic-
tions of the standard model, the ’W jets + QCD’ background is not produced by a MC gen-
erator. Instead it is determined via a data-driven approach using the so-called ’fake rate’
method. The idea and procedure of this approach will be explained in the following and is
oriented towards the dielectron search in CMS [87]. To estimate the jet background via the
data-driven approach one has to define an electron selection that is not as tight as the HEEP
ID in the analysis. The basic idea of the cuts is to select ’jet-like’ electrons. The variables
and cuts are summarized in table 5.3. In the next step a dataset is selected with at least one
muon passing the full selection and at least one electron passing the selection in table 5.3
but not the full selection defined in section 5.5.2. Both the QCD multijet and the W jets back-
grounds are accounted for. Here, the QCD multijet is included since the cross section is a lot
higher than for the W jets processes and thus, the probability that a jet fakes a muon is not
negligible.

Now the ’fake rate’ enters the game. The ’fake rate’ is defined as the probability for a
jet reconstructed as an electron to pass the HEEP ID. Of course in our case that probability
has been determined with respect to the selection in table 5.3. Numerical values of the ’fake
rate’ can be seen in table 5.4. In each event the pair of the loose electron candidate and the
muon candidate with the highest invariant mass is selected. Each event of the new dataset is
reweighted by the factor FR

1−FR evaluated at the ET of the selected loose electron candidate.
This dataset contains a non-negligible amount of prompt background which is subtracted
using MC predictions in order to avoid double-counting. After subtraction the ’W jets +
QCD’ background is obtained.

To check the validity of the data-driven approach the following test is done. We look at

variable barrel endcap
ET 35 GeV 35 GeV
|η| < 1.4442 1.566 < |η| < 2.5
σiηiη <0.013 <0.034
H/E <0.15 <0.10

nr. missing hits <= 1 <= 1
|dxy| < 0.02 cm < 0.05 cm

Table 5.3: The selection requirements for the starting point of the data-driven approach to determine
the W jets+ QCD background. The cut values are taken from [87]. These requirements are less strict
than the HEEP ID criteria. Especially, the H/E cut is not energy dependent and a lot looser than in
the HEEP ID requirements.

31The name ’W jets + QCD’ denotes processes, where a W boson is produced in association with jets (W jets),
and the QCD denotes processes of multijets.
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Region ET range (GeV) Functional form of ’fake rate’
barrel 35 ≤ ET < 76.1 0.053− 0.00059× ET /GeV

76.1 ≤ ET < 145.6 0.012− (6× 10−5)× ET /GeV
ET ≥ 145.6 0.00315

endcap 35 ≤ ET < 75.8 0.09− 0.0008× ET /GeV
|η| < 2.0 75.8 ≤ ET ≥ 186.9 0.038− (5× 10−5)× ET /GeV

ET ≥ 186.9 0.0273
endcap 35 ≤ ET < 88.6 0.08− 0.0005× ET /GeV
|η| > 2.0 88.6 ≤ ET < 245.7 0.032 + (7× 10−5)× ET /GeV

ET ≥ 245.7 0.051

Table 5.4: Functional form of the measured ’fake rate’ for different kinematic regions. This has been
determined with an independent single photon triggered dataset. The values of the functional form
given in the right column are shown up to the digit where the statistical error of the parametrization
starts. [87]

the invariant eµmass plot which is explained in detail in section 6 and provides the basis for
the statistical interpretation of this search. We compare the W jets background produced by
a MC generator and the multijet contribution with the ’W jets + QCD’ contribution from the
data-driven approach. In the following it is explained how the multijet background, which
is used in this comparison, is determined. On top of the usual event selection criteria, a
charge requirement on the electron-muon pair is applied. The event yield of data and all
backgrounds that are determined by MC generators as a function of the invariant eµ mass
is shown in figure 5.2 left and right with the same-sign (e−µ− or e+µ+) charge requirement
and the opposite-sign (e+µ− or e−µ+) charge requirement respectively. For the opposite
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Figure 5.2: Event yield as a function of the eµ invariant mass. On top of the full selection opposite
(right) and same (left) sign charge requirements are applied for the selected electron-muon pair. Here
all backgrounds (including theW jets background from MC) are plotted except the data-driven ’W jets
+ QCD’ background. We see a good agreement in the opposite sign distribution, whereas an offset
between data and background can be observed in the same sign distribution. Twice this difference is
taken as the multijet background in the cross check in figure 5.3
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Figure 5.3: Comparison of the data-driven ’W jets+QCD’ (red line) with the W jets background deter-
mined by MC simulation, denoted byW in the legend, and the multijet background. The uncertainty
in this plot is the total uncertainty of 50 % on the ’W jets + QCD’ background. The agreement provides
a validation for the data-driven approach.

sign distribution, we observe a good agreement between data and backgrounds. In the
same sign distribution, there is a difference due to the missing multijet background which is
non-negligible for the same-sign spectrum. This is determined for the same-sign spectrum
as the difference between data and the other backgrounds. Since the multijet is expected to
be approximately invariant under flipping electric charges, we take twice the amount of the
same-sign contribution for the total electron-muon channel. This is what is called multijet
background in figure 5.3. We see in figure 5.3 that the contribution from the data-driven
approach is in agreement with the W jets background from MC simulation and the multijet
background determined via charge separation.

In figure 5.4 a distribution comparing the measured data with all standard model back-
grounds stacked on top of each other is shown. Here, the event yield as a function of the
pseudorapidity of the muon ηmuo is plotted. Since these distributions, showing the event
yield as a function of a kinematic variable, are very important in the following, we shortly
focus on how they are obtained. To compare a certain amount of data with background and
signal samples we have to weight each event of Monte-Carlo-produced background and
signal samples according to

ω =
L · σ · kweight

Nev
.

In this equation L denotes the integrated luminosity, σ the cross-section of the correspond-
ing process. Nev gives the number of events that were produced in the sample and kweight
denotes a weighting factor which takes corrections induced by higher orders into account.
The values of the factors used for different processes can be found in table A.4. Addition-
ally, each event is weighted according to the scale factors discussed in section 5.3 and pileup
corrections described in section 5.4. Consequently one is able to compare background and
signal processes with measured data. Figure 5.4 also introduces systematic errors, which are
explained in detail in section 5.8. Another feature of figure 5.4 is that a comparison between
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Figure 5.4: Distribution of the event yield as a function of the pseudorapidity of the muon ηmuo. A
comparison between data (black points) and background (coloured, filled and stacked histograms).
Additionally, the grey and yellow bands denote the systematic and statistical uncertainties on the
background event yield. The ’ratio plot’ below presents the ratio of the data event yield over the
background event yield for each bin. Again the uncertainties are presented by the coloured bands in
order to directly read off significant differences between data and standard model expectation. The
histogram is binned in ηmuo.

data and complete background is shown. Together with the statistical and systematic un-
certainties, one can directly observe if the distribution of data shows significant differences
compared to the standard model background. Other distributions of kinematic variables of
the selected muon as well as the selected electron can be found in section A.6.

5.7 Signal Models

The signal models are introduced in section 2.2 focusing on theoretical aspects and we know
that they are produced by MC simulation (section 5.2). In this section we will discuss the
signal efficiency of the different models. Another part of this section is concerned with the
mass resolution of the resonant-like signal models (RPV-SUSY and Z ′). Since the resonant-
like signal models are treated differently in the statistical interpretation than the QBH mod-
els, the mass resolution is not determined in the QBH case. Both, the signal efficiency and
the invariant mass resolution, play an important role in the statistical interpretation of the
results.

5.7.1 Signal Efficiency

The signal efficiency 32 is measured for all signal models. Figure 5.5 shows the signal effi-

32In the following, ’acceptance times efficiency’ (A× ε) will also be used as a synonym for signal efficiency.
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Figure 5.5: Signal efficiency of RPV-SUSY model (left) and QBH model (right). The efficiency of the
Z ′ model is shown in figure A.7 since it is similar to the RPV-SUSY distribution. Different steps of
the full event selection are also presented in different colours. In light blue, one can see the efficiency
after acceptance criteria. The efficiency after trigger criteria is shown in green and after full selection,
i.e. reconstruction and event selection criteria, in red. Additionally, for the RPV-SUSY models the
solid lines represent a parametrization of the signal efficiency. The parametrization of the efficiency
is shown in black. In blue and yellow, these are parametrization of the signal efficiency if one applies
a variation (up/down) due to systematic uncertainties. This is further discussed in section 5.8.2. The
quantity M in the parametrizations is given in GeV.

ciency determined with the RPV-SUSY model and the QBH models. The signal efficiency
is defined as the efficiency after the full selection. That includes acceptance, trigger, recon-
struction as well as event selection criteria. For RPV, we have a quite stable plateau of about
75 % above Meµ,gen = 1.5 TeV. Here the invariant eµ mass is the value at generator level, i.e.
before reconstruction enters the game. For the QBH, one can see a stable plateau beginning
at Meµ,gen = 1 TeV. For further modelling and statistical interpretation, a parametrization of
the form

feff(Meµ,gen) = A+
B

C +Meµ,gen/GeV
+D ·Meµ,gen/GeV (5.2)

is fitted to the RPV-SUSY model only since for the QBH models this is not necessary. The
values of the parameters A,B,C and D are shown in figure 5.5. For the RPV-SUSY however
the parametrization is important in order to interpret the results at arbitrary masses (section
7).

For the resonant-like signal models, the narrow width approximation holds. This allows
to scale the cross section to arbitrary masses and coupling values. This parametrization of
the signal efficiency is thanks to the NWA also used for different coupling values of λ132

and λ′311. To check that the values of the couplings have no impact on the signal efficiency
samples with different coupling values are produced.

