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Zusammenfassung

Die Entdeckung der Leptonflavourzahlverletzung im Neutrinosektor motiviert verstärkte Anstren-
gungen bei der Suche nach entsprechenden Wechselwirkungen zwischen geladenen Leptonen
(cLFV Wechselwirkungen), deren experimenteller Nachweis einen klaren Beweis für Physik jenseits
des Standardmodells der Teilchenphysik (SM) liefern würde. In dieser Arbeit werden mehrere di-
rekte Suchen nach cLFV Wechselwirkungen in Proton-Proton (pp) Kollisionen am Large Hadron
Collider (LHC) präsentiert. Der LHC liefert unterschiedliche partonische Anfangszustände bei
einer zuvor unerreichten Schwerpunktsenergie und eignet sich daher besonders für die Suche nach
noch unbekannten, schweren Teilchen an der TeV-Skala.
Die präsentierten Suchen basieren auf Datensätzen, welche in pp Kollisionen mit einer Schwer-
punktsenergie von

√
s = 8 TeV im Jahr 2012 mit dem Compact Muon Solenoid (CMS) Detektor

am LHC aufgezeichnet worden sind und einer integrierten Luminosität von 19.7 fb−1 entsprechen.
In Kollisionsereignissen mit einem Elektron-Myon (eµ) Paar wird in zwei unterschiedlichen Anal-
ysen nach Hinweisen auf cLFV Wechselwirkungen gesucht: In der ersten Analyse wird im aufgeze-
ichnete Spektrum der invarianten Masse des eµ Leptonpaares nach Peaks und einem Überschuss
an Ereignissen mit Massen im TeV-Bereich gesucht. Entsprechende Signaturen würden als Hin-
weise auf neue Physik mit cLFV zwischen der ersten und zweiten Leptonenfamilie dienen. In der
zweiten Analyse werden die Daten nach Anzeichen für die resonante Produktion eines µτ Paares
mit leptonischem Zerfall des Tauons in ein Elektron und Neutrinos untersucht. Diese Suche testet
zwar andere Modelle neuer Physik als die Analyse des eµ Massenspektrums, lässt sich aber ohne
großen Mehraufwand als Erweiterung der eµ Suche formulieren. Die Untergrundbeiträge diverser
Standardmodellprozesse werden anhand von Simulationen und datengestützten Methoden ermit-
telt. Besonderes Augenmerk wird auf die Auswertung der systematischen Unsicherheiten auf die
Untergrundabschätzung gelegt. Im Rahmen der für die Abgrenzung von Signal- und Untergrund-
beiträgen wichtigen Studie der Detektorauflösung der Masse des eµ Paares wird eine Messung
der Transversalimpulsauflösung von Myonen mit Hilfe atmosphärischer Myonen vorgestellt. Die
Ereignisselektion und Formulierung der statistischen Analyse sind möglichst modellunabhängig
gestaltet, um eine Umdeutung der Ergebnisse mit Hinblick auf hier nicht berücksichtigte Modelle
neuer Physik zu erleichtern.
In keiner der zwei Analysen wird eine signifikante Abweichung der Daten von der Untergrunder-
wartung beobachtet und Ausschlussgrenzen auf Parameter in diversen Modellen neuer Physik mit
cLFV Wechselwirkungen werden bestimmt. Diese reichen von R-Parität verletzender (RPV) Su-
persymmetrie (SUSY) über Modelle für die Produktion von mikroskopischen schwarzen Löchern in
Theorien mit Extradimensionen bis hin zu Modellen mit schweren Partnern des SM Higgs-Bosons.
Die Produktion eines Tau-Sneutrinos als leichtestes supersymmetrisches Teilchen (LSP) in RPV
SUSY mit einer Masse unterhalb von 1.28 TeV wird für die Kopplungen λ′311 = λ312 = λ321 = 0.01
bei einem Konfidenzintervall von 95% ausgeschlossen. Die Ausschlussgrenzen für die Mindest-
masse mikroskopischer schwarzer Löcher fallen in den multi-TeV Bereich. In einem durch das
ADD (Arkani-Hamed, Dimopoulos, Dvali) Modell großer Extradimensionen motivierten Szenario
mit n = 6 Extradimensionen werden Massen der schwarzen Löcher unterhalb von 3.63 TeV aus-
geschlossen. Diese Resultate werden im Kontext der Ergebnisse diverser indirekter Suchen nach
cLFV Wechselwirkungen eingeordnet. In der µτ Suche werden Tau-Sneutrino LSPs mit Massen
unterhalb von 1.42 TeV für die Kopplungsparameter λ′311 = λ323 = 0.05 ausgeschlossen. Die
entsprechenden Ausschlussgrenzen auf den Wirkungsquerschnitt für die resonante Produktion
einer µτ Resonanz kurzer Lebensdauer werden in Form eines Modells für die Produktion eines
schweren Higgs-Bosons umgedeutet. Die in der µτ Suche erzielten Ausschlussgrenzen sind die
restriktivsten aller Suchen nach entsprechenden cLFV Effekten.



Abstract

The observation of lepton flavour violation in the neutrino sector heightens the interest in searches
for charged lepton flavour violating (cLFV) interactions whose observation would constitute proof
of physics beyond the Standard Model (SM). In this thesis, direct searches for heavy particles
that may mediate such cLFV interactions are presented. As a proton-proton (pp) collider that
provides a range of different partonic initial states with unprecedented centre-of-mass energy, the
Large Hadron Collider (LHC) is a powerful tool to explore the landscape of new physics models.
The presented searches utilize datasets that have been recorded in pp collisions at a centre-of-mass
energy of

√
s = 8 TeV with the CMS detector in 2012 at the LHC and correspond to an integrated

luminosity of 19.7 fb−1. Event samples including an electron /muon (eµ) pair are investigated in
two different searches for cLFV interactions: In the first analysis, the invariant mass spectrum of
selected events with an eµ pair is tested for peaks and extended high-mass tails that may point
to new physics involving cLFV between the first and second generation of leptons. In the second
analysis, the data are investigated for the resonant production of a µτ pair with subsequent de-
cay of the τ lepton to an electron and neutrinos. This search probes a different type of cLFV
interaction, but is formulated as a straightforward extension of the eµ search. The background
expectation from SM processes is evaluated using both simulated event samples and data-driven
background estimates. A focus is put on the study of the systematic uncertainties affecting the
background contributions. A measurement of the muon transverse momentum resolution is per-
formed in the context of the study of the dilepton mass resolution of eµ pairs, that is crucial
for the discrimination between signal and background. From the choice of selection cuts to the
statistical interpretation of the measurement, an effort is made to formulate the searches in a
model-unspecific fashion that is suitable for reinterpretation in terms of various models of physics
beyond the SM.
No significant excess above the SM expectation is observed in either of the two searches and ex-
clusion limits are set on various models of new physics with cLFV. These range from R-parity
violating (RPV) Supersymmetry (SUSY) to quantum black hole (QBH) production in theories
with extra dimensions and cLFV decays of heavy scalar bosons in models with extended Higgs
sectors. In the eµ search, an RPV SUSY model in which the τ sneutrino is the lightest super-
symmetric particle (LSP) is excluded for sneutrino masses below 1.28 TeV for Yukawa couplings
λ′311 = λ312 = λ321 = 0.01 at 95% CL. The limits on the threshold mass for the production of
QBHs fall in the multi-TeV region for all considered models; in a scenario inspired by the ADD
(Arkani-Hamed, Dimopoulos, Dvali) model of large extra dimensions with n = 6 extra dimensions,
threshold masses below 3.63 TeV are excluded. These results are compared to those obtained from
various indirect searches for cLFV phenomena. In the µτ search, a tau sneutrino LSP is excluded
for masses below 1.42 TeV for Yukawa couplings λ′311 = λ323 = 0.05. The corresponding cross
section limits for the production of a narrow µτ resonance are recast in terms of a model with a
heavy Higgs boson with cLFV decays that is produced via a top-quark loop. The limits obtained
for the resonant production of a µτ pair are the most stringent to date.
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1

Introduction

In the Standard Model (SM) of particle physics with vanishing neutrino masses, the three lepton
flavour numbers are conserved, although the theory lacks an underlying principle that would en-
force this conservation. Lepton flavor violation (LFV) has been firmly established in the neutrino
sector in the contexts of neutrino oscillations [1, 2] and the solution of the solar neutrino prob-
lem [3]1 by various experiments since 1998 (for a review see Ref. [5]). This milestone in the history
of particle physics can be regarded as the first observation of physics beyond the SM in its original
formulation. Even if the SM is extended to account for neutrino oscillations by adding non-zero
neutrino masses and mixing parameters, several questions remain. One of them is the starting
point for the analyses of data recorded in 2012 with the CMS detector [6] in pp collision delivered
by the CERN Large Hadron Collider (LHC) [7] at a centre-of-mass energy of

√
s = 8 TeV that

are presented in this thesis:

Is the conservation of lepton flavour violated in interactions involving charged leptons?

There are two main routes for the experimental physicist to address this question concerning
the existence of charged lepton flavour violation (cLFV)2 when designing a corresponding search
at the LHC. One approach is to look for decays of known particles, such as mesons, the Z boson,
and the (not yet as well experimentally studied) Higgs boson h0 into a pair of charged leptons
that carry different flavour. Its advantage is that the search strategy is well-defined in this case;
in particular, the experimental signatures and the masses of the particles participating in the
process are known. However, if such decays were observed, one might still expect some physics
beyond the SM (BSM) at a higher energy scale to be the underlying cause of cLFV. The second
approach sets out for searching for this hypothetical new physics directly between the electroweak
scale and the multi-TeV scale by exploiting the high centre-of-mass energy of the LHC that is
unprecedented (in a laboratory). This second path towards searches for cLFV interactions is
taken in this thesis. Various models of BSM physics incorporate, or at least allow for, cLFV
interactions (a comprehensive review is presented in Ref. [8]). Examples are R-parity violating
supersymmetry; models with extended Higgs sectors, such as multi-Higgs doublet models or Higgs
triplet models; or certain models for quantum black hole production and decay at the LHC. Some
of these models provide very different experimental signatures that are most promising for a
discovery of cLFV at the LHC depending on unknown parameters. Again, the experimentalist
faces a choice concerning the analysis strategy: Either a specific signal model is chosen, such
that the setup of the analysis can be guided by the corresponding experimental signatures, cross
section calculations, and constraints on the model obtained from other experiments (model-specific
search); or a key signature can be identified that covers most of the models of interest and is robust
against variations of model parameters (signature-based search). Both approaches are pursued
in this thesis. First, a signature-based search for structures in the mass spectrum of selected
electron/muon pairs is presented that starts from a very inclusive event selection. Its is referred
to as the eµ search in the following. After interpreting the experimental findings in terms of

1The distinction between neutrino oscillations and non-oscillatory adiabatic flavor conversions -the MSW effect
that is now understood as the driving force behind the observed flavor conversion of solar neutrinos- is explained in
Ref. [4].