5.7.2 Invariant Mass Resolution

The invariant mass resolution is defined by

Meµ,reco −Meµ,gen

Meµ,gen
(5.3)
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on a per-event basis. Here the quantities Meµ,gen/reco denote the invariant mass at generator
level and after reconstruction, respectively. For each event, this quantity in equation 5.3 is
collected in a histogram. An example at Meµ,gen = 1.8 TeV is shown in figure 5.6, where one
can see that this distribution is centred around the origin and is relatively symmetric. The
invariant mass resolution is determined with signal samples of the RPV-SUSY model. We
now intend to extract the width of this distribution in order to get a measure of the mass
resolution. Our method is simply to fit a Gaussian function to the core of the distribution
and the resulting σ of the Gaussian is taken as the width. Since samples at different invari-
ant masses are produced, one can proceed like this for every generated mass point. The
resolution of each mass point is collected to obtain the red points in figure 5.7 in the end.

The invariant mass resolution is determined to be 2.5 % for Meµ,gen = 1 TeV and 4 %
for Meµ,gen = 4 TeV. The deterioration of the resolution at high invariant masses is due to
the muon measurement which suffers from the smaller bending of muons at high momenta.
In addition, high-energetic muons induce showers in the iron yoke. The invariant mass
resolution is used in the limit setting procedure described in section 7. That is the reason
why a parametrization of the form

fres(Meµ,gen) = A+B ·Meµ,gen/GeV + C ·
(
Meµ,gen/GeV

)2 +D ·
(
Meµ,gen/GeV

)3 (5.4)

is used. The values of the individual parameters are listed in figure 5.7. Furthermore, the
determination of the invariant mass resolution justifies the assumption made in section 2.2
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Figure 5.6: Gaussian fit of mass resolution for the signal mass point 1800 GeV. Studying the distri-
bution more closely, one can observe a tail in the negative edge of the peak. The Gaussian fit is not
respecting this feature. Thus, a Crystal ball function is tested and the resulting invariant mass resolu-
tion is shown in figure A.6. The difference compared to the Gaussian case is negligible. The Gaussian
is used as a parametrization in this analysis since the parametrization is numerically more stable.
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Figure 5.7: Relative invariant mass resolution of eµ pairs obtained from signal simulation. The sys-
tematic uncertainties are derived by propagating the effect of the systematic uncertainties described
in section 5.8 towards the mass resolution. The quantity M in the parametrizations is given in GeV.

concerning the requirement of a resonant search for the RPV-SUSY models and the sequen-
tial standard model Z ′.

5.8 Systematic Uncertainties

In every physical measurement one has to think about systematic effects that influence the
measurement. In this section the systematic uncertainties affecting the invariant mass dis-
tribution are discussed. Systematic uncertainties may effect the shape or the normalization
of the invariant mass distribution. We will later see that this distribution and its systematic
uncertainties form the input for the statistical interpretation of the results and thus they are
a decisive figure-of-merit. The systematic uncertainties of the standard model backgrounds
are discussed as well as those for the different signal models.

5.8.1 Standard Model Background Systematic Uncertainties

There are two categories of background systematic uncertainties in this analysis. On the
one hand, there are common systematic uncertainties for all measured physical processes.
These are uncertainties concerning the measurement of the muon and the electron and other
detector-specific uncertainties:

• Muon pT scale: In order to determine the systematic uncertainty due to the muon
momentum scale cosmic ray data are used [88]. Cosmic rays are measured since they
provide muons with very high momenta of a few TeV in a sufficient amount compared
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to data from collisions. The q/pT (curvature) spectrum of the cosmic rays must go to
zero for high transverse momenta. If the minimum of the spectrum is shifted form
zero, one concludes that the reconstruction of high-pT muons is not performing well
enough. This is covered by introducing a bias on the curvature. The difference of the
minimum from zero helps to quantify the bias. This procedure is called the ’endpoint
method’ and is more thoroughly described in [89]. For this analysis, a curvature bias
κb = 0.1/TeV is used to shift the transverse momentum of muons as follows

q

pT
→ q

pT
+ κb. (5.5)

The value of the curvature bias is taken from [90].

• Muon pT resolution: The uncertainty arising due to the muon momentum resolution
is also determined by a measurement with cosmic ray data [88]. Since the CMS detec-
tor is installed ∼ 100 m underground the muons from cosmic rays prefer to traverse
the detector vertically. In the determination of the momentum resolution only muon
tracks close to the interaction point are taken into account. The method divides those
tracks into an upper and a lower part. These parts are then reconstructed separately.
The difference in momentum of the two tracks gives an estimate of the resolution. In
this analysis the muon momentum resolution is handled by smearing the muon mo-
mentum in MC with a Gaussian. The width of the Gaussian is determined to be 4%
[91].

• Muon scale factors: The scale factors for muon ID, isolation and trigger and the corre-
sponding uncertainties are summarized in section 5.3.

• Electron pT scale: The electron energy scale is varied by 0.4 % for electrons detected in
the barrel region and 0.8 % for electrons in the endcaps. Theses values are determined
by [87]. This analysis looks into the dielectron final state in 2015 CMS data. A com-
parison of data with simulation at the Z peak is performed in order to determine the
scale uncertainties for barrel and endcap regions.

• Electron scale factors: The uncertainties of the scale factors for electron ID , isolation
and trigger are introduced in section 5.3.

• Luminosity: The luminosity of the 2015 Run-II data-taking period is measured using
the pixel cluster counting method. It can be determined with the instantaneous lumi-
nosity

L =
f · µ
σ0

=
f · 〈Ncluster〉

σvis
, (5.6)

where f is the revolution frequency of the beam, µ denotes the mean number of inter-
actions, σ0 represents the minimum bias cross section, 〈Ncluster〉 = µ · 〈Ncluster/interaction〉
denotes the mean number of pixel clusters and σvis ≡ 〈Ncluster/interaction〉 · σ0 is the
visible inelastic cross section of proton-proton collisions. The visible cross section is
determined using the Van-der-Meer scans. Within this method the overall uncertainty
of the luminosity measurement is estimated to be 2.7 % [68].

• Pileup: The uncertainty due to pileup reweighting is estimated by shifting the min-
imum bias cross section by ±5 %. Peculiarities of the procedure and a distribution
showing the uncertainty can be found in section 5.4.

On the other hand, there are systematic uncertainties that are explicitly process-dependent:
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• PDF and αs: Since we are dealing with proton-proton collisions at the LHC which are
not elementary particles we want to know the kinematics of the proton’s constituents.
Parton Distribution Functions (PDFs) give probabilities of how the momentum of the
proton is distributed among its constituents. Since the PDFs are not calculable with a
perturbative approach in theory, the experimental side steps in and helps to constrain
the PDFs. There are uncertainties attached to PDFs. This PDF uncertainty together
with a variation of the strong interaction constant αs is taken into account and ex-
plained in the following. The procedure follows the recommendation for LHC Run-II
physics by the PDF4LHC group [92]. The official PDF4LHC15 mc set with 100 differ-
ent Monte Carlo replicas is used. For each of these replicas a cross section is deter-
mined which can vary. The amount of variation is propagated by taking the standard
deviation of the cross section distribution. All those replicas are produced with a fixed
αs(M2

Z) = 0.118. One variation upwards (αs(M2
Z) = 0.1195) and one downwards

(αs(M2
Z) = 0.1165) take the uncertainty in αs into account. Both uncertainties are

added in quadrature and result in a relative influence on the background event yield
shown in figure 5.8.

• Cross sections: There is a systematic uncertainty assigned to the process-dependent
cross section. For tt̄, single top, Drell-Yan,WZ and ZZ a 5 % uncertainty is used and
forWW a 4 % uncertainty is used [93]. For theWγ background we assign a systematic
uncertainty of 50 % since Monte-Carlo simulation is used when it comes to peculiari-
ties like photon-to-electron misidentification rate or photon conversion.
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Figure 5.8: Relative uncertainty of the background event yield due to PDF + αs variations as
a function of the invariant electron-muon mass Meµ. Shown is the relative difference between
the weighted sample, called ’pdf’, and the unweighted sample, called ’raw’. One can see the
’up’, ’down’ and ’mean’ distribution. The ’mean’ distribution should be constantly 0 since the
background samples are already produced with a NNLO PDF set.
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• ’W jets + QCD’: A data-driven approach is used to determine the W jets+QCD back-
ground. Due to the lack of precision in the functional form of the ’fake rate’, we apply
a systematic uncertainty of 50 % [87].

• ’Top Envelope’: This is an uncertainty determined as the envelope of two separately
determined uncertainties, both concerned with the shape of the tt̄ background. Since
we know that this background is dominant for a wide invariant mass range, this sys-
tematic deserves some consideration. One part of this shape uncertainty is estimated
considering differential distributions of resummed cross sections at NLO+NNLO for
the invariant tt̄ mass Mtt̄ [94]. These corrections are added linearly for each event
according to its invariant tt̄ mass. The functional form of the event weight is given by

weight =


1±

(
0.05 · Mtt̄−2mt

0.5 TeV−2mt

)
2mt < Mtt̄ < 0.5 TeV

1±
(

0.05 + 0.25 · Mtt̄−0.5 TeV
1.0 TeV−0.5 TeV

)
0.5 TeV < Mtt̄ < 1 TeV

1±
(

0.3 + 0.3 · Mtt̄−1.0 TeV
1 TeV

)
1 TeV < Mtt̄ < 3 TeV,

(5.7)

where mt is the mass of the top quark. This functional form is also visualized in fig-
ure 5.9. The other part of this uncertainty is estimated by varying QCD renormaliza-

Figure 5.9: Relative corrections at approximate NNLO and beyond as a function of the invari-
ant tt̄ mass. [94]

tion and factorization scales. This variation reflects similar to the corrections coming
from the resummed cross section the limited knowledge of higher order processes con-
tributing to the tt̄ background. For the up variation of the scales a factor 2 and for the
down variation a factor 1

2 is applied. The weighting factor is taken from MC simula-
tion and the maximum of up/down is used. These two uncertainties contribute to the
’Top Envelope’ systematic uncertainty. A comparison over the invariant mass range is
presented in figure 5.10.

An overview over all systematic uncertainties together with the statistical uncertainty is
given in figure 5.11 as a function of the invariant mass Meµ. For low invariant masses, the
dominant systematic uncertainty is the ’Top Envelope’ uncertainty of maximal 25 % which
then decreases due to the decreasing tt̄ background. At invariant masses> 1.5 TeV the muon
pT scale becomes equally important as the ’Top Envelope’. The systematic uncertainties go
into the statistical interpretation in section 7.
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Figure 5.10: Relative systematic uncertainty
on the event yield of the tt̄ background as
a function of Meµ due to the top shape un-
certainty. Both contributions are shown to-
gether with their envelope which is used in
this analysis. For lower masses the system-
atic uncertainties from QCD scale variations
dominate. For higher masses the envelope
is mainly driven by the corrections from the
resummed cross section calculation.
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Figure 5.11: Relative uncertainty on the background event yield as a function of the invariant
electron-muon mass Meµ. The systematic uncertainties that are mentioned in this section are shown
as well as the statistical uncertainty on the background event yield. The ’Top Envelope’ uncertainty
is dominating for a large range of the invariant eµ mass spectrum.
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5.8.2 Systematic Uncertainties of Resonant-like Models

The systematic uncertainties of the resonant-like (RPV-SUSY/Z ′) samples are treated dif-
ferently than those of the background. Basically, the same systematic uncertainties for the
physical objects are considered. The difference in this case is that the mass resolution dis-
tribution is used to evaluate the impact of the systematic uncertainties. This is done since
we intend to use arbitrary mass points for the statistical interpretation. Additionally, the
uncertainties on A × ε are taken into account. The uncertainties on the luminosity is also
included for the resonant-like signal models.

• Mass resolution: The systematic uncertainty of the mass resolution is taken into ac-
count. Figure 5.7 includes the mass-dependency of the systematic uncertainty on the
mass resolution. This is partially due to the muon part of the invariant mass where at
high transverse momenta of the muon the reconstruction starts struggling with show-
ering effects in the iron yoke of the muon chambers. For the statistical interpretation
it is useful to know that this systematic uncertainty results in a change of the shape of
the invariant mass distribution but does not affect the normalization. With the mass
resolution uncertainty all systematic uncertainties of the object reconstruction (muon
pT scale/resolution, electron scale/resolution, scale factors) should be covered.

• A × ε: For the product A × ε which is shown in figure 5.5 a systematic uncertainty
is calculated as follows. A similar propagation of systematic errors is done as in the
mass resolution. The acceptance times efficiency is determined with one σ variations
due to the systematic uncertainties of the physical objects (muon pT scale/resolution,
electron scale/resolution, scale factors) separately. The deviations for each systematic
are summed quadratically and the resulting up/down variation (yellow line in figure
5.5) is taken as the systematic uncertainty on A× ε for the resonant-like signal models.
Since this uncertainty should cover the PDF uncertainty on the signal samples as well,
we set the uncertainty to 10 %. Figure 5.12 shows the PDF uncertainty for the RPV-
SUSY model as a function of the generated invariant eµ mass. One can see that the
uncertainty is < 10 % for a wide mass window 33 .

Figure 5.12: Relative uncertainty of the RPV sig-
nal event yield due to PDF + αs variations as
a function of the generated invariant electron-
muon mass Meµ. Shown is the relative difference
between the weighted sample, called ’pdf’, and
the unweighted sample, called ’raw’. One can
see the ’up’, ’down’ and ’mean’ distribution. The
’mean’ distribution is decreasing since the signal
samples are produced at LO whereas the PDF un-
certainty calculation expects NLO samples. In
other words, the offset of the ’mean’ distribution
corresponds to a NLO k-factor, which is already
taken into account for RPV-SUSY models.
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33The reason for this handling of the PDF uncertainties is due to the fact that this analysis is also an analysis
of the CMS collaboration, where it is needed to be aligned with other analyses [87; 91]. This applies also to the
PDF uncertainty in the QBH case.
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• Luminosity: Here the same value of 2.7 % is used as in the background systematic
uncertainties.

5.8.3 Systematic Uncertainties of QBH models

For the QBH samples, the systematic uncertainties are treated almost completely analo-
gously to the background procedure. The systematic uncertainties corresponding to the
physical objects, like the muon scale and resolution, the electron scale and resolution as well
as the systematic uncertainties coming from the scale factors are handled the same way as
in the background case described in section 5.8.1. Again a systematic uncertainty of 2.7 %
on the integrated luminosity is applied. The systematic uncertainty on A × ε is set to 10 %.
This is a conservative value since it is supposed to cover the PDF uncertainties as well. The
procedure of determining the systematic uncertainties differs from the RPV-SUSY and Z ′

systematic uncertainties due to the non-resonant shape of the QBH signal.
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6 Results of Analysis in Electron-Muon Channel

In the following, the invariant mass distribution of the analysis (section 5) in the electron-
muon channel at a centre-of-mass energy of 13 TeV with data taken in 2015 with the CMS
detector are presented and discussed. This distribution is the starting point for the statistical
interpretation discussed in section 7.

6.1 Invariant Mass Distribution

After full selection the invariant eµ mass distribution is obtained and can be seen in fig-
ure 6.1. All distributions in this section are binned in a manner that the bin contents are
normalized by the bin width. In order to get the total expectation of the standard model
backgrounds the distributions of different processes are stacked. Together with the stan-
dard model background an example of a RPV-SUSY model and an example of a QBH model
are overlaid. The grey and yellow bands denote the systematic and statistical uncertainties
on the background event yield, respectively. The origin and determination of the systematic
uncertainties is the topic of section 5.8. The binning of the x-axis in figure 6.1 follows the
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Figure 6.1: Invariant mass distribution: Event yield of data, standard model background and two
signal examples shown as a function of the invariant eµmass. Systematic and statistical uncertainties
are presented as grey and yellow bands. The binning of the x-axis follows the estimated invariant
mass resolution. For this variable binning, each bin content is normalized to its respective bin width.
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estimated invariant mass resolution. In figure 6.2 one can see a rebinned version of the in-
variant mass distribution. There, the binning corresponds to a logarithmic function. In both
ways of presenting the invariant mass distribution, the measured data and the expected SM
background are in agreement within the uncertainties. Table 6.1 presents the composition
of the standard model background expectation for different mass ranges. In figure 6.3 the

Process 100 < Meµ

GeV < 200 200 < Meµ

GeV < 600 600 < Meµ

GeV < 1000 1000 < Meµ

GeV < 2000 2000 < Meµ

GeV
single top 7 % 9 % 9 % 17 % -
Drell-Yan 3 % 1 % - - -
Wγ 1 % 2 % 2 % - -

’W jets + QCD’ 13 % 9 % 18 % 15 % -
WZ 1 % 2 % 4 % 5 % -
ZZ < 1 % < 1 % < 1 % < 1 % 7 %
WW 8 % 7 % 13 % 27 % 71 %
tt̄ 67 % 71 % 51 % 37 % 22 %

Total Bkg 6077 ± 912 2823 ± 508 54 ± 14 4.1 ± 1.1 0.028 ± 0.013
Data 5285 2699 44 6 0

Table 6.1: Composition of the standard model background expectation. For the total background
event yield the uncertainty is given as the quadratic sum of the statistical and systematic uncertainty.

cumulative version of the invariant mass distribution is shown. Here one can clearly see
the three highest invariant mass events at around 1.6 TeV and 1.3 TeV. More information
about the highest invariant mass events can be found in the appendix in table A.6. For the
highest selected invariant eµ mass, figures 6.4 and 6.5 show the event display. Summing up
over the total mass range of this search (looking at the first bin in figure 6.3) the SM back-
ground expectation predicts more events than measured in total. This might be due to the
tt̄ background and the disagreement is covered by the tt̄ shape uncertainty. Consequently,
all resulting distributions in the invariant mass suggest the same conclusion. The measured
data show no significant disagreement with the standard model expectation. For the statis-
tical interpretation of the results exclusion limits are set on the cross section times branching
ratio of the studied models (RPV-SUSY, QBH and Z ′). The goal is to exclude certain regimes
of the parameter space of the different models. What is meant by this statement is discussed
in detail in section 7.
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Figure 6.2: Invariant mass distribution with a coarse binning. The binning corresponds to logarithmic
function. The systematic and statistical uncertainties are added quadratically and are represented by
the light-greyish band.
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Figure 6.3: Invariant mass distribution in a cumulative way. In this distribution a constant binning
of 5 GeV is used. The cumulative way represents the fact that each bin of this distribution shows the
integral of the event yield above this minimal value.



6.1 Invariant Mass Distribution 59

Figure 6.4: Event display of the highest invariant mass event (Meµ = 1.6 TeV) in 2015 CMS data at
13 TeV in the rz-plane. Both objects are very forward in the detector.

Figure 6.5: Event display of the highest invariant mass event (Meµ = 1.6 TeV) in 2015 CMS data at
13 TeV in the rφ-plane. The electron and the muon are not exactly back-to-back.
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7 Statistical Interpretation

This section is concerned with the statistical interpretation of the results described in section
6. The interpretation is done by studying RPV-SUSY, QBH and SSM Z ′ models and setting
exclusion limits within the different models. The first section is devoted to explain the basics
of the limit setting strategy and define the relevant terms and introduce the procedure. After
that, the reader should be able to comprehend the section which deals with the exclusion
limits obtained for the different BSM physics.