2The abbreviation cLFV is used for both the terms charged lepton flavour violation and charged lepton flavour
violating in the following, depending on the context.
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specific models of new physics, the analysis is extended by a search for the resonant production of
heavy particles that decay into a µτ pair. In this more model-specific approach, event selection
cuts are tightened in order to improve the sensitivity of the search for the chosen signal model
and challenge the sensitivity of existing searches by other experiments. Its is referred to as the
µτ search or the µτ e search in the following.

Two interesting aspects of searches for cLFV are the complementarity of very different ex-
perimental approaches and the wide range of suggested models of BSM physics. This work tries
to do justice to both. First, the experimental findings in two different final states (eµ and µτ )
obtained with the CMS detector at the LHC are interpreted in terms of BSM signals ranging from
resonant sneutrino production in quark/antiquark annihilation in R-parity violating supersym-
metry to quantum black hole production in theories with extra dimensions and top-loop-induced
production of heavy scalars in two-Higgs-doublet models with cLFV. Secondly, the results ob-
tained in this work are compared to those from other searches at the LHC, from searches at
B-factories, and also from analyses of processes at significantly lower energies, such as searches
for muon-to-electron conversion in heavy nuclei.

The rest of this introduction is dedicated to a more formal introduction to some important top-
ics that have been mentioned without explanation or the quotation of references in the motivational
outline given above. Furthermore, the structure of this thesis and a summary of contributions of
the author to publications by the CMS collaboration related to this thesis are presented.

Lepton flavour violation in the neutrino sector

The following introduction to LFV in the neutrino sector and in interactions between charged
leptons is partly based on Ref. [9].
The Lagrangian of the SM is invariant under global U(1)e × U(1)µ × U(1)τ transformations of the
lepton fields if neutrinos are assumed to be massless. As a result, the three additive lepton flavour
quantum numbers L` (` ∈ {e, µ, τ }), that are assigned the value L` = +1 for the charged leptons
and neutrinos of the respective flavour and the value L` = −1 for the corresponding antiparticles,
are conserved individually. The conservation of lepton number L = Le + Lµ + Lτ follows. In
contrast to the conservation of electric charge for example, this invariance is not a direct result
of a more fundamental underlying principle of the SM but an accidental symmetry of the SM
Lagrangian.

The assumption that the individual lepton flavour numbers Lf are conserved passed decades of
experimental tests successfully until neutrino experiments [1–3] established that Lf conservation
is violated, whereas there is still no conclusive evidence for the violation of lepton number L.
The wealth of information gathered on neutrino oscillations since their discovery can be explained
in an extension of the aforementioned Lagrangian of the SM, in which some of the three known
neutrinos have non-zero and different masses, and the flavour eigenstates of the neutrinos are non-
trivial superpositions of the mass eigenstates. These superpositions are described by a unitary
mixing matrix and neutrino oscillations are a mixing phenomenon that results from the non-trivial
relation between the flavour eigenstates of the neutrinos that take part in the weak interactions
and the mass eigenstates that determine the propagation of neutrinos in vacuum. This theoretical
description does not explain the observed values of the parameters in the mixing matrix, nor does
it provide an explanation for the origin of neutrino masses, their smallness, and the resulting
violation of Lf conservation. Furthermore, the Lorentz structure of neutrino mass terms in the
Lagrangian of the (extended) SM remains unknown; studies are ongoing to determine whether
neutrinos are Dirac or Majorana fermions. The answer to this question is related to total lepton
number conservation, which would be violated in case neutrinos are Majorana fermions.

In summary, the former paradigm of lepton flavour conservation (LFC) encoded in the La-
grangian of the SM is in contradiction with the observation of lepton flavour violation (LFV) in
the neutrino sector and as a result searches for other LFV processes have become increasingly
interesting.
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Charged lepton flavour violation

In this thesis, searches for signals of physics beyond the SM that involve LFV in interactions
of charged leptons, rather than in the neutrino sector, are considered. The corresponding field
of study is that of charged lepton flavour violation, comprising the theoretical description and
experimental searches for processes involving charged leptons that violate the individual lepton
flavour numbers Lf . Reviews of theoretical aspects of cLFV include Refs. [8–10]. The status and
prospects of experiments searching for cLFV are summarized in Refs. [11, 12]. Different types of
processes are relevant for the study of cLFV, among them the flavour-changing neutral current
(FCNC) interactions: `→ `′γ , `→ `′`′′`

′′′, `+X → `′ +X, X → ``
′ (+Y ), where `′(...) denotes a

charged lepton of different flavour than ` and both X and Y represent states that do not carry
lepton number3 [9]. They are examined in different types of experiments [11, 12]: LFV muon
decays are searched for by dedicated experiments [13, 14], whereas detectors at B-factories are
particularly suited to probe LFV decays of the τ lepton [15–18]; searches for muon-to-electron
conversion in heavy nuclei [19] and various searches for LFV meson [20, 21] or Z boson [22, 23]
decays are examples of processes involving non-leptonic probes.

The presence of LFV in the neutrino sector raises the question of SM contributions to the
aforementioned cLFV processes via loops involving neutrinos. Such contributions are found to be
extremely small as a result of generalizations of the GIM mechanism [24] from the quark sector
to the neutrino sector: First, the contributions from massless virtual neutrinos or from mass-
degenerate neutrinos vanish because of the unitarity of the neutrino mixing matrix. Secondly,
the non-vanishing amplitude induced by non-zero neutrino mass differences is tiny due to their
smallness in relation to the electroweak scale. Two examples are the SM branching fractions of
the LFV decays of the Z boson, B(Z → ``

′) . 10−54 [25], and the expected SM branching fraction
for muon decays into an electron and a photon B(µ → eγ) . 10−54 [9]. No conceivable, realistic
experiment is capable of detecting these tiny SM contributions. Searches for cLFV signatures are
therefore searches for physics beyond the SM. For most cLFV processes, the particles associated
with hypothetical new physics inducing measurable cLFV rates are expected to have masses close
to an energy scale ΛNP that is much larger than the typical momentum transfer characterizing the
interaction. An exception is the signature X → ``

′, if the state X is a hitherto unknown particle
of mass MX ∼ ΛNP.

Searches for cLFV at the LHC

Searches for cLFV at the LHC focus on signatures of the type X → ``
′ (+Y ), where the state

X represents a meson [21], a neutral boson with a mass somewhat below the electroweak scale
v ≈ 246 GeV (Z, h0) [22,23,26–29], or a hypothetical heavy new particle with mass MX & v [30–
32]4. An exception are searches for the decay τ± → µ±µ+µ− [33, 34] that are challenging in the
LHC environment but have shown the potential to compete with the corresponding searches at
B-factories (in the case of the result in Ref. [33]).

Direct searches for cLFV pursued in this thesis

In this thesis, processes of the type X → ``
′ are considered, where X corresponds to a heavy state

(MX & v) with a short lifetime. In the models of new physics under study, the cLFV interactions
are encoded in the classical Lagrangian, in contrast to the mentioned SM contributions to cLFV
processes that arise at the quantum level. In this sense, the analyses described in the following are
direct searches for physics beyond the SM with cLFV. Such searches are complementary to the
abovementioned indirect searches for new physics, that look for the signatures of cLFV processes

3If X also carries lepton number, then the interaction X → ``
′ does not only violate Lf but also lepton number L.

This is the case for one of the signal models for new physics considered in this work, the RPV ν̃τ model introduced
in Sec. 1.1.2.

4The references provided in this section only contain examples of the different types of searches. This list of
references does not cover all publications on searches for cLFV processes by the LHC experiments.
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at energy scales well below the expected energy scale of the underlying BSM physics.

In the eµ search, interactions between the first and the second generation of leptons, X → eµ,
are considered, whereas the second analysis, the µτ search, is designed to find signals for cLFV
between the second and third generation, X → µτ . Both searches are performed in experimen-
tal final states involving an electron/muon pair, i.e. only the leptonic decay of the τ lepton
τ− → e−ντ ν e is considered in the search for the process X → µτ . From an experimentalist’s
point of view this µτ e search can be regarded as an extension or reformulation of the eµ search,
whereas from a theorist’s perspective the two searches probe very different types of BSM physics
that are subject to different types of constraints from indirect searches for cLFV.

So far, the BSM physics behind the state X has not been specified apart from the requirement
that X mediates an interaction between charged leptons of different flavour. In particular, the
quantum numbers of X, its production mechanism in pp collisions, and the full experimental
signature

pp → X + Y → ``
′ + Y , (1)

that may involve additional particles Y , have not been chosen. The range of signatures that the
searches are designed to cover is different in the eµ and µτ cases. They are chosen based on
arguments related to the detection of the final state leptons.

Analysis strategy of the eµ search

In the eµ search, all leptons in the final state can be reconstructed with high efficiency as long as
they fall into the geometrical acceptance of the detector. Furthermore, the four-momentum vec-
tors of electrons and muons can be inferred from the measured detector signals with high precision,
such that a four-momentum vector can be assigned to X as pX = pe + pµ . The corresponding
invariant mass Meµ is chosen as the key observable of the search. The presence of additional
particles in the final state does not spoil the reconstruction of X as long as the effects of finite
detector granularity and resolution are neglected. Additional particles Y may arise for example
if X is produced in a decay chain rather than directly in an interaction with constituents of the
protons in the initial state, or if it is produced in association with a second particle. Therefore,
a very inclusive set of selection cuts is chosen by just requiring a reconstructed electron and a
reconstructed muon in the event, while leaving the kinematics of the dilepton system largely un-
restricted and including events with complex topologies. The design of the eµ search thus aims
at a high selection efficiency for a large range of models of BSM physics and associated signa-
tures and does not optimize the cuts in order to achieve maximal sensitivity to a specific model
that would involve a customized background rejection. However, every attempt at formulating
a model-independent search strategy for BSM physics at hadron colliders has shortcomings. The
conditions that must be fulfilled by a given signal model including the signature X → eµ in order
to be covered by the presented eµ search are summarized before the presentation of the event
selection in Sec. 4.