7.1 Limit Setting

This section presents the basics of the limit setting used in this analysis. The explanation of
the procedure is based on reference [95] 34. The idea of limit setting is to exclude a certain
region in the parameter space of the models predicting new physics by making use of the
agreement of standard model background with the measured data. The starting point of the
limit setting is the so-called Bayesian approach, which is derived from the more fundamen-
tal Bayes’ theorem saying

P (A|B) =
P (B|A) · P (A)

P (B)
. (7.1)

This is a statement about the conditional probability P (A|B), i.e. the probability that A is
happening given B. P (A) denotes the probability that A is happening 35. However, Bayes’
theorem can be reinterpreted by defining more specifically what is meant by the ’proba-
bility’. In the context of Bayesian (also called subjective) probability one reinterprets the
probability P (A) as the degree of belief that A is true. Using this interpretation, one can
write the Bayesian approach as

P (theory|data) ∝ P (data|theory) · P (theory). (7.2)

Here theP (theory) represents the prior probability that a given theory is true. P (data|theory)
is called likelihood (L), which denotes the probability to observe the data that was measured
under the assumption of the theory. P (theory|data) is called posterior probability and rep-
resents the probability that the theory is correct after seeing the experimental outcome. The
proportionality in equation (7.2) can be turned into an equality by correct normalization
to unity. The posterior probability is exactly what we want to determine. In the end, the
posterior probability is used to derive limits.

The expression in equation (7.2) needs to be filled with decisive quantities describing the
’theory’ and ’data’. The theory under investigation is represented by the number of expected
signal events s if the theory is true. In words of data analysis this is the parameter of interest
(POI). Furthermore the measured data are expressed in terms of the number of observed
events Nobs. With this input one can rewrite equation (7.2) into

P (s|Nobs) =
L(Nobs|s) · π(s)∫
L(Nobs|s′) · π(s′)ds′

. (7.3)

The denominator is here the normalization of the probabilities. A new function π(s) de-
noting the prior probability is introduced here and explained in the following. The prior
probability of the theory can be written as

π(s) =

{
0 , s < 0
1 , s ≥ 0

. (7.4)

34An introduction of fundamental concepts of statistical data analysis is also given in reference [95]. In this
thesis, this knowledge is presupposed.

35We will not go into detail of the set-theoretical concepts of probabilities.
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This is called a flat prior for obvious reasons. The reader may have the impression that
this choice of the prior probability is rather arbitrary. To some extent this is true since, in
Bayesian statistics, there is no fundamental rule to assign a prior probability to a theory.
However, this choice of the prior probability can be justified by the following arguments. A
priori the number of signal events is expected to be s ≥ 0 and every non-negative number
of signal events should have the same probability due to a lack of further knowledge. It
is worth mentioning that this simple approach of a flat prior brings along some conceptual
drawbacks. One is that the upper limit is not invariant under non-linear transformations of
the parameter of interest. For example, if you take the parameter of interest to be a(s) = s2

and still use a flat prior, it will change the outcome [95]. Consequently, one should always
be careful when comparing results of different analyses.

After discussing the prior function, one has to specify the functional form of the likeli-
hood distribution L(Nobs|s). This probability is distributed as a Poisson variable

L(Nobs|s) =
(s+ b)Nobs

Nobs!
exp(−(s+ b)). (7.5)

The variable b represents the expected number of background events. In order to obtain an
upper limit on the parameter of interest, an integration over the probability in equation (7.3)
is performed setting the integral to 0.95

0.95 =
∫ sup

−∞
P (s|Nobs). (7.6)

This equation determines sup, the upper limit at 95 % confidence level. This value can be
translated into an upper limit of a production cross section in the context of a signal model.

So far, we have not discussed the influence of (systematic) uncertainties on the limit set-
ting. The statistical uncertainty is taken care of by the Poisson probability. To model the
systematic uncertainties, the concept of nuisance parameters ν = (ν1, ..., νn) is used. There
are two different types of systematic uncertainties in this limit setting procedure. One cate-
gory consists of multiplicative uncertainties (e.g. luminosity) and the other category consists
of shape uncertainties (e.g. muon momentum scale) resulting in an overall distortion in the
shape of the observed spectrum. The following description of the handling of systematic
uncertainties is based on reference [96].

The multiplicative corrections are modelled by introducing an additional prior prob-
ability π(α) in equation (7.3) for each nuisance parameter α. The choice is a log-normal
distribution

P (x;µα, σα) =
1

xσα
√

2π
exp

[
−(lnx− µα)2

2σα

]
, (7.7)

where µα denotes the mean value of the nuisance parameter α and σα the corresponding
uncertainty. The choice of a log-normal distribution is motivated by the fact that the multi-
plicative nuisance parameters represent physical quantities that should remain positive (e.g.
luminosity or cross sections). That physical constraint is ensured by the logarithmic term in
the exponent. However, there are other distributions for non-negative quantities. This is
why one has to state that there are other properties of the log-normal distribution that jus-
tifies the choice. For example, a product of log-normal distributions is still a log-normal
distribution.

For the shape uncertainties the central value β0 of the number of expected events to-
gether with its up-variation β+ and down-variation β− is known. Consequently, we have
three measures of the shape. The question is how to interpolate between those variations
to obtain a continuous estimate. This is solved by introducing a ’morphing’ parameter, f ,
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which is distributed Gaussian-like with a mean value of µf = 0 and an uncertainty of σf = 1.
The value of β is interpolated quadratically for |f | < 1 and linearly out of this range:

β(f) =

{
f(f−1)

2 β− − (f − 1)(f + 1)β0 + f(f+1)
2 β+ , |f | < 1

β0 + f β
+−β−

2 , else
. (7.8)

The number of signal and background events is then replaced by β(f) and the prior proba-
bility is a Gaussian with a mean of µ = 1 and a width of σ = 1. This method of ’morphing’
can be extended to several morphing parameters taking care of several systematic effects by
adding linearly the deviations from the nominal value.

The dependence on the nuisance parameters (multiplicative and shape uncertainties) is
eliminated by integrating them out in the posterior probability

P (s|Nobs) =
∫
P (s, ν|Nobs)dν. (7.9)

This integration is analytically not solvable due to its high number of dimensions (= number
of systematic uncertainties) and therefore the Markov Chain Monte Carlo (MCMC) method
is used [97].

Another peculiarity of limit setting is how we prepare the ’input’ distributions. In this
analysis a so-called multi-bin limit is calculated. This takes information about the shape of
the signal and background distribution into account. The strategy, which is described above,
works for one bin. Fortunately, the strategy can be easily generalized. In the multi-bin limit
setting, multiplying the different probabilities of each bin results in a new definition of the
upper limit

0.95 =
∫ sup

−∞
Πi∈binsPi(s|Nobs). (7.10)

The procedure that is described above gives observed limits since the measured data go
into the calculation as the number of observed events. However it might also be interesting
to look at the so-called expected limits and a comparison between expected and observed.
In the context of the expected limit setting the number of observed eventsNobs is replaced by
a diced number of events based on the background estimation. Also the systematic uncer-
tainties are diced according to their uncertainties. With the new input freshly diced every
time the limit setting is performed over and over again, so that one can extract a median
expected limit and the corresponding one (68 %) and two (95 %) sigma bands can be calcu-
lated. Assuming no deviation of the data from the standard model expectation, one expects
the observed and expected limit to be overlaying within the uncertainty bands.

Regarding the implementation side of the limit calculation, the so-called Higgs Combine
tool [98] is used, which is based on RooStats [99].

7.2 Exclusion Limits

In this section the focus lies on the limit setting in the context of the different signal models,
namely RPV-SUSY, QBHs and SSM Z ′. In general σ × BR (’cross section times branching
ratio’) is shown together with the theoretical cross section of the different models as a func-
tion of an important parameter, i.e. mass (thresholds) or couplings. The intersection point
of the observed limit and the theoretical line gives the lower limit of this parameter. Above
that intersection, one cannot exclude the given model.
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7.2.1 RPV-SUSY Limits

Figure 7.1 shows the expected and observed limit of the product σprod · BR(ν̃τ → eµ) for the
RPV τ sneutrino as a function of the massMν̃τ . Different values of the couplings λ132 = λ231

and λ′311 as mentioned in section 2.2.1 are considered here. Additionally the theoretical cross
sections are represented by the solid coloured lines. For the couplings λ132 = λ231 = λ′311 =
0.01 a lower mass limit of 1.0 TeV is obtained. For λ132 = λ231 = λ′311 = 0.1 a mass limit of
2.7 TeV is set.

The limits on the RPV-SUSY models are obtained by using the distributions of the invari-
ant mass resolution (figure 5.7) and A × ε (figure 5.5). For a given mass point, a Gaussian
is used with the mean of the tau sneutrino mass and the width taken from the invariant
mass resolution. This Gaussian is scaled by the given luminosity and A × ε. According to
this probability density function, values are diced and filled in a histogram with the same
binning as the background distribution of the invariant eµ mass. The histogram is filled
within the range of ±8σ around the mean value and serves as an input histogram for the
limit setting. This is done analogously for the Z ′ limit setting discussed in section 7.2.2.

Resonant-like models, like the RPV-SUSY models, are defined by the requirement that
for the width Γν̃τ the relation

Γν̃τ
Mν̃τ

� σ(Meµ)
Meµ

(7.11)

holds, i.e. the relative width is much smaller than the detector resolution in the electron-
muon channel. This feature is also discussed in section 2.2 and 5.7.2. The observed exclu-
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Figure 7.1: Expected and observed cross section limit in the eµ channel in the context of the RPV-
SUSY models. The expected and observed limit are shown here as the dashed black and solid black
line, respectively. The limits are obtained as discussed in section 7. The green and yellow band stand
for the 68 % and 95 % uncertainty bands of the expected limit. The coloured solid lines represent the
theoretical cross sections of the models with different coupling parameters. The excess of observed
limit with respect to expected limit at 1.6 TeV is due to the highest invariant mass event.



7.2 Exclusion Limits 65

sion limits on σ ×BR in figure 7.1 are valid for any model as long as the shape of the signal
is resonant-like and the signal efficiency stays the same as in the RPV case. The shape and
efficiency condition are fulfilled in the parameter space that is studied in this analysis. This
is why one can also set limits on the parameter space of the RPV-SUSY models that is not
explicitly simulated by MC generators. These limits are shown in figure 7.2. This limit con-
tour is obtained starting from the cross section formula in the narrow width approximation
given in section 2.2.1

σ × BR(ν̃τ → e±µ∓) = k (Mν̃τ ) ·
(λ′311)2

((
λfix

132

)2 +
(
λfix

231

)2)
3 (λ′311)2 +

((
λfix

132

)2 +
(
λfix

231

)2) , (7.12)

where the value of the λ132 is fixed. In order to obtain a limit on the other coupling parameter
λ′311 one rearranges the equation until one gets

λ
′limit
311

(
Mν̃τ ,

(
λfix

132

)2
+
(
λfix

231

)2
)

=

√√√√√
((
λfix

132

)2 +
(
λfix

231

)2)
k(Mν̃τ )

(σ×BR)exclobs (Mν̃τ )
·
((
λfix

132

)2 +
(
λfix

231

)2)− 3
. (7.13)

With the argument above, that the RPV-SUSY models studied here are ’resonant-like’ one
can plug in the (σ×BR)exclobs of the observed limit. Looking at equation (7.13), we have found
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Figure 7.2: Expected limit contour at 95 % confidence level for the RPV signal in the Mν̃τ
− λ′311

parameter space. The values of the other coupling λ132 are fixed to 0.07, 0.05, 0.01, 0.007. The area
above the lines is excluded for each fixed coupling λ132. The lines are determined with the formula
given in equation 7.13.
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an expression which gives the coupling λ′311 as a function of Mν̃τ and
(
λfix

132

)2 +
(
λfix

231

)2.
The formula (7.13) is used in figure 7.2 where we see the expected limit contour at 95%
confidence level for the RPV signal in the Mν̃τ − λ′311 parameter space.

Studying the behaviour of the cross section formula further two striking features can be
observed. For λ′311 � λ132, the cross section becomes independent of the coupling λ132. For
λ′311 � λ132, the cross section assumes the form

σ × BR ≈ 2
3
k (Mν̃τ )

(
λfix

132

)2
. (7.14)

In this case the cross section assumes its maximum. If the maximum cross section cannot be
excluded by the observed limit, then no limit can be set on λ′311. This feature manifests itself
in the parameter space where the limit contour becomes a vertical line (see figure 7.2).

7.2.2 SSM Z ′ Limits

This section deals with the limit setting of the Z ′ model. This is very similar to the procedure
of the RPV-SUSY case due to the equivalent resonant shape of the signal distribution and the
similar signal efficiency and invariant mass resolution. For the input the signal efficiency in
figure A.7 and the mass resolution in figure 5.7 are used 36. The parametrization, the binning
of the input histograms and the considered mass range stay the same as in the RPV-SUSY
case. However in this model, there is no parameter space which is scanned. Only the mass
MZ′ of the hypothetical Z ′ is a parameter in this search (section 2.2.2). Figure 7.3 presents
σprod×BR as well as the observed and expected limits. The SSM Z ′ is excluded up to a mass
of 3.3 TeV.

Figure 7.3: Expected and observed exclusion limits at 95% CL for the sequential standard model Z ′

signal in the eµ channel. The theoretical curve of the production cross section times branching ratio
is the solid blue line. The expected and observed limits are presented in the same style as in figure
7.1.

36It is checked that the invariant mass resolution obtained with the Z′ samples is very similar to the one
obtained with the RPV-SUSY samples.
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7.2.3 QBH Limits

In the context of QBH models the exclusion limit is set on the threshold mass for the produc-
tion of a QBH,Mth. The different models for the number of extra dimensions are introduced
and discussed in section 2.2.3. Figure 7.4 shows σprod × BR of the QBH models as the-
ory curves together with the observed and expected limit (+ uncertainty bands). Limits on
σprod × BR are set at 95 % confidence level. The values of the limits are summarized in table
7.1.

In contrast to the resonant-like models, no parametrization is used for the QBH models.
The original invariant eµ mass resolution at reconstruction level and full selection serves as
an input to the limit setting.
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Figure 7.4: Expected and observed exclusion limits at 95% CL interpreted in the context of the extra
dimensions models predicting QBHs decaying into eµ. The theoretically predicted cross sections
times branching ratios of the different QBH models are shown in coloured solid and dashed lines.
’dim 1’ denotes the extra dimensions model with one extra dimension with the RS bulk model. ’dim
4/5/6’ denote the models with the corresponding number of extra dimensions with the ADD bulk
model.

Model Number of extra dimensions n Observed Limit on Mth (TeV)
RS 1 2.5

4 4.2
ADD 5 4.3

6 4.5

Table 7.1: Observed Limits of the QBH models at 95 % confidence level. The bulk model differs for
different signal assumptions. For n = 1, it is the Randall-Sundrum (RS) model. For n = 4, 5, 6, the
ADD model is used.
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7.3 Influence of Systematic Uncertainties on Limit Setting

This section is devoted to determine the influence of the systematic uncertainties on the
limit setting procedure. In section 5.8, the systematic uncertainties are determined to be of
the order of ∼ 25 % over a large invariant mass range. One might wonder if the imprecise
knowledge of the standard model background is a significant drawback when it comes to
exclusion limits. These doubts are destroyed looking at figure 7.5. There one can see the dif-

Figure 7.5: Expected limit of the RPV-SUSY model at 95 % confidence level. A comparison of the
default limit setting procedure including all systematic uncertainties with the limit obtained when
ignoring systematic uncertainties. The difference of the intersection points with the RPV-SUSY signal
model (λ′311 = λ132 = 0.1) is ∼ 30 GeV.

ference of the expected limits using the RPV-SUSY model once determined with systematic
uncertainties and once without systematic uncertainties. An explanation why the differ-
ence between the two is rather small for lower masses can be found in the multi-bin limit
setting. Using this multi-bin approach, the systematic uncertainties can be constrained by
the agreement between data and background. For higher masses, the very small amount
of standard model background makes the influence of the systematic uncertainties minor.
Consequently, one can live with these rather big systematic uncertainties when it comes to
limit setting.

7.4 Comparison with other Searches for Lepton-Flavour-Violating Processes

Since observing LFV processes would be a clear signature for physics beyond the standard
model, the community of particle physics has made quite an effort in the past few years
(decades) to detect these processes. None of the collaborations reported any observation
until today. Consequently, the resulting exclusion limits of this analysis can be compared to
the other recent searches looking for LFV processes, also setting limits on the parameters of
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BSM theories. In this section, we first focus on other searches performed at the LHC. Then
we also consider low-energy experiments.

There have been several searches performed to look into the electron-muon channel at
the LHC at different centre-of-mass energies. The LHC has provided data with a centre-
of-mass energy of 7 TeV in 2010/2011 and of 8 TeV in 2012. The ATLAS collaboration has
looked for heavy resonances decaying to electron-muon pairs at 7 TeV [1], 8 TeV [2] and
currently at the 13 TeV data [3]. In the CMS collaboration, there is the analysis of 8 TeV data
[4] and the analysis of 13 TeV [67], which is basically what this thesis is about.

Table 7.2 presents a comparison of the key results of the searches from ATLAS at 13 TeV
and CMS at 8 TeV with this analysis. One can conclude that the 13 TeV limits for the QBH
models on the mass thresholds are better than the limits obtained in the 8 TeV analysis.
This is expected since we know that the cross section of the QBH production is growing
stronger than the standard model background cross sections changing the centre-of-mass
energy from 8 TeV to 13 TeV. A comparison of the different production cross sections is given
quantitatively in reference [100]. Compared to the ATLAS 13 TeV analysis, this analysis is
compatible. In the latest published results of the ATLAS analysis at 13 TeV [101], they give an
A×ε ∼ 50 % in the electron-muon channel. This is lower than anA×ε ∼ 75 % in this analysis.
Beside that, the difference may be a result of the different limit setting procedures. For the
QBH production, the collaborations of ATLAS and CMS have performed other searches in
different final states, for example QBHs decaying hadronically. Some of the corresponding
results are given in references [102], [103] and [104].

In the RPV-SUSY models, the 13 TeV limits are not as good as the CMS 8 TeV analysis
due to the lower luminosity.

For the Z ′ models, the present analysis differs from the ATLAS 13 TeV analysis again
possibly due to the limit setting procedure and the lower A × ε of ∼ 50 % [101] definetly
matters.

Another possibility to search for LFV processes is at low-energy experiments. The de-
tection principle of those experiments consists typically of muons inserted into targets of
heavy nuclei, e.g. Au, Si or Al. Then one waits to observe a µ − e conversion. With this
experimental setup, one is able to measure the conversion branching ratio BR(µN → eN),
where N denotes the nucleus used in the experiment. That is how these experiments can
set upper limits on RPV-SUSY couplings as a function of the τ sneutrino mass. There are
several searches performed by different collaborations such as SINDRUM [5], COMET [6]
and DeeMe [7]. Table 7.3 shows the results of the analyses of different experiments and
collaborations and their exclusion limits on the RPV couplings [105; 106].