Analysis strategy of the µτ search

The final state in the µτ e search contains a neutrino and an antineutrino from the decay of the
τ lepton that cannot be detected by the CMS detector. Only the missing transverse momentum
can be inferred from the measured particle momenta by invoking momentum conservation. If
additional neutrinos or other weakly interacting particles are present in the final state, the missing
transverse momentum cannot be assigned to the neutrinos from the τ decay. This motivates the
focus of the search on the resonant production of particle X in pp collisions, that is reflected in an
event selection with corresponding cuts on the kinematics of the µτ e system. Since the τ lepton
receives a large Lorentz boost in the resonant production of a µτ pair with Mµτ & v � mτ , its
four-momentum vector can be approximated from the measured missing transverse energy and
the direction of the electron momentum vector using the so-called collinear approximation of the
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τ decay. With the four-momentum vector from this pseudo-τ -lepton reconstruction in hand, the
collinear mass M coll

µτ of the µτ e pair can be defined. It is the key observable in the µτ search.

Structure of this thesis

The thesis is divided into three parts. The first one contains information about the BSM models
under study, hadron collider physics, the LHC and the CMS detector. It ought to be regarded
as an overview of the essential ingredients needed for the two physics analyses described in the
second and third part. The searches for new physics outlined in the second and third part of the
thesis have been devised, planned, and executed by the author based on data taken with the CMS
detector, a software framework written by others in the CMS collaboration, and knowledge shared
by other physicists inside and outside of the CMS collaboration.

The three different parts of the thesis are structured as follows.

• Part I: Aspects of BSM physics and experimentation at the LHC

– In Chapter 1, models of BSM physics are introduced that are used in the interpretation
of the experimental results.

– In Chapter 2, the LHC is briefly described with a focus on its design parameters and
operation in the year 2012. Basics of high-pT physics at hadron colliders are summarized
and the corresponding nomenclature is introduced. Finally, the physics environment
in which the CMS detector performs measurements is presented and the detector itself
is described. The chapter is concluded with an overview of CMS data taking in 2012
and a summary of the datasets utilized in the eµ and µτ searches.

– In Chapter 3, the reconstruction of physics objects that are used in the analyses de-
scribed in this thesis, and the performance of the associated reconstruction algorithms
are outlined. This includes a description of the utilized trigger algorithms.

• Part II: A search for decays of heavy resonances and quantum black holes into an eµ pair
in pp collisions at

√
s =8 TeV

– In Chapter 4, the event selection of the eµ search is presented in detail and the choice
of selection cuts is justified.

– In Chapter 5, properties of the BSM signals introduced in Chapter 2, that are of
particular importance to the eµ search, are presented with the aid of simulated Monte
Carlo (MC) samples. The Meµ spectra expected from signal contributions, the signal
selection efficiency, and the Meµ mass resolution obtained from simulated samples are
discussed. The chapter concludes with a measurement of the muon pT resolution in
cosmic ray events detected with the CMS detector.

– In Chapter 6, the SM background processes that are relevant in the eµ search (and later
in the µτ e search) are discussed. The corresponding cross sections at the LHC are given
together with details about the production of simulated background samples. Data-
driven methods that are used to obtain background estimates for processes involving
jets that are misidentified as leptons are presented.

– In Chapter 7, the background expectation for events passing the eµ event selection is
compared to the observed data in control distributions of variables relevant to the eµ
search.

– In Chapter 8, the systematic uncertainties affecting the background and signal estimates
are presented with focus on their impact on the respective Meµ spectra.

– In Chapter 9, the observable of interest in the eµ search, Meµ , is discussed in detail.
To this end, the observed and expected Meµ spectra are compared for different subsets
of selected events. Finally, the Meµ spectrum of all selected events is described.
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– Chapter 10 contains the interpretation of the experimental findings and is divided into
two parts. In the first one, the utilized methods of statistical inference are introduced.
Based on them, the agreement between the observed Meµ spectrum and the background
expectation is quantified. The results are then interpreted in terms of the models of
BSM physics introduced in Chapters 4 and 5 and compared to the results from other
experiments.

• Part III: A search for decays of heavy resonances into a µτ pair in pp collisions at
√
s =8 TeV

– In Chapter 11, the transformation of the inclusive eµ search into a search for a heavy
particle decaying into a µτ pair in the final state containing an electron, a muon, and
missing transverse energy is described. Ingredients of the analysis such as the definition
of the key observable of the search M coll

µτ , data-driven cross checks of individual back-
ground components, and the signal selection efficiency are concisely introduced with
recourse to the eµ search.

– In Chapter 12, the background expectation for events passing the µτ e event selection are
confronted with the data in distributions of various variables. The agreement between
data and expectation in the M coll

µτ spectrum is discussed. The chapter concludes with
the presentation of the systematic uncertainties affecting the background and signal
estimates with focus on their impact on the respective M coll

µτ spectra.
– Chapter 13 contains the statistical interpretation of the experimental findings and its

implications for two different models of BSM physics with resonant production of µτ
pairs in different initial states. Both the production via quark/antiquark annihilation
and in the gluon-gluon initial state via a top-quark loop (heavy Higgs boson production)
are considered. A model of BSM physics involving a heavy Higgs boson with cLFV
decay to a µτ pair is introduced. Including this additional signal model connects this
thesis to studies of extended Higgs sectors, that are of particular interest in the light
of the discovery of a Higgs boson by the CMS and ATLAS [35] collaborations at the
LHC in 2012 [36,37].

Finally, the results obtained in this thesis are summarized and set in the wider context of searches
for cLFV in the concluding remarks.
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Contributions to CMS publications related to this thesis

The results of the eµ search presented in this work have partly been published before in a journal
paper [30] and a Physics Analysis Summary (PAS) [38] by the CMS collaboration.

• CMS Collaboration,
Search for lepton flavour violating decays of heavy resonances and quantum black holes
to an eµ pair in proton-proton collisions at

√
s = 8 TeV,

Eur. Phys. J. C 76 (2016) 317

• CMS Collaboration,
Search for lepton flavour violating decays of heavy resonances and quantum black holes
to eµ pairs in pp collisions at

√
s = 8 TeV,

CMS-PAS-EXO-13-002 (2015)

In both instances, the author of this thesis has been the leading author of the publication. The
Figures 9.3, 10.2 (left), and 10.9, as well as Table 9.1 have been originally produced by the au-
thor and are adopted here from the journal publication [30] with only minor modifications. For
the same reason, several figures in this thesis are similar to those included in the CMS-internal
documentation of the analysis in the form of an Analysis Note (AN) [39].

The results of the eµ search and other CMS searches for BSM physics in two-particle final
states have been presented by the author in talks at international conferences on behalf of the
CMS collaboration on three occasions.

• Phenomenology 2015 Symposium, Pittsburgh (USA)
Searches for new physics in final states with an electron/muon pair at CMS

• 20th International Conference on Particles and Nuclei, Hamburg
Searches for heavy resonances in two-particle final states with leptons, jets and photons
at CMS

Proceedings: Searches for heavy resonances in two-particle final states with leptons, jets and
photons at CMS, CMS-CR-2014-281(2014)

• Phenomenology 2014 Symposium, Pittsburgh (USA)
Search for massive resonances decaying to charged lepton pairs at CMS
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Chapter 1

Beyond the Standard Model

1.1 R-parity violating Supersymmetry and charged lepton flavour
violation

1.1.1 Introduction

In supersymmetric models, an additional symmetry relating fermions and bosons is added to the
Poincaré group. The generators of this symmetry satisfy a specific algebra of anticommutation
relations, the supersymmetry algebra. In supersymmetric extensions of the SM, a superpartner
is assigned to each SM degree of freedom. If Supersymmetry (SUSY) were unbroken, the SM
particles and their superpartners would have the same mass. Despite the extensive experimental
effort devoted to searches for superpartners, none have been found to date. If SUSY is realized
in nature, it must therefore be a spontaneously broken symmetry. Introductions to SUSY and
examples for the construction of supersymmetric models are presented for example in Refs. [40–42].
Supersymmetry1 is regarded as one of the most promising theories of physics beyond the SM due
to its implications for the so-called hierarchy problem [43–46], the unification of gauge couplings
[47–49] and because it can provide dark matter candidates [50]. The most general renormalizable
superpotential introduces interactions between scalar sparticles and ordinary quarks and leptons
which violate both baryon number B and/or lepton number L. In many supersymmetric models
these terms, many (combinations) of which are tightly constrained by experiment2, are removed
from the Lagrangian by asking for an additional Z2 symmetry, called R-parity. The multiplicative
quantum number R assigned to ordinary particles and their supersymmetric counterparts, which
is conserved by this symmetry, is given by [52]

R = (−1)2S (−1)3B+L , (1.1)

where S denotes the particle spin. In particular, the requirement of R-parity conservation prohibits
the combination of baryon and lepton number violating terms, that would lead to rapid proton
decay3.
In the following, the conservation of R-parity is not assumed and it will be replaced by a different
discrete symmetry to prevent rapid proton decay. Allowing for R-parity violation (RPV) leads to
a rich collider phenomenology that incorporates several signatures that are absent in SUSY model
with R-parity conservation. Many aspects of RPV SUSY are covered in detail in Ref. [51], on
which the following short introduction is based. The full set of R-parity violating (RPV) terms of

1The term Supersymmetry is used in the following for both the symmetry itself and the class of theories based
on it.

2For a comprehensive review see [51]. Updated limits on lepton number violating couplings and their combina-
tions that are relevant for the signal model under study are summarized in Sec. 1.1.3.