Considering the limits of table 7.3 the low-energy searches put strict limits at 90 % confi-
dence level on the RPV couplings. The SINDRUM collaboration sets a limit on the couplings

Model Variable of observed limit Thesis ATLAS CMS
(13 TeV, 2.7 fb−1 ) (13 TeV, 3.2 fb−1) (8 TeV, 19.7 fb−1 )

RPV-SUSY Mν̃τ for λ132 = λ′311 = 0.01 1.0 TeV N/A 1.28 TeV
Mν̃τ for λ132 = λ′311 = 0.1 2.7 TeV N/A N/A

SSM Z ′ MZ′ 3.3 TeV 3.01 TeV N/A
QBH Mn=1

th (RS) 2.5 TeV 2.44 TeV 2.36 TeV
Mn=6
th (ADD) 4.5 TeV 4.54 TeV 3.63 TeV

Table 7.2: Comparison of this analysis with other similar analyses from the ATLAS collaboration and
comparing this analysis to analyses at different centre-of-mass energies. The values in parentheses
give the centre-of-mass energy and the total integrated luminosity of the analysed dataset.
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Experiment Limit on λ′311 · λ (90 % CL)

SINDRUM 1.633 ×10−7
(
Mν̃τ
TeV

)2

DeeMe 1.550 ×10−8
(
Mν̃τ
TeV

)2

COMET-I 1.830 ×10−8
(
Mν̃τ
TeV

)2

COMET-II 1.198 ×10−9
(
Mν̃τ
TeV

)2

Table 7.3: Comparison of this analysis with other low-energy analyses searching for LFV processes
in the µ − e conversion. The limit at 90 % confidence level is given on the product of the couplings
λ′311 · λ, where λ′311 is the same coupling as already used in this search. The parameter λ just denotes
that this is not only a limit on λ132 but also on other even permutations of the indices. The nuclei
used in these searches are Au (SINDRUM), C and Si (DeeMe), Al and Ti (COMET-I and COMET-II).
[105] [106]

of |λ′311λ132| < 10−7 for Mν̃τ = 1 TeV. The difference among the low-energy experiments
mainly comes from using different nuclei since their limit is dependent on the different
muon capture rates [106].

Figure 7.6 shows a comparison of the limits from this thesis with the limits determined
by the SINDRUM collaboration in the λ′311−λ132 parameter space. For the SINDRUM limits,
the values of table 7.3 are used. The lines representing the limits obtained by this analysis
are calculated with the formula given in equation (7.13), except that for this usecase not the
value of λ132 = λ231 is fixed but the tau sneutrino mass Mν̃τ .

The limits from low-energy experiments are significantly better than the limits of this
analysis even though we put limits at 95 % confidence level. This is mainly due to the
very low background in the low-energy experiments. Additionally, the signature of a single
electron emerging from a nucleus at rest is very clean. However, one should not conclude
that the direct searches of CMS and ATLAS are meaningless since it is always important
to look at physical phenomena from different angles. Having two independent strategies
(detector setup, energy scale, etc.) of detecting new phenomena is essential in science. If
one of the experiments saw some indication of LFV processes, then the other experiment
would be useful to cross-check the observation.

For the SSM Z ′, electroweak precision measurements have set limits on the mass of the
Z ′ of 1.4 TeV at 95 % confidence level [107]. However, a comparison with the results of this
analysis is rather hard to provide since the electroweak precision measurements assume a
mixing between the SM Z boson and the SSM Z ′.

In the QBH case, the situation is quite different. Couplings of QBHs at this low energy
scale, where the indirect searches test physics, are very weak [108]. However, if one assumes
a continuous mass spectrum of QBHs instead of a discrete one, a sizeable contribution due
to QBHs can be obtained [109]. On the other hand, if the mass spectrum is indeed non-
continuous, as assumed in this search, the QBH states would not contribute significantly
to processes like a Kaon decay into an electron-muon pair (KL → eµ). Thus, there are no
indirect limits from low energy experiments for comparison.
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Figure 7.6: Expected limit in the λ′311−λ132 parameter space at 95% and 90% confidence level for the
limits of this analysis and the limits from the SINDRUM collaboration, respectively. For each line,
the area right above the line is excluded by the corresponding limit.
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8 Summary and Conclusion

In this thesis, a search for lepton-flavour-violating processes in the electron-muon final state
is presented. The 2015 CMS data at a centre-of-mass energy of 13 TeV summing up to an
integrated luminosity of 2.7 fb−1 were used. The background expectation from standard
model physics has been studied and its uncertainties have been evaluated.

Three models predicting new physics beyond the standard model have been studied.
The resonant production of a tau sneutrino in RPV-SUSY, the production of a Z ′ in the
context of the SSM and QBHs in several extra dimensions models. No indications of new
physics have been found comparing the standard model expectation with the measured
data. Exclusion limits on the parameters of the studied models have been set.

The tau sneutrino in RPV-SUSY has been excluded at 95 % confidence level for masses
Mν̃τ < 1.0 TeV for couplings λ132 = λ′311 = 0.01 and for masses Mν̃τ < 2.7 TeV for couplings
λ132 = λ′311 = 0.1. Within the sequential standard model, limits were set on the mass
of the Z ′ resulting in an exclusion of Z ′s of a mass of up to 3.3 TeV. For the models with
extra dimensions, quantum black holes have been excluded at 95 % confidence level with a
threshold mass of smaller than 2.5 TeV for n = 1 extra dimensions in the RS bulk model. For
n = 6 extra dimensions and the ADD model, QBHs with threshold mass Mth < 4.5 TeV are
excluded.

Due to the model-independent search strategy the results of this analysis can be re-
interpreted for all models predicting a heavy, short-lived resonance decaying into an electron-
muon pair.

It has been evaluated that this search is compatible with other current direct searches at
the LHC. In some cases like for the QBHs this search beats the limits of former analyses by
the ATLAS or CMS collaborations. The comparison with direct searches yields that these
searches are excluding a bigger range in the parameter space of the RPV-SUSY models. For
the QBHs, the indirect searches are currently not providing any results.

For the next few years, the plan of the LHC foresees a period of high luminosity. During
this period, it is expected to measure an amount of data which corresponds to an integrated
luminosity of ∼ 100 fb−1 per year. In 2016 data taking, approximately 10 × Lint,2015 has
already been provided by the LHC. This will increase the sensitivity of the direct searches
at the LHC. The field of direct searches for new physics will remain a subject of broad and
current interest in particle physics.
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A Appendix

A.1 Notation and Units

This section discusses the conventions used in this analysis, mainly describing notation and
units. Since we are dealing with quantum mechanical and relativistic effects at the same
time, there are formulae with the Planck constant and the velocity of light popping up ev-
erywhere. To simplify the equations, we choose the system of natural units, where

~ = c = 1 (A.1)

holds. This leaves the physics untouched, but has the nice consequence that the momentum,
energy and mass have the same unit. In the case of particle physics on uses the Electronvolt
1 eV = 1.602× 10−19 J .

The notation used in section 2 is called covariant notation, where Lorentz indices are
denoted by Greek letters. The metric tensor can be written as

gµν =


1
−1

−1
−1

 . (A.2)

The product of two 4-vectors, like momenta, is defined by the metric tensor

x · y = gµνx
µyν . (A.3)

For Latin letters we use the Einstein convention, if not indicated otherwise, which means
that we are summing over the indices if they appear more than once in an expression. The
so called ’slash notation’ is given by

/p = γµp
µ, (A.4)

where pµ is a 4-vector and γµ are the Dirac matrices. They are defined by fulfilling the anti-
commutation relation

{γµ, γν} = γµγν + γν , γµ = 2gµνId4. (A.5)

A.2 Narrow Width Approximation

This section deals with the narrow width approximation (NWA) which is used to simplify
calculations of scattering processes in high energy physics. The goal is to summarize under
what conditions this approximation is valid and how this approximation simplifies the cal-
culation. The NWA is extensively used in the RPV-SUSY model to calculate cross sections
and justify some proceedings of the limit setting (section 2.2.1). This brief explanation is
based on [110]. The required conditions to apply the NWA in a process are:

(i) The total width of the particle should be much smaller than its mass: Γ
M � 1

(ii) The particles that are products of the decay of the resonant particle ought to have much
smaller masses: m�M

(iii) The centre-of-mass energy is much greater than the mass of the particle:
√
s�M

(iv) No (significant) interference with non-resonant processes

(v) The resonant propagator is separable from the matrix element
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For the RPV-SUSY case the conditions (i),(ii) and (iv) are fulfilled. Also the centre-of-mass
energy is greater than the biggest mass we are looking for Mν̃τ ≤ 6 TeV. The condition (v)
is not so easy to verify since that is strictly speaking never fully true with daughter particle
of finite mass (m 6= 0). However, one can argue that in the approximation m � M the
dependence on the mass is negligible. Since the muon as the heaviest daughter particle has
a mass of mµ = 105 MeV [33] and the search region for RPV-SUSY starts at 200 GeV, this
condition is fulfilled.

Condition (v) gives the starting point for the simplified calculations of cross sections.
Since the propagator can be separated form the other components of the matrix element
and the phase space factors, one can integrate it out and gets a constant for the propagator
[110]. This allows us to factorize the cross section of a process into a production cross section
and a branching ratio which denotes the fractional probability to decay into a specific final
state. This is the justification to write the cross section like

σ(dd̄→ ν̃τ → eµ) = σprod × BR(ν̃τ → eµ) (A.6)

for the RPV-SUSY case. All of the above arguments are also valid for the SSM Z ′ model.
The condition (iv) is also fulfilled since we produce the SSM samples without including
interference effects with other copies of standard model gauge bosons.

A.3 Details of Trigger Strategy

In this thesis, a logical ’or’ of the single electron and single muon trigger is used. This is
a main difference compared to the version of the analysis inside CMS in [67], where only a
single muon trigger was used. Thus, the following section tries to motivate the new strategy
and address the improvements due to this update. First of all, one has to consider the single
muon trigger. Since this is relying on muon reconstruction at high-pT , the efficiency of single
muon trigger is affected and, more importantly, decreased due to the misreconstruction of
muons that are showering in the iron yoke. This problem of decreasing efficiency at high pT
can be seen in figure A.1. This figure shows the single muon trigger efficiency as a function
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Figure A.1: Left: Efficiency of single muon trigger as a function of the pT of the muon candidate.
Right: Efficiency of single electron trigger as a function of the pT of the electron candidate.
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of the transverse momentum of the muon candidate. This is why the trigger strategy is
updated by including also a single electron trigger. The behaviour of the efficiency at high pT
electrons is opposite to that of a single muon trigger, since for high transverse momenta the
reconstruction of electron candidates does not suffer from bremsstrahlung effects as much
as for low-pT electrons. Figure A.1 presents the efficiency of the single electron trigger used
in this analysis as a function of the pT of the electron candidate.