3R-parity conservation removes the lepton and baryon number violating terms from the renormalizable
Lagrangian. However, it allows for dimension-five proton decay operators [53]. These dangerous operators can
be cancelled by replacing R-parity, which is commonly used, with the proton-hexality symmetry [54].
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the superpotential, WRPV is given by [51]

WRPV = εab

[1
2λijkL

a
iL

b
jĒk + λ′ijkL

a
iQ

xb
j D̄kx

]
− εab κ

iLaiH
b
u + 1

2εxyz λ
′′
ijkŪ

x
i D̄

y
j D̄

z
k, (1.2)

where i, j, k ∈ {1, 2, 3} are generation indices, a, b ∈ {1, 2} are SU(2)L weak isospin indices and
x, y, z ∈ {1, 2, 3} denote the SU(3)C colour indices; L and Q are the SU(2)L doublet superfields
of the lepton and quark, and Ē, Ū and D̄ denote the SU(2)L singlet superfields of the charged
lepton, up- and down-like quark, respectively. Hu is one of two Higgs superfields, the one that
provides mass to the u-type quarks. Summation over the generation and gauge indices in Eqn. 1.2
is implied.
The Yukawa couplings λ and λ′ lead to interactions violating both lepton flavour and lepton
number, whereas baryon number violation is introduced by the couplings λ′′. The bilinear term
with parameters κi mixes the lepton and Higgs superfields and violates lepton number. As a
consequence of gauge invariance, the couplings λijk and λ′′ijk are antisymmetric in the first and
last two indices, respectively, and the corresponding terms in the superpotential introduce 9 free
parameters each. The λ′ terms come with 27 parameters and the three couplings κi complete
the set of 2× 9 + 27 + 3 = 48 parameters associated with the RPV superpotential in Eqn. 1.2.
These parameters are a priori complex [51] but they are assumed to be real in the context of the
simplified RPV SUSY signal model described below. Due to this large number of additional in-
teractions and parameters, it is customary to adopt the dominant coupling scheme, i.e. assuming
the couplings relevant for the analysis at hand are finite and all other couplings equal zero.
In order to account for the tight constraints from the measured lower limit on the proton lifetime
on models with both lepton and baryon number violation, at least one of the sets of couplings
leading to lepton or baryon number violation must only contain couplings that are extremely
small. Therefore, the introduction of additional symmetries is motivated for the model build-
ing and study of the phenomenology. Apart from R-parity, other discrete symmetries are well
motivated and have been studied in the literature. In this work, the baryon triality symmetry
B3 [54, 55] that cancels the baryon number violating terms with couplings λ′′ is considered.
In Sec. 1.1.2, the superpotential Eqn. 1.2 is used to construct a signal model for resonant produc-
tion of an eµ pair in proton-proton (pp) collisions. Similar models for the µτ and eτ final states
are discussed in Sec. 1.1.4.

1.1.2 RPV SUSY signal model with resonant eµ production

The relevant aspects of RPV SUSY for the production of a resonance decaying into an elec-
tron/muon pair at hadron colliders are:

1. The single production of sparticles is allowed. In particular, sparticles can be produced
resonantly.

2. The couplings λ′ijk allow for the lepton number violating resonant production of a sneutrino
ν̃iL through the annihilation of a down-type quark dj with generation index j and an anti-
quark dk, and the production of an anti-sneutrino ν̃∗iL in dkdj annihilation in hadron-hadron
collisions.

3. The couplings λi12 and λi21 lead to a lepton number violating decay of a sneutrino into an
eµ pair.

The simplified RPV signal model that is used as a benchmark model for the resonant production
of an eµ pair in this work has the following parameters.

1. The tau sneutrino ν̃τL (often abbreviated to ν̃τ in the following) is chosen as the resonantly
produced slepton. It is a viable LSP candidate [56] and is assumed to be the LSP for
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the simplified signal model4. In this case, only decays into SM particles are kinematically
allowed. The corresponding model parameter is the tau sneutrino mass Mν̃τ

.

2. The coupling λ′311 leads to the production of the tau sneutrino and the tau anti-sneutrino in
dd annihilation. In the following, the term tau sneutrino production (or tau sneutrino cross
section σ(pp → ν̃τ )) implies the sum of the tau sneutrino and tau anti-sneutrino production,
unless explicitly stated otherwise. The ν̃τ production cross section for a given value of λ′3ii
at a pp collider is largest for the coupling to the first generation because of the PDF of the
proton. According to 1.2, sneutrinos couple to the down-type quark/antiquark pairs only.
Tau sneutrinos and tau anti-sneutrinos are produced with equal rates in dd annihilation at
pp colliders.

3. In order to obtain the eµ final state from the decay of the tau sneutrino, λ312 = −λ132 and
λ321 = −λ231 are chosen as the two additional, independent couplings that are assumed to
be non-zero. For simplicity, λ312 = λ321 is assumed.

The thus defined simplified SUSY model with the parametersMν̃τ
, λ′311, and λ312 = λ321 is referred

to as the RPV ν̃τ model in the following. The part of the Lagrangian that describes the RPV
interactions of the ν̃τ with SM fermions in Dirac notation is given by 5

LLLE
model ⊃ −1

2
(
λ312 ν̃τLµ̄ReL + λ∗312 ēLµRν̃

∗
τL − λ132 ν̃τLµ̄ReL − λ

∗
132 ēLµRν̃

∗
τL

)
(1.3)

−1
2
(
λ321 ν̃τLēRµL + λ∗321 µ̄LeRν̃

∗
τL − λ231 ν̃τLēRµL − λ

∗
231 µ̄LeRν̃

∗
τL

)
(1.4)

λijk=−λjik=
Im(λ)=0

−λ312
(
ν̃τLµ̄ReL + ēLµRν̃

∗
τL

)
− λ321

(
ν̃τLēRµL + µ̄LeRν̃

∗
τL

)
(1.5)

LLQD
model ⊃

Im(λ′)=0
−λ′311

(
ν̃τLd̄RdL + d̄LdRν̃

∗
τL

)
, (1.6)

where the superscript ∗ denotes the complex conjugate of a complex scalar field, the SU(3)C gauge
indices are suppressed, and the subscripts L and R on the fermion spinors imply application of
the projection operators ēLµR = ē1

2(1 + γ5)µ . In the simplified model defined above, the tau
sneutrino can decay either into the final state under study, an e+µ− pair via the coupling λ312, or
an e−µ+ pair via the Yukawa coupling λ321; or into a dd pair via the coupling λ′311. The resulting
relative decay width evaluated at leading order (LO) reads

Γν̃τ
Mν̃τ

=
NC=3

1
16π ·

(
3(λ′311)2 + (λ312)2 + (λ321)2

)
. (1.7)

For couplings λ′311, λ312, λ321 . 0.1, the tau sneutrino decay width is more than two orders of
magnitude smaller than its mass and off-shell production of the eµ pair is small. The impact of
finite-width effects on the signal cross section and their treatment in the eµ search are described
in Sec. 5.1.1. In the narrow width approximation, the dependence of the RPV ν̃τ signal cross

4The term LSP refers here to the lightest supersymmetric particle among those in the minimal supersymmetric
extension of the SM (MSSM). This LSP is not stable in RPV SUSY and therefore no dark matter candidate.
Additional sparticles such as the axino are still viable options.

5The derivation of the Lagrangian from the superpotential in Eqn. 1.2 is sketched in App. A.
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Figure 1.1: Amplitudes contributing to resonant tau sneutrino and anti-sneutrino production in
dd annihilation and subsequent decay into an e±µ∓ pair.

section on the Yukawa couplings is given by the formula

σ(pp → ν̃τ ) · BR(ν̃τ → e±µ∓) = σ(pp → ν̃τ ) · (λ312)2 + (λ321)2

3
(
λ′311

)2
+ (λ312)2 + (λ321)2

(1.8)

∼
(
λ′311

)2 (λ312)2 + (λ321)2

3
(
λ′311

)2
+ (λ312)2 + (λ321)2

. (1.9)

The coupling pairs (λ′311, λ312) and (λ′311, λ321) each lead to the final states e+µ− and e−µ+ with
equal rates. Allowing only one of the two independent couplings λ312, λ321 to be non-zero would
not alter the analysis except for a reduction of the signal cross section according to Eqn. 1.8. For
λ′311 � λ312 = λ321, the dependence on λ′311 vanishes and an increase of this coupling does not
result in an increased sensitivity to the signal. The production cross section increases but so does
the branching ratio into the dd (dijet) final state which is not the subject of this analysis. For
λ′311 � λ312, the branching fraction of the ν̃τ decay into the eµ final state is close to unity and
the sensitivity of the search only depends on the production cross section and λ′311.

Tau sneutrino production cross section at next-to-leading order in perturbative QCD

The tau sneutrino production cross section σ(pp → ν̃τ ) in Eqn. 1.8 is evaluated at next-to-
leading order (NLO) in perturbative QCD (pQCD) for a centre-of-mass energy of

√
s = 8 TeV,

based on calculations carried out in Ref. [57]. The NLO SUSY-QCD corrections are not taken into
account, because their application would introduce an additional model dependence on the masses
of the contributing squarks and gluinos. Effectively, the omission of the higher-order SUSY-QCD
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correction means that these masses are assumed to be very heavy. The NLO cross sections in
Fig. 1.2 are obtained with the coupling fixed to λ′311 = 0.01 at all scales; the running of the
renormalized Yukawa coupling at order αs is not taken into account. Figure 1.2 also contains the
ratio of the NLO to LO cross section for ν̃τ production, referred to as the LO-to-NLO k-factor.
The PDF set CTEQ6M is used in the determination of the NLO cross section, whereas the LO
cross section is calculated using the CTEQ6L1 set [58].
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The benchmark RPV ν̃τ model with its dd initial state and ν̃τ production coupling λ′311 can be
varied by considering a different initial state dkdj with a corresponding non-zero Yukawa coupling
λ′3jk. The dependence of the ν̃τ production cross section in pp collisions at

√
s = 8 TeV on the

quark flavour in the initial state is shown in Fig. 1.3 for λ′3jk = 0.01. The large difference in the
cross sections for different initial states reflects the difference in the respective parton luminosities.
All cross sections in Fig. 1.3 will be used in the context of a recast of the eµ search with the RPV
ν̃τ benchmark model, that is presented in Sec. 10.2.2.