A.4 Signal Samples

In this section the so-called signal samples (samples with new physics contents) are listed
and some of their properties are given below. In table A.1 one can see the properties of
the simulated RPV signal samples. The properties listed here are the coupling parameters
λ132 and λ′311 as well as the mass Mν̃τ . In addition the corresponding cross section times
branching ration is given. Furthermore the correction factor of the cross section including
NLO processes is mentioned. Table A.2 offers a summary of the SSM Z ′ signal samples.
It gives the dependence of the production cross section times branching ration compared
to the only parameter in this search, the mass MZ′ . The table A.3 is concerned with the
characteristics of the QBH signal samples. The number of extra dimensions, the threshold
mass for QBH production and the corresponding cross section times branching ratio are
listed there.



78 A APPENDIX

λ132 λ′311 Mν̃τ [GeV] σ · BR(ν̃τ → e±µ∓) [fb] NLO (QCD) k-factor
0.01 0.01 200 585 1.34
0.01 0.01 300 158 1.36
0.01 0.01 400 59.9 1.37
0.01 0.01 500 27.6 1.37
0.01 0.01 600 14.4 1.37
0.01 0.01 700 8.18 1.37
0.01 0.01 800 4.95 1.36
0.01 0.01 900 3.13 1.35
0.01 0.01 1000 2.06 1.34
0.01 0.01 1200 0.969 1.32
0.01 0.01 1400 0.493 1.30
0.01 0.01 1600 0.267 1.27
0.01 0.01 1800 0.150 1.25
0.01 0.01 2000 0.0864 1.22
0.01 0.01 2500 0.0239 1.16
0.01 0.01 3000 0.00716 1.11
0.01 0.01 3500 0.00214 1.08
0.01 0.01 4000 0.000642 1.05
0.01 0.01 4500 0.000185 1.05
0.01 0.01 5000 5.14 · 10−05 1.08
0.01 0.01 5500 1.35 · 10−05 1.17
0.01 0.01 6000 3.31 · 10−06 1.36
0.01 0.01 6500 7.87 · 10−07 1.68
0.1 0.1 3000 0.716 1.12
0.1 0.1 3500 0.217 1.08
0.1 0.1 4000 0.0658 1.06
0.2 0.2 4000 0.282 1.06
0.2 0.2 4500 0.0902 1.05
0.2 0.2 5000 0.0306 1.10
0.2 0.2 5500 0.0120 1.23
0.2 0.2 6000 0.00585 1.33
0.2 0.2 6500 0.00351 1.0
0.5 0.5 4000 2.60 1.06
0.5 0.5 4500 1.07 1.05
0.5 0.5 5000 0.517 1.09
0.5 0.5 5500 0.290 1.18
0.5 0.5 6000 0.184 1.4
0.5 0.5 6500 0.127 1.6

Table A.1: Summary of simulated RPV signal samples. Each sample contains 15000 generated events.
The cross section is taken from the event generator CalcHEP using the PDF set CTEQ6L1. The sam-
ples where the couplings are greater than 0.01 are only used to verify if the acceptance times efficiency
is not effected by different coupling values.
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MZ′ [GeV] σ · BR(Z ′ → e±µ∓) [pb]
500 10.1
600 4.77
700 2.61
800 1.84
900 1.18

1000 0.616
1100 0.466
1200 0.328
1300 0.240
1400 0.164
1500 0.133
1600 0.0928
1700 0.0643
1800 0.0426
1900 0.0414
2000 0.0306
2200 0.0203
2400 0.0118
2600 0.00759
2800 0.00440
3000 0.00295
3500 0.00113
4000 0.000523
4500 0.000206
5000 0.000113

Table A.2: Summary of simulated SSM Z ′ signal samples. The cross section is taken from the event
generator PYTHIA 8. Each sample contains ∼ 10k generated events.
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Ndim Threshold mass σ · BR(QBH → eµ) [pb]
for QBH production [GeV]

1 500 11.0
1 1000 0.459
1 1500 0.0539
1 2000 0.00951
1 2500 0.00210
1 3000 0.000529
1 3500 0.000141
1 4000 0.0000394
1 4500 0.0000113
1 5000 0.00000323
1 5500 0.000000927
1 6000 0.000000260
1 6500 0.000000071
4 500 719
4 1000 32.8
4 1500 4.05
4 2000 0.744
4 2500 0.167
4 3000 0.0420
4 3500 0.0116
4 4000 0.00325
4 4500 0.000939
4 5000 0.000274
4 5500 0.0000792
4 6000 0.0000223
4 6500 0.00000604
5 500 1030
5 1000 47.2
5 1500 5.84
5 4000 0.00477
5 4500 0.00137
5 5500 0.000115
6 500 1350
6 1000 62.7
6 1500 7.80
6 2000 1.43
6 2500 0.325
6 3000 0.0831
6 3500 0.0226
6 4000 0.00643
6 4500 0.00185
6 5000 0.000538
6 5500 0.000153
6 6000 0.0000441
6 6500 0.0000119

Table A.3: Summary of simulated QBH signal samples. The number of extra dimensions is listed
as well as the threshold mass for QBH production and the corresponding cross section. The cross
section is taken from the QBH generator. [75]
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A.5 Standard Model Background Samples

In this section the background samples are listed in tables A.4 and A.5 and some of their
properties are given. The Monte Carlo generator for each sample as well as the kinematic
cuts, the cross section and the number of events used in the simulations are mentioned. For
both tables, the cross section is given with 3 significant digits since the systematic uncer-
tainty is in the order of percent. For the number of events denoted as Nevents an order of
magnitude is given.

Generator Process Kinematic Cuts [GeV] σused [pb] k-factor used Nevents

Drell-Yan
POWHEG Z → µµ 50 ≤Mµµ ≤ 120 1980.0 (NLO) No ∼ 2.8M
POWHEG Z → µµ 120 ≤Mµµ ≤ 200 19.3 (NLO) No ∼ 100k
POWHEG Z → µµ 200 ≤Mµµ ≤ 400 2.73 (NLO) No ∼ 100k
POWHEG Z → µµ 400 ≤Mµµ ≤ 800 0.241 (NLO) No ∼ 100k
POWHEG Z → µµ 800 ≤Mµµ ≤ 1400 0.0168 (NLO) No ∼ 100k
POWHEG Z → µµ 1400 ≤Mµµ ≤ 2300 0.00139 (NLO) No ∼ 100k
POWHEG Z → µµ 2300 ≤Mµµ ≤ 3500 8.95e-05 (NLO) No ∼ 100k
POWHEG Z → µµ 3500 ≤Mµµ ≤ 4500 4.14e-06 (NLO) No ∼ 100k
POWHEG Z → µµ 4500 ≤Mµµ ≤ 6000 4.56e-07 (NLO) No ∼ 100k
POWHEG Z → µµ Mµµ ≥ 6000 2.07e-08 (NLO) No ∼ 100k
POWHEG Z → ee 50 ≤Mee ≤ 120 1980.0 (NLO) No ∼ 3M
POWHEG Z → ee 120 ≤Mee ≤ 200 19.3 (NLO) No ∼ 100k
POWHEG Z → ee 200 ≤Mee ≤ 400 2.73 (NLO) No ∼ 100k
POWHEG Z → ee 400 ≤Mee ≤ 800 0.241 (NLO) No ∼ 100k
POWHEG Z → ee 800 ≤Mee ≤ 1400 0.0168 (NLO) No ∼ 100k
POWHEG Z → ee 1400 ≤Mee ≤ 2300 0.00139 (NLO) No ∼ 100k
POWHEG Z → ee 2300 ≤Mee ≤ 3500 8.95e-05 (NLO) No ∼ 100k
POWHEG Z → ee 3500 ≤Mee ≤ 4500 4.14e-06 (NLO) No ∼ 100k
POWHEG Z → ee 4500 ≤Mee ≤ 6000 4.56e-07 (NLO) No ∼ 100k
POWHEG Z → ee Mee ≥ 6000 2.07e-08 (NLO) No ∼ 100k
aMCatNLO Z → ll + Njets M > 50 6100 (NLO) No ∼ 28.7M
aMCatNLO Z → ll + Njets 100 < M < 200 226 (NLO) No ∼ 100k
aMCatNLO Z → ll + Njets 400 < M < 500 0.423 (NLO) No ∼ 100k
aMCatNLO Z → ll + Njets 500 < M < 700 0.240 (NLO) No ∼ 100k
aMCatNLO Z → ll + Njets 700 < M < 800 0.035 (NLO) No ∼ 100k
aMCatNLO Z → ll + Njets 800 < M < 1000 0.03 (NLO) No ∼ 100k
aMCatNLO Z → ll + Njets 1500 < M < 2000 0.002 (NLO) No ∼ 100k
aMCatNLO Z → ll + Njets 2000 < M < 3000 0.00054 (NLO) No ∼ 100k
tt̄
POWHEG tt̄ - 730 (LO) Yes, 1.116 (NLO) ∼ 116M
POWHEG tt̄ 700 ≤Mtt̄ ≤ 1000 67.3 (LO) Yes, 1.116 (NLO) ∼ 3.1M
POWHEG tt̄ Mtt̄ ≥ 1000 18.7 (LO) Yes, 1.116 (NLO) ∼ 1.8M
tt̄ high mass samples
POWHEG tt̄ 500 ≤Mll ≤ 800 0.286 (LO) Yes, 1.116 (NLO) ∼ 200k
POWHEG tt̄ 800 ≤Mll ≤ 1200 0.0286 (LO) Yes, 1.116 (NLO) ∼ 200k
POWHEG tt̄ 1200 ≤Mll ≤ 1800 0.00267 (LO) Yes, 1.116 (NLO) ∼ 200k
POWHEG tt̄ Mll ≥ 1800 0.000153 (LO) Yes, 1.116 (NLO) ∼ 40k
Single top
POWHEG tq → lνbq (t channel) - 103 (NNLO) No ∼ 3.3M
POWHEG t̄q → lνb̄q (t channel) - 80.9 (NNLO) No ∼ 1.7M
POWHEG tW → 2l2νb - 38.1 (NNLO) No ∼ 1M
POWHEG t̄W → 2l2νb̄ - 38.1 (NNLO) No ∼ 1M
Wγ
MADGRAPH Wγ → lνγ - 405 (LO) No ∼ 6.1M
Diboson
POWHEG WZ → 3lν - 4.43 (LO) No 1.9M
POWHEG WW → 2l2ν - 12.2 (LO) Yes, 1.1619 (NLO) 1.9M
POWHEG WW → 4q - 51.7 (LO) Yes, 1.1619 (NLO) 2M
POWHEG WW → lνqq - 49.9 (LO) Yes, 1.1619 (NLO) 2M
POWHEG ZZ → 2l2ν - 0.564 (LO) No 8.4M
POWHEG ZZ → 4l - 1.26 (LO) No 6.7M
WW high mass samples
POWHEG WW → 2l2ν 200 ≤Mll ≤ 600 1.19 (LO) Yes, 1.1619 (NLO) ∼ 200k
POWHEG WW → 2l2ν 600 ≤Mll ≤ 1200 0.0487 (LO) Yes, 1.1619 (NLO) ∼ 200k
POWHEG WW → 2l2ν 1200 ≤Mll ≤ 2500 0.00306 (LO) Yes, 1.1619 (NLO) ∼ 200k
POWHEG WW → 2l2ν Mll ≥ 2500 0.0000464 (LO) Yes, 1.1619 (NLO) ∼ 40k