1.1.3 Bounds on the RPV signal model with eµ final state from existing
searches

Direct searches at high-energy colliders

This summary of exclusion limits on the RPV ν̃τ benchmark model from searches at hadron
colliders presents the status at the time of the publication of parts of this work in Refs. [30, 38].
Direct searches for ν̃τ production with subsequent decay into the eµ final state have been carried
out by the CDF [59] and D0 [60] collaborations in proton-antiproton collisions at

√
s = 1.96 TeV

at the Tevatron, using datasets with integrated luminosities of 1.0 fb−1 and 5.3 fb−1, respectively.
For Mν̃τ

= 100 GeV and λ312 = λ321 = 0.07, the search by D0 excludes couplings λ′311 > 6.2 · 10−4

at 95% confidence level (CL). At the LHC, the ATLAS collaboration has carried out searches for
resonances in the eµ invariant mass spectrum in pp collisions at both

√
s = 7 TeV [61–63] and

√
s =

8 TeV [31]. The most stringent bounds from direct searches at high-energy colliders for sneutrino
masses Mν̃τ

& 500 GeV stem from the ATLAS search at
√
s = 8 TeV with a dataset corresponding

to an integrated luminosity of 20.3 fb−1. For couplings λ′311 = 0.11 and λ312 = λ321 = 0.076, tau
sneutrino masses Mν̃τ

< 2.0 TeV are excluded at 95% CL.

Indirect constraints from low-energy experiments

Searches for lepton flavour violating muon-to-electron conversion in muonic atoms are sensitive
to new particles that mediate between the charged leptons of the first and second generation and
couple to quarks. Muons that stop in matter form muonic atoms in excited states, which decay
electromagnetically into the ground state. The process under study is the conversion

µ−N(A,Z)→ e−N(A,Z) , (1.10)

where A denotes the mass number and Z is the atomic number of the used nucleus N . The exper-
imental signature of this process would be a delayed electron, which is emitted at the kinematical
endpoint for bound muon decay, that depends on the target material. The most stringent bounds
on the branching ratio for the ground state transition defined as

B
(
µ−N → e−N

)
=

Γ
(
µ−N → e−N

)
Γ
(
µ−N capture

) (1.11)

have been obtained with the SINDRUM II spectrometer at PSI for the target materials tita-
nium [64] (and references therein) and gold [19]. At 90% CL these limits are given by

B
(
µ−Ti→ e−Ti

)
< 6.1 · 10−13 (1.12)

B
(
µ−Au→ e−Au

)
< 7.0 · 10−13 . (1.13)

The RPV ν̃τ model defined above involves tree-level contributions to the process 1.10 mediated by
the tau sneutrino and the bounds 1.12 and 1.13 can thus be translated into its parameter space.

6The ATLAS paper [31] states the exclusion limits for the benchmark couplings λ′311 = 0.11 and λ312 = 0.07.
The author of this work can reproduce the reported signal cross section times branching ratio for λ′311 = 0.11 and
λ312 = λ321 = 0.07.
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Based on the SINDRUM II limit on B
(
µ−Au→ e−Au

)
, coupling products

|λ′311λ312| < 3.3 · 10−7(Mν̃τ
/TeV)2 are excluded at 90% CL [65], and the bound on B

(
µ−Ti→ e−Ti

)
yields |λ′311λ312| < 8.2 · 10−9 for slepton and squark masses of 100 GeV [64] 7. As pointed out
in [64], the contribution of the strange quark sea of the nucleon is comparable to the valence
quarks, and the muon conversion searches thus also constrain the coupling product |λ′322λ312|. In
Ref. [66], the interpretation is extended further to b-quark mediated muon-to-electron conversion,
yielding bounds on the coupling product |λ′333λ312|.
The upper limits on products of RPV couplings |λ′3iiλ312| derived from the non-observation of
muon-to-electron conversion in muonic atoms are summarized in Tab. 1.1.

coupling product upper bound in units of (Mν̃τ
/TeV)2

|λ′311λ312| 3.3 · 10−7 [65]

|λ′322λ312| 1.5 · 10−6 [64]

|λ′333λ312| 1.7 · 10−4 [66]

Table 1.1: Summary of upper bounds on the RPV coupling products |λ′3iiλ312| at 90% CL. The
same bounds apply to the couplings |λ′3iiλ321|.

As outlined in Refs. [67, 68], constraints from muonium conversion arise when both RPV
couplings λ312 and λ321 are non-zero. In this case, the electromagnetic bound state muonium
M ≡ µ+e− can convert into antimuonium M ≡ µ−e+ via ν̃τ exchange. Using the most restrictive
bounds on the coupling GMM in the effective four-lepton Lagrangian given in Ref. [69], and the
formula relating it to the RPV couplings from Ref. [68]

GMM√
2

= |λ312λ321|
8M2

ν̃τ

, (1.14)

an upper limit of |λ312λ321| < 2.3 · 10−1(Mν̃τ
/TeV)2 at 90% CL is derived8.

Apart from the mentioned bounds from dedicated searches for cLFV between leptons of the
first and second generation, limits on various RPV coupling products |λ′3jkλ312| and |λ′3jkλ321|
have been obtained from searches for cLFV meson decays. These are included in the context of
the reinterpretation of the eµ search with the RPV ν̃τ benchmark model, that is presented in
Sec. 10.2.2.

1.1.4 RPV SUSY signal models with µτ or eτ final states

By changing the non-zero couplings involved in the leptonic decay of the ν̃τ , the signal model
described in Sec. 1.1.2 can be adapted to cover final states with resonantly produced lepton pairs
other than the eµ final state discussed above. In the context of cLFV interactions two additional
experimental signatures are of interest: the µτ and eτ final states. The former is induced by a
non-zero coupling λ323 = −λ233 and the latter by a non-zero value of λ313 = −λ133. Note that in
both cases only two RPV λ couplings are involved (one independent coupling), in contrast to a
total of four couplings in the eµ signal model (two independent couplings). This difference can be
traced back to gauge invariance under SU(2)L, enforcing λ332 = λ331 = 0, as shown in App. A.

7The bounds in the Ref. [64–66] have been multiplied with a factor 2 in order to match the form of the LLE
term in the RPV superpotential in [64,65] to Eqn. 1.2.

8In Ref. [69], a bound of |λ312λ321| < 3 · 10−4 at 90% CL is given for superpartner masses of 100 GeV without a
definition of the model or superpotential used and referring to a private communication. Ref. [68], which examines
the signal model used in this work, quotes a limit of |λ312λ321| < 6.3 · 10−1(Mν̃τ

/TeV)2 at 90% CL based on a
different measurement.
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Figure 1.4: Amplitudes contributing to resonant tau sneutrino production in dd annihilation and
subsequent decay into a µ∓τ± pair.
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Figure 1.5: Amplitudes contributing to resonant tau sneutrino production in dd annihilation and
subsequent decay into a e∓τ± pair.

The processes contributing to the µτ and eτ final states are depicted in Figures 1.4 and 1.5,
respectively. The total decay width of the ν̃τ and its production cross section times branching
fraction depend on the non-zero RPV couplings as

Γν̃τ
Mν̃τ

= 1
16π ·

(
3(λ′311)2 + (λ3j3)2

)
(1.15)

σ(pp → ν̃τ ) · BR(ν̃τ → `∓j τ
±) ∼

(
λ′311

)2
(
λ3j3

)2
3
(
λ′311

)2
+ (λ3j3)2

, (1.16)

with j = 2 in the µτ signal model and j = 1 in the eτ case. Since the ν̃τ production mechanism
is the same as in the eµ model and narrow resonances are considered, the NLO/LO k-factors for
the signal cross section derived in Sec. 1.1.2 apply to the µτ and eτ signal models as well.

1.1.5 Bounds on the RPV signal model with µτ or eτ final state from existing
searches

Direct searches at high-energy colliders

Searches for µτ and eτ resonances in proton-antiproton collisions at
√
s = 1.96 TeV have been

reported by the CDF collaboration in Ref. [59] based on a dataset corresponding to an integrated
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luminosity of 1.0 fb−1. For the coupling parameters λ′311 = 0.1 and λ323 = 0.05 (λ313 = 0.05),
lower limits of Mν̃τ

= 441 GeV (Mν̃τ
= 442 GeV) are set in the µτ (eτ ) channel at 95% CL. The

ATLAS collaboration has carried out searches for resonances in the µτ and eτ mass spectra in pp
collisions at both

√
s = 7 TeV [63] and

√
s = 8 TeV [31]. The most stringent bounds from direct

searches at high-energy colliders for sneutrino masses Mν̃τ
& 500 GeV stem from the ATLAS

search at
√
s = 8 TeV with a dataset corresponding to an integrated luminosity of 20.3 fb−1. For

couplings λ′311 = 0.11 and λ323 = 0.07 (λ313 = 0.07), the lower bound on the tau sneutrino mass
in the µτ (eτ ) channel reads Mν̃τ

= 1.7 TeV (Mν̃τ
= 1.7 TeV) at 95% CL.

Indirect constraints from low-energy experiments

The very stringent bounds on products of RPV couplings from muon conversion in heavy nuclei
discussed in Sec. 1.1.3, which are relevant for cLFV between the first and second generation,
do not apply to the µτ and eτ signal models. In these cases, the indirect bounds to consider
arise from searches for cLFV, semileptonic τ decays. As reported in Ref. [68], the tightest limits
on the coupling products |λ′3iiλ323| and |λ′3iiλ313| (i ∈ {1, 2}) are obtained from bounds on the
branching fractions of the processes τ → µη and τ → eη, respectively, that have been obtained at
B-factories. As summarized in Ref. [70], both the BaBar [71] and Belle [72] collaborations have
published bounds on the branching ratios of these τ decay modes based on ditau event candidates
in datasets of about 400 fb−1 each, recorded around the Υ(4S) resonance. The Belle analysis
has been updated to a dataset of about 900 fb−1 [70]. The resulting bounds on the τ → µη and
τ → eη branching fractions are summarized in Tab. 1.2. Using these latest experimental bounds,
the limits on the coupling products |λ′3iiλ323| and |λ′3iiλ313| (i ∈ {1, 2}) are recalculated for this
work, based on formulae derived in Ref. [68]. The results are given in Tab. 1.2. The branching
ratios of the two τ decays under study are related to the RPV couplings and Mν̃τ

by

B (τ → µη) = 1
32π

Mτ

Γτ

(
fπM

2
η

4
√

3Md

)2 |λ′311λ323|
M2
ν̃τ

2

,
(
for λ′322 = 0

)
(1.17)

⇒ |λ′311λ323| ≈ 13.5 ·
√
B (τ → µη)

(
Mν̃τ

TeV

)2

(1.18)

B (τ → µη) = 1
32π

Mτ

Γτ

(
2fπM2

η

4
√

3Ms

)2 |λ′322λ323|
M2
ν̃τ

2

,
(
for λ′311 = 0

)
(1.19)

B (τ → eη) = 1
32π

Mτ

Γτ

(
fπM

2
η

4
√

3Md

)2 |λ′311λ313|
M2
ν̃τ

2

,
(
for λ′322 = 0

)
(1.20)

B (τ → eη) = 1
32π

Mτ

Γτ

(
2fπM2

η

4
√

3Ms

)2 |λ′322λ313|
M2
ν̃τ

2

,
(
for λ′311 = 0

)
(1.21)

where Mτ and Γτ denote the measured τ mass and decay width; fπ is the pseudo scalar meson
decay constant; Mη is the mass of the η meson; and Md, Ms are the current-quark masses of the
d- and s-quark, respectively9.

9In this calculation, the parameters Mτ = 1.77682± 0.00016 GeV ; ττ = (290.3± 0.5)× 10−15 s ;
Mη = 547.862± 0.018 MeV ; Md = 4.8+0.5

−0.3 MeV and Ms = 95± 5 MeV are taken from Ref. [5], and fπ = 93 MeV
is extracted from Ref. [68]. The values for the current-quark masses used here differ significantly from those used
in Ref. [68] (from 1997), Md = 10 MeV and Ms = 200 MeV. Ref. [73] from 1996 contains Md = 5− 15 MeV and
Ms = 100− 300 MeV.
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search channel upper limit BR (×10−8)
upper limit RPV couplings

in units of (Mν̃τ
/TeV)2

BABAR 2007 [71]

τ → µη 15
|λ′311λ323| < 5.2 · 10−3

|λ′322λ323| < 5.2 · 10−2

τ → eη 16
|λ′311λ313| < 5.4 · 10−3

|λ′322λ313| < 5.3 · 10−2

BELLE 2007 [72]

τ → µη 6.5
|λ′311λ323| < 3.4 · 10−3

|λ′322λ323| < 3.4 · 10−2

τ → eη 9.2
|λ′311λ313| < 4.1 · 10−3

|λ′322λ313| < 4.0 · 10−2

BELLE 2010 [70]

τ → µη 2.3
|λ′311λ323| < 2.0 · 10−3

|λ′322λ323| < 2.0 · 10−2

τ → eη 4.4
|λ′311λ313| < 2.8 · 10−3

|λ′322λ313| < 2.8 · 10−2

Table 1.2: Summary of searches for cLFV, semileptonic tau decays at B-factories. The bounds on
the branching ratios are defined at 90% CL and translated into upper limits on the RPV couplings
using Eqns. 1.17-1.21 based on Ref. [68].
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1.2 Quantum black hole production at the LHC

1.2.1 Introduction

This summary of physics beyond the SM involving black hole production at the LHC is based
on the following journal papers and review articles: The possibility of producing microscopic
black holes at high-energy colliders at the TeV scale was first studied in Refs. [74–76]. The main
references used for this outline are Refs. [5,77,78], the underlying frameworks with gravity at the
TeV scale are described in Refs. [79–83], and details about quantum black hole production at the
LHC are covered in Refs. [84–86].
Models of new physics with a fundamental Planck scale MD around one TeV can provide solutions
to the hierarchy problem, or at least reformulate it. Such theoretical frameworks typically require
the introduction of one or more additional spatial dimensions and involve effects of quantum
gravity that might be observable at the LHC, such as the production of microscopic black holes.
In the transplanckian regime,

√
s�MD, predictions can be based on a semiclassical description [5]:

Black holes form when the impact parameter in a collision is smaller than the Schwarzschild radius
rS , and the cross section for black hole production is estimated to be of the order of σ ∼ πr2

S .
The semiclassical black holes thus produced are thermal objects and their decays are described
by Hawking radiation. Searches for thermal black hole decays into multiparticle final states have
been carried out at the LHC by the CMS [87,88] and ATLAS [89,90] collaborations, setting limits
on MD in the multi-TeV range. Given that their production requires a momentum transfer of the
order of several fundamental Planck scales MD, it is unlikely that thermal black holes will occur
at the LHC in large numbers if MD is of order several TeV [77].
Quantum black holes (QBHs) differ from their semiclassical counterparts in several aspects: They
are expected to be produced at center-of-mass energies close to the fundamental Planck scale and
decay into a few particles, in particular two-particle final states [85]. In the following, the cross
section for QBH production is extrapolated from the semiclassical case10, and the mass spectrum
of QBHs is assumed to be continuous, with a threshold mass for QBH production Mth

11. It is
further assumed that the entire fraction of the center-of-mass energy carried by the two incoming
partons,

√
ŝ, is available in the formation of the black hole. The effects of possible inelasticity

described in [77] are neglected. A QBH with mass MQBH =
√
ŝ can then form for MQBH ≥Mth

and the partonic cross section for QBH production in interactions of the incoming partons i and
j is given by

σ̂ijQBH

(√
ŝ = √xixj

√
s, n,MD,Mth

)
= πr2

s

(√
ŝ, n,MD

)
· θ
(√

ŝ−Mth
)
, (1.22)

where xi and xj denote the momentum fractions carried by the respective partons, and n is
the number of spatial extra dimensions in the underlying model of TeV-scale quantum gravity.
Basic aspects of some of these models are discussed next. Since the details of quantum black
hole formation are not known, the chosen signal models may be regarded as benchmarks that
provide different cross sections for QBH production. The following short introductions to the
different models aim at a complete definition of the respective QBH production cross sections and
the parameters involved therein, rather than introductions to the underlying frameworks, their
purpose, or collider phenomenology.

1.2.2 Theoretical frameworks with quantum gravity in the TeV regime

Three different models of physics beyond the SM with a fundamental Planck scale in the TeV
range are considered in the following, each of which is associated with a different number or range

10Note that in the regime
√
s ∼MD, semiclassical predictions can receive large modifications due to the details

of quantum gravity, which are not yet known.
11It has been argued that the mass spectrum of non-thermal black holes might be quantized in terms of the Planck

scale MD [84]. The experimental signature of such QBHs decaying into the eµ final state would be given by several
well-separated peaks in the eµ mass distribution smeared out by the detector resolution. This signature is covered
by the search for narrow eµ resonances described in Secs. 4-10.
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of spatial extra dimensions n.

1. n = 0 : Renormalization of Newton’s constant from a large hidden sector
The running of Newton’s constant G(µ) with the energy scale µ can receive large contribu-
tions from a hidden sector with many light degrees of freedom that couple to the SM only
gravitationally [79]. Newton’s constant G = M−2

Pl is measured in low-energy experiments,
probing the laws of gravity down to distance scales of ∼ 100 µm [91] that correspond to an
energy of O(10−3 eV). In this domaine, the effective Planck mass is known to be of order
MPl(µ . 10−3 eV) ∼ 1019 GeV. In a scenario with a hidden sector including N light scalars
or Weyl fermions that contribute to the running of G, the measured value G(µ = 0) can be
related to Newton’s constant at higher energy scales, G(µ) [79] according to

1
G (µ) = 1

G (0) −N
µ2

12π (1.23)

⇒M2
Pl (µ) = M2

Pl (0)−N µ2

12π . (1.24)

A Planck scale in the TeV range, MPl (µ = 1 TeV) ∼ 1 TeV, can thus be obtained for
N ∼ 1033 light degrees of freedom in the hidden sector, without requiring extra dimen-
sions. QBHs may then be produced in the flat Minkowski space-time of this framework with
Schwarzschild radius [92]

rs = 1
4π

MQBH

M2
Pl (µ)

. (1.25)

2. n = 1 : The RS model with a warped extra dimension
In the Randall-Sundrum (RS1) model [80, 81] with a single compact extra dimension, the
metric

ds2 = e−2krc|φ|ηµνdx
µdxν + r2

cdφ
2 (1.26)

is considered, that describes a five-dimensional anti-deSitter (AdS5) space-time and provides
solutions to the field equations of general relativity. In the metric Eqn. 1.26, 0 ≤ φ ≤ π
denotes the coordinate along the compact, warped dimension with radius rc and k is related
to the AdS5 curvature. The apparent weakness of gravity is explained by considering two
branes, 3+1-dimensional subspaces of the five-dimensional AdS5 space-time, separated along
the compact dimension: Gravity originates on the Planck brane at φ = 0 and the wave
function of the graviton falls off exponentially along the fifth dimension towards the TeV
brane at φ = π. The SM fields are confined to this TeV brane. The Planck scale on the TeV
brane in the higher-dimensional theory, M5 ∼MPl = MPl/

√
8π, is related to the scale of

physical masses M̃ by an exponential warp factor:

M̃ = e−krcπM5 . (1.27)

M̃ sets the mass scale for Kaluza-Klein (KK) modes of the graviton and their couplings to
SM particles of order 1/M̃ , as well as the mass scale for the production of QBHs. Requiring
krc ≈ 12 bridges the gap of 15 orders of magnitude between one TeV and the reduced Planck
scale MPl, without introducing new large hierarchies between the model parameters.
In contrast to black holes in flat Minkowski space-time, the warping of the extra dimension in
the RS1 case allows for different types of solutions for black holes, depending on the relation
between the Schwarzschild radius and the curvature parameter k. In the following the case
rs � 1/(ke−krc) is considered that involves black holes which can be treated approximately
as their counterparts in flat five-dimensional space-time with Schwarzschild radius [77]

rs = 1√
3π

(
MQBH

M̃3

) 1
2
. (1.28)
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The RS1 model allows for the production of both black holes and KK resonances. These
two sectors of the model’s phenomenology are related. In particular, the five-dimensional
Planck scale multiplied with the warp factor, M̃ , that enters the QBH Schwarzschild radius
(Eqn. 1.28) is related to the mass of the first KK excitation of the graviton, M1, via [77]:

M̃ = M1

3.83 ·
(
k/MPl

) 2
3
. (1.29)