Table A.4: Information about the background Monte Carlo samples from official production.
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Generator Process Kinematic Cuts (in GeV) σused (pb) k-fact used Nevents

Wjets
MADGRAPH W (lν) + jets - 50700 (NNLO) No ∼ 65M
MADGRAPH W (lν) + jets 100 < HT < 200 1290.0 (NNLO) No ∼ 10M
MADGRAPH W (lν) + jets 200 < HT < 400 386 (NNLO) No ∼ 5M
MADGRAPH W (lν) + jets 400 < HT < 600 48.0 (NNLO) No ∼ 2M
MADGRAPH W (lν) + jets 600 < HT < 800 12.9 (NNLO) No ∼ 4M
MADGRAPH W (lν) + jets 800 < HT < 1200 5.26 (NNLO) No ∼ 2M
MADGRAPH W (lν) + jets 1200 < HT < 2500 1.33 (NNLO) No ∼ 250k
MADGRAPH W (lν) + jets 2500 < HT < Inf 0.0309 (NNLO) No ∼ 250k
QCD
PYTHIA 8 QCD 20 ≤ pT ≤ 30 2970000 (LO) No ∼ 16M
PYTHIA 8 QCD 30 ≤ pT ≤ 50 1650000 (LO) No ∼ 14M
PYTHIA 8 QCD 50 ≤ pT ≤ 80 438000 (LO) No ∼ 19M
PYTHIA 8 QCD 80 ≤ pT ≤ 120 106000 (LO) No ∼ 3.9M
PYTHIA 8 QCD 120 ≤ pT ≤ 170 25200 (LO) No ∼ 4M
PYTHIA 8 QCD 170 ≤ pT ≤ 300 8650 (LO) No ∼ 4M
PYTHIA 8 QCD 300 ≤ pT ≤ 470 797 (LO) No ∼ 3M
PYTHIA 8 QCD 470 ≤ pT ≤ 600 79.0 (LO) No ∼ 2M
PYTHIA 8 QCD 600 ≤ pT ≤ 800 25.1 (LO) No ∼ 2M
PYTHIA 8 QCD 800 ≤ pT ≤ 1000 4.71 (LO) No ∼ 2M
PYTHIA 8 QCD pT ≥ 1000 1.62 (LO) No ∼ 2M

Table A.5: Information about the jet-misidentified-as-an-electron background Monte Carlo samples
from official production. This is only used in the closure test of the datadriven approach. These
Monte Carlo samples are not used further in any statistical interpretation of the results.
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A.6 Distributions of Lepton Kinematics

This section presents a few more kinematic event yield distributions of the muon (A.2) and
electron (figure A.3) after final selection. Standard Model background samples and data
are compared and shown together with two signal examples from RPV-SUSY and QBH.
Additionally kinematic information of the highest invariant mass events in 2015 CMS data
are summarized in table A.6. The distribution of the ∆φ(e, µ) between the selected electron
and muon is shown in figure A.4. To obtain the graphic below the event yield distribution
the following calculation is done for each bin. The distribution called Data/Bkg is defined
as

Data/Bkg =
NData

NBkg
, (A.7)
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Figure A.2: pT (top left), η (top right) and φ (bottom) distributions of selected muon candidates.
All shown events are required to pass the complete selection described in section 5.5.1 and contain
therefore at least one electron and one muon.
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Figure A.3: pT (top left), η (top right) and φ (bottom) distributions of selected electron candidates.
All shown events are required to pass the complete selection described in section 5.5.2 and contain
therefore at least one electron and one muon.

with the corresponding uncertainty

σ =
σ
(
NBkg

)
NBkg

(A.8)

represented by the grey and yellow bands for systematic and statistical uncertainty of the
background event yield, respectively. This ratio is shown in order to directly see whether
there are significant differences between expected background and data in the correspond-
ing spectrum.
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Mass (GeV) peT (GeV) ηe φe pµT (GeV) ηµ φµ

1635 247 -2.1 2.11 142.9 2.2 -1.3
1329 326 2.26 0.24 223.2 -0.84 -3.05
1274 282.3 -2.18 2.77 247.5 0.88 -0.69
1069 199.6 1.85 -0.6 155 -1.7 2.82
1039 578 -0.26 0.40 360 0.79 -2.92
942 66.4 -2.41 -1.18 150.7 2.06 1.06
916 146.6 1.71 0.46 117.5 -2.13 -2.53

Table A.6: Some information about the highest invariant mass events selected in the electron-muon
analysis in 2015 CMS data. The transverse momentum pT , pseudorapidity η, and the angle φ of the
selected electron and muon of the event are listed. No uncertainties are shown here.
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Figure A.4: Event yield as a function of ∆φ(e, µ) for signal and standard model background samples
as well as data. The signal samples peak at ∆φ(e, µ) = π, whereas the background distribution is
flatter.
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A.7 Investigations on Mass Resolution

In this section, a method is presented to check whether the amount of uncertainty in the
invariant mass resolution (see e.g. figure 5.7) is sufficient to cover effects of different muon
alignment scenarios. The reason why this cross check is performed is explained in the fol-
lowing. At high-pT the muon momentum reconstruction is crucially dependent on detec-
tor alignment, most importantly the muon chambers with respect to each other and with
respect to the inner tracker, which also plays a role in muon reconstruction. Thus, the stan-
dard method for analyses of high-pT objects is usually to check the impact of different muon
alignment scenarios in order to obtain the systematic uncertainty on the invariant mass res-
olution.

For this cross check, two different alignment scenarios are used. The ’asymptotic’ sce-
nario should be the final alignment scenario after final track-based alignment. All plots
in this thesis are by default based on the ’asymptotic’ scenario. The other scenario is called
’startup’ and is a hardware-based alignment of the DT chambers and for the CSC chambers a
comparison of the Run-I hardware alignment and the final track-based results is performed.

The ’asymptotic’ is already studied in the analysis section. For the ’startup’ scenario the
method to determine the mass resolution is the same. Figure A.5 shows the comparison of
the two different scenarios and one can conclude that this deviation in the high mass region
is covered by the systematic uncertainties on the mass resolution in figure 5.7.

Another issue of the mass resolution concerning the parametrization of the method is
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Figure A.5: Comparison of the impact on the invariant mass resolution of the different muon align-
ment scenarios denoted here as ’asymptotic’ and ’startup’. The ’asymptotic’ alignment is the default
muon alignment in this analysis. The difference between the two muon alignment scenarios is cov-
ered by the systematic uncertainties discussed in section 5.8.2.
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investigated. The distributions of the individual mass resolution plots have a tail in the
negative region partially due to effect that muons radiate Bremsstrahlung. This causes a
deficit in the reconstructed invariant mass and consequently leads to an asymmetry of the
individual mass resolution distribution with respect to the origin. Another reason could be
the electron leg not being reconstructed correctly, since this is already apparent at masses
of mν̃τ = 1200 GeV, where Bremsstrahlung induced by muons should not be a big issue.
Thus, a Gaussian is not the best parametrization one can think of. As an alternative to the
Gaussian, another parametrization using Crystal Ball function is studied. From the left plot
of figure A.6 it can be seen that the parametrization is better for Crystal Ball since it includes
the tail in the negative region.
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Figure A.6: Left plot : Parametrization of mass resolution for an example signal mass point of 1200
GeV using two different functions, Crystal Ball (in green) and Gaussian (in red). Right plot : Differ-
ence between invariant mass resolution using the two different parametrizations.

The right plot of figure A.6 shows the difference between the invariant mass resolution
using the two different parametrization. Though the Crystal Ball performs better, the re-
sulting difference in the mass resolution plot over the whole mass range is rather small. A
Gaussian function is used in this analysis since the Crystall Ball fit is numerically unstable.

A.8 Additional Signal Efficiency Plots

In section 5.7.1, the distributions of signal efficiency (RPV-SUSY, QBH) are presented and
discussed. Here, the remaining distribution of the Z ′ signal efficiency is shown in figure
A.7. It is not included in section 5.7.1 because it is similar to the signal efficiency deter-
mined with RPV-SUSY samples. This resemblance of the shape and values of the signal
efficiency between RPV-SUSY and Z ′ allows to treat the two signal models similarly (input,
parametrization, mass range,...) in the limit setting procedure.
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Figure A.7: Signal Efficiency determined with the Z ′ samples. The plateau of the efficiency is reached
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