3. n ≥ 2 : The ADD model of large extra dimensions
The Arkani-Hamed–Dimopoulos–Dvali (ADD) framework [82, 83] features a fundamental
scale for gravity in the TeV range by means of compactified extra spatial dimensions, which
are required to be large with a compactification radius rc � 1/MPl ∼ 10−35 m . The SM
fields are confined to a four-dimensional brane, whereas the graviton can propagate in the
entire 4 + n-dimensional bulk space. The wave function of the graviton is spread out over
the volume Vn of the n-dimensional compact manifold and the strength of the gravitational
interaction on the brane is thereby diluted. Under the assumption that all extra dimensions
have the same compactification radius and are compactified on a torus, the fundamental
4 + n-dimensional Planck scale MD is related to the apparent Planck scale MPl = 1/

√
G

measured by an observer on the brane for distances r � rc by

M2
Pl = VnM

n+2
D = 8πrncMn+2

D . (1.30)

Requiring MD = 1 TeV yields rc = 1012 m for n = 1, which is excluded by the observa-
tion of a 1/r gravitational potential in our solar system, n = 2 leads to rc = 10−4 m and is
strongly disfavored by measurements of the gravitational potential down to distance scales of
O(100 µm) [91], whereas for n = 6 with rc = 10−14 m it is up to experiments at high-energy
colliders to probe the ADD model.
In the ADD framework 4 + n-dimensional black holes may be produced in high-energy
collisions for energies

√
ŝ &MD. Small black holes with a Schwarzschild radius much

smaller than the compactification radius can be described by the Schwarzschild solution
in 4 + n-dimensional flat Minkowski space-time [78] with the Schwarzschild radius given
by [92]

rs = 1
MD

(
2nπ(n−3)/2

n+ 2 Γ
(
n+ 3

2

)
MQBH
MD

) 1
n+1

, (1.31)

where Γ denotes the gamma function. The dependence of the partonic cross section as
defined in Eqn. 1.22 on the model parameters is then given by

σ̂ijQBH
(
MQBH, n,MD,Mth

)
= π

M2
D

(
2nπ(n−3)/2

n+ 2 Γ
(
n+ 3

2

)
MQBH
MD

) 2
n+1

θ
(
MQBH −Mth

)
.

(1.32)

1.2.3 The quantum black hole signal model

Due to our lack of knowledge of quantum gravity, the symmetries governing the interactions of
QBHs are not known and one has to rely on the semiclassical extrapolation for the cross section
calculation. Given these unknowns, the simplified model proposed in Ref. [93] is adopted, which
considers the production of electrically neutral and scalar QBHs in quark/antiquark annihilation.
In this approach, the production of fermion pairs at the LHC via the formation of a QBH is
described by a four-fermion contact interaction with the generic Lagrangian

Lcont = gcont

Λ2 ψ̄aψbψ̄iψj . (1.33)
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The indices a and b denote the incoming quark flavours, i and j stand for the fermions in the
final state, gcont is a dimensionless coupling constant and Λ the energy scale of the interaction.
Assuming that gravitational interactions become strong (gcont = 1) at the fundamental Planck
scale (Λ = MD) this Lagrangian reproduces the semiclassical cross section of QBH production
for n = 0. The dependence on the number of extra dimensions in the RS and ADD frameworks
can be introduced by a simple form factor given in Ref. [93]. This model neglects the formation
of a QBH in initial states involving gluons, in particular the process gg → QBH→ `+`−. This
omission is motivated because the parton luminosities of the quark-antiquark initial states are
higher than that of the gluon-gluon initial state for

√
ŝ ∼ O(TeV) at the

√
s = 8 TeV LHC, which

is the most promising energy regime for the QBH search in the light of existing constraints.
In the considered signal model, the gauge symmetries of the SM are assumed to be conserved
but quark flavour violation and LFV are allowed. The quantum number B–L is assumed to be
conserved. Therefore, quark-antiquark initial states with different quark flavour contribute to the
QBH production, and the QBH can decay into all flavour permutations of the qaq b, `

+
i `
−
j and νiν̄j

final states. The total number of final states, NQBH
dof , is

NQBH
dof = 3 ·

(
N2
CN

quarks
F +N leptons

F

)
= 3 · 6 ·

(
N2
C + 1

)
= 180 . (1.34)

For QBH masses well above twice the top quark mass, the branching fraction of the QBH decay
into the e±µ∓ final state is NQBH

dof (QBH→ e±µ∓)/NQBH
dof = 2/180 ≈ 1.1%, twice that of the e+e−

or µ+µ− final states, making it the most promising leptonic decay channel for QBH searches.

1.2.4 Bounds from quantum black hole searches at high-energy colliders

Since the symmetries governing the QBH interaction are not known, searches for QBH production
make different assumptions in the definition of the signal models and QBH production cross
sections. This complicates the comparison of their results, which is particularly relevant for the
search presented in this work with the uncommon requirement of LFV.
There have been direct searches of QBHs decaying hadronically by the CMS [94–96] and
ATLAS [97,98] collaborations. As in the discussion of the existing bounds on the RPV ν̃τ model,
this summary presents the status of limits on QBH models at the time of the publication of parts
of this work in Refs. [30,38]. CMS sets limits on the threshold mass Mth in the dijet final state for
a fixed fundamental Planck scale MD = 1–5 TeV and fixed number of extra dimensions n = 1–6.
For n = 6 and MD = 5 TeV a lower bound of Mth = 5.8 TeV is obtained at 95% CL [95]. The
corresponding ATLAS search assumes Mth = MD and sets a lower limit of Mth = 5.66 TeV [97].
The ATLAS collaboration has also searched for QBH production in pp collisions in the photon
plus jet, lepton plus jet, dimuon and dielectron final states [99–102]. In the analysis of high-mass
lepton plus jet events, a lower bound of Mth = MD = 5.3 TeV for n = 6 is obtained [101].
Regarding the QBH search in the eµ final state, which is part of this thesis, the ATLAS search
at
√
s = 8 TeV in the dilepton final state is of particular interest. The model considered in the

ATLAS paper assumes conservation of both lepton and quark flavour. The combination of the µµ
and ee final states analyzed then leads to a lower mass limit of Mth = M̃ = 2.24 TeV for the RS
case with n = 1, and Mth = MD = 3.65 TeV for ADD-type QBHs with n = 6.
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Chapter 2

The CMS detector at the LHC

2.1 Physics at hadron colliders and the LHC

This section serves two purposes. First, the Large Hadron Collider (LHC) is introduced as a
proton-proton (pp) accelerator and collider in Sec. 2.1.1 with focus on the key physics parameters
and the performance of the collider in the year 2012. Second, basics of hadron collider physics
are summarized in Sec. 2.1.2. The combination of these two topics leads to the description of the
physics environment in which the high-luminosity detectors at the LHC perform measurements,
that is given in Sec. 2.1.3. The stage is then set for the description of the CMS detector in Sec. 2.2.

2.1.1 The LHC at CERN

The LHC is a superconducting hadron collider that accelerates protons or lead ions in two rings.
It is situated in a 26.7 km long tunnel and provides collisions to the ALICE [103], ATLAS [35],
CMS [6], and LHCb [104] detectors at four interaction points. The two rings of the accelerator
are housed in a single ring of superconducting magnets with twin-bore design1. The LHC is
described in Ref. [7] and in more detail in Refs [105–107]. Since the beginning of its operation in
November 2009, it has delivered proton-proton, lead-lead, and proton-lead collisions at different
centre-of-mass energies

√
s. The LHC has been designed to reach a nominal beam energy of

7 TeV for protons (2.76 TeV per nucleon for lead ions) and a corresponding centre-of-mass energy
of
√
s = 14 TeV for pp collisions. The nominal peak instantaneous luminosity (the instantaneous

luminosity reached at the beginning of data taking during a fill of the LHC, before the beam
intensity slowly decreases2) for pp operation is L = 1034cm−2s−1.

The LHC accelerator is the final stage of a chain of accelerators. It includes a linear accelerator
at the first stage, followed by the four rings of the Proton Synchrotron Booster (PSB), and the
Proton Synchrotron (PS) from which proton bunches are ejected at an energy of 25 GeV into the
Super Proton Synchrotron (SPS). The protons are then accelerated to an energy of 450 GeV before
injection into the LHC. The maximum beam energy achievable at the final acceleration stage in
the LHC rings depends mainly on the magnetic field of the LHC superconducting dipole magnets
and on the distance along which the beam is exposed to it. Therefore, the dipole magnets are
briefly described in the following paragraph. Other crucial parts of the LHC such as the multipole
magnets; the 400 MHz RF system used for acceleration; or the vacuum, cryogenic, or powering
systems are not covered here. Instead, a focus is put on the resulting LHC performance parameters
that are presented in Tab. 2.1 in the context of the discussion of the LHC luminosity.

1Not all superconducting LHC magnets have two bores, but the vast majority of them does.
2The luminosity lifetime in stable beams is studied for LHC fills in 2012 in Ref. [108]. Therein, the luminosity

lifetime is found to be dominated by intensity losses to luminosity and collimation rather than emittance growth.
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LHC beam energy and superconducting dipole magnets

The LHC is equipped with 1232 dipole magnets with a length of about 15 m each, corresponding
to a total length of more than two thirds of the tunnel’s circumference. Inside the two bores of the
dipole magnets, uniform magnetic fields with a nominal maximum magnetic flux density of 8.33 T
are provided by dipoles made of Rutherford-style cables with Niobium-Titanium (NbTi) acting as
the superconductor. The two poles around each bore consist of coils wound in two layers.

The beam energy is ramped up after injection from 450 GeV to the nominal 7 TeV by increasing
the electric current from about 0.76 kA (resulting in a magnetic field of 0.54 T) to 11.7 kA. The
two bores and the coils are surrounded by rigid, non-magnetic collars that provide mechanical
stability. Outside this structure, the magnetic field lines are returned in an iron yoke. This entire
structure forms the 27.5 t cold mass of a dipole magnet and is cooled down to a temperature of
1.9 K using superfluid helium. The orientation of the magnetic field lines inside a dipole in the
plane perpendicular to the directions of the two beams are shown in Fig. 2.1 [105].

Figure 2.1: Cross section of the magnetic field inside of an LHC dipole magnet in the plane
perpendicular to the directions of the two beams: Absolute value of the magnetic flux density |B|
inside the iron yoke of the dipole (colour code), and the orientation of the magnetic field lines in
the dipole cold mass (arrows). The figure is taken from Ref. [105].

LHC luminosity

Under the assumptions of round beams in the plane perpendicular to the beams and equal values
of the amplitude function β for both beams, the instantaneous luminosity per interaction point is
given by [7]

L =
N2

bkbfrevγp
4πεnβ∗

F (θc) , (2.1)

where Nb is the number of protons per bunch (the bunch intensity), kb is the number of colliding
bunches per beam, frev is the revolution frequency, γp is the ratio of beam energy and proton
mass, εn = βpγpε denotes the normalized transverse emittance, and β∗ denotes the value of the
amplitude function β at the interaction point (IP). The factor F (θc) equals unity if the two beams
collide head-on, and accounts for the reduction of the luminosity caused by a finite crossing angle
of the two beams θc at the IP, otherwise. The nominal values of these parameters are given in
Tab. 2.1. They have been set in the context of the LHC design as long-term goals to be achieved
after a few years of operation of the accelerator.
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Table 2.1: Comparison of the nominal LHC parameters [7, 109, 110] to those used for pp oper-
ation of the collider in 2012. The latter have been used in LHC fill 3347, for which the highest
instantaneous luminosity of any fill in 2012 with stable beams has been measured. The values have
been taken from Ref. [111] and apply to the CMS interaction point.

LHC parameter Nominal value Value reference fill 3347
2012 LHC pp operation

Beam (proton) energy (TeV) 7 4
Current dipole magnets (kA) 11.7 6.7

Number of bunches nb 2808 1374
Colliding bunch pairs kb - 1368

Bunch intensity Nb (×1011) 1.15 1.6
Bunch spacing (ns) 25 50

Normalized emittance εn 3.75 2.56at beginning of fill (mm×mrad)

β∗ (m) 0.55 0.6
Crossing angle θc (µrad) 285 290

Peak instantaneous luminosity (×1034 cm−2s−1) 1.0 0.77
Stored beam energy (MJ) 362 141

LHC operation in the year 2012

This summary of the LHC operation in 2012 is based on Ref. [109]. In the description of the LHC
presented above, the targeted (nominal) performance has been used as a benchmark. The year
2012 has been the first year that saw luminosity production as the main goal of LHC operation,
after 2010 and 2011 had been largely devoted to commissioning, ensuring the readiness of the
machine protection system, and then slowly improving the performance of the collider. Hence,
the key LHC performance parameters that have been achieved in 2012 differ from the nominal
LHC parameters; the two sets are compared in Tab 2.1, where the settings of the LHC fill number
3347, that provided the highest instantaneous luminosity [111], are used as the benchmark for
operation in 2012.

In 2012, the proton beam energy is 4 TeV, corresponding to a pp centre-of-mass energy of
8 TeV. According to Eqn. 2.1, this smaller than nominal proton energy implies a smaller than
nominal luminosity via the factor γp that is related to the larger emittance ε at lower energies.
Furthermore, the number of bunches per beam for 2012 operation is 1374, about half of the
nominal 2808, with a bunch spacing of 50 ns instead of 25 ns. The reduction in luminosity caused
by these choices is largely compensated by the larger than nominal (140%) bunch intensities, due
to the N2

b -dependence of the luminosity. Furthermore, the nominal emittance εn is smaller than
anticipated by about 30%. A main reason for these improvements over the anticipated performance
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is the high beam quality of the accelerator chain prior to injection into the LHC [109]. At the IPs
of the high-luminosity experiments CMS and ATLAS, the beams are collimated to a β∗ of 0.6 m
with a crossing angle close to the nominal value. As a result, a peak instantaneous luminosity
of 0.77× 1034 cm−2s−1 is achieved although the total energy stored per beam is smaller than the
nominal value by more than a factor of two. The downside of the high bunch intensities is a larger
number of pp collisions per bunch crossing (pileup), as will be explained in the following sections.

About 200 days of LHC operation have been dedicated to pp physics in 2012. Stable beams
that allow the experiments at the IPs to run safely and take high-quality data have been provided
by the LHC during 36% of this time. The resulting integrated luminosity Lint =

∫
Ldt for pp

collisions at
√
s = 8 TeV delivered to the IP of the CMS experiment amounts to 23.3 fb−1 [112].

2.1.2 Fundamentals of hadron collider physics

This summary of fundamental hadron collider physics is based on Refs. [113–117]. The covered
topics are chosen in order to briefly introduce some concepts and terminology that are used without
further explanation throughout this work.

Hadrons are bound states of the strong interaction, which is described by quantum chromo-
dynamics (QCD) in terms of a relativistic quantum field theory. The substructure of hadrons
results in features of hadronic collisions that differ from those of collisions at lepton colliders.
At a momentum transfer Q well above the QCD confinement scale ΛQCD ≈ 200 MeV, the strong
coupling constant αS is in the perturbative regime and the substructure of the hadrons can be
resolved; meaning that interactions can be divided into a hard interaction between one constituent
(or parton) per colliding hadron, and the underlying event that consists of the processes involving
the hadron remnants. Most physics analyses at hadron colliders discuss a certain class of hard
interactions between two partons in the initial state. Some key properties of the hard interaction
in hadronic collisions at colliders like the LHC are summarized in the following.

• Various combinations of two partons are possible in the initial state. Both fermions (quarks
and antiquarks of five flavours) and bosons (gluons, photons) are present.

• The partonic centre-of-mass energy
√
ŝ is smaller than the centre-of-mass energy of the

hadronic collision, and varies from event to event. Hence, hadron colliders provide a broad-
band (parton) energy distribution in the hard interaction.

• The centre-of-mass of the colliding-hadron system and the laboratory frame of reference at
the interaction point coincide, whereas the centre-of-mass of the colliding-parton system can
exhibit a significant boost relative to the laboratory frame of reference along the beam axis.
This is reflected in the set of coordinates that is chosen to parameterize single-particle phase
space, and in further kinematic variables used in the physics analyses.

All of these features of hadronic collisions inform choices made in the presented search for narrow
dilepton resonances in a wide range of dilepton invariant mass. Such resonances arise in various
theoretical models of physics beyond the SM that suggest different initial states for the process
under study.

Phase space and coordinates at hadron colliders

To motivate and introduce the most common choice of coordinates in hadron collider physics, the
behaviour of the four elements of a particle’s four-momentum vector pν = (E, px, py, pz) under a
Lorentz boost along the beam axis ẑ is considered. Using these coordinates, the Lorentz-invariant
single-particle phase space volume dτ reads:

dτ = d3p

2(2π)3E
=

dpxdpydpz
2(2π)3E

. (2.2)
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The coordinates px and py are invariant under a Lorentz boost along ẑ, whereas the non-trivial
behaviour of pz and E under such transformations masks the Lorentz-invariance of dτ . It is
therefore convenient to choose a different set of coordinates that leads to a manifestly invariant
expression of single-particle phase space volume. The set {m, pT, φ, y} with the Lorentz-invariant
particle mass m; two coordinates that are defined in the x−y plane perpendicular to the beam (the
so-called transverse plane), the transverse momentum pT and azimuthal angle φ; and the rapidity
y ≡ 1

2 ln E+pz
E−pz

fulfills this requirement. Under a Lorentz boost γb along ẑ, the rapidity receives an
additional constant contribution y → y + ln(γb(1 + βb)) , such that the rapidity difference dy is
invariant, as is the phase space volume [114]

dτ = d3p

2(2π)3E
= pTdpTdφdy

2(2π)3 . (2.3)

According to this parameterization of single-particle phase space, final state particles are uniformly
distributed in rapidity as long as the dependence of the matrix element on the rapidity is small.
This leads to the so-called rapidity plateau in the differential cross section dσ/dy at large polar
angle θ that is measured relative to the beam axis ẑ.

A particle’s rapidity depends both on its velocity β and polar angle θ. The pseudorapidity η
defined as η ≡ − ln tan(θ/2) does not depend on β and is therefore frequently used in experimental
particle physics, where particle velocities are often not measured. In the massless limit β → 1, the
pseudorapidity and rapidity values are equal. A commonly used measure of the distance between
two particle trajectories is ∆R =

√
(∆η)2 + (∆φ)2. Cones in η−φ space of size R are used below

to define particle isolation criteria; the scalar pT sum of other particles that fall in the isolation
cone around the particle of interest (∆R ≤ R) must not exceed a predefined value or the particle
is regarded as non-isolated.

By analogy with the transverse momentum, the transverse energy ET is defined as the projec-
tion of the momentum vector onto the transverse plane, scaled by the ratio of measured energy to
momentum E/p. Another important quantity at hadron colliders is the so-called missing trans-
verse energy /ET. The transverse momentum of the protons in the initial state is close to zero.
Therefore, the transverse component of the vector sum of all particle momenta in the final state
has to be zero according to conservation of momentum. Particles that are not detected in the
LHC experiments, such as neutrinos, carry off unmeasured transverse momentum. The resulting
imbalance in the transverse momenta, 6~ET ≡ −

∑
~pT with absolute value | 6~ET|, can be used to infer

the presence of one or several such particles in the final state. In contrast to the other quantities
introduced in this paragraph, which are defined for each particle, the missing transverse energy is
assigned to an entire event that may consist of several pp collisions.

Hadronic cross sections and parton distribution functions

The relation between the hadronic cross section for a given process at a pp collider σ(
√
s) and the

short-distance cross section σ̂(
√
ŝ) of the hard interaction3 is discussed next. The two partons in

the initial state, denoted i and j, carry momentum fractions x1 and x2 of the colliding protons with
momenta P1 and P2 along the beam axis (the beam energy). The resulting partonic centre-of-mass
energy is

√
ŝ = √x1x2s.

In the following, a pp collision with the production of a certain final state Y in the hard
interaction between two partons is considered, p + p → Y +X. Here, X stands for the additional
particles in the final state, including the proton remnants. The differential pp cross section can
be factorized [118, 119] into a short-distance part, that corresponds in the parton model to the
hard interaction (Q� ΛQCD) between the partons, and a long-distance part, that incorporates
the information about the proton substructure via the parton distribution functions (PDFs) of the
proton fk(x, µ2

F) for the individual partons [113]:
3At leading order, the short-distance cross section of the hard cross section is equal to the corresponding partonic

cross section [113].
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σ (p(P1) + p(P2)→ Y +X) =
∫ 1

0
dx1

∫ 1

0
dx2

∑
(i,j)

fi

(
x1, µ

2
F

)
fj

(
x2, µ

2
F

)
× (2.4)

σ̂(i,j)

(
i(x1P1) + j(x2P2)→ Y ; αS(µ2

R), Q
2

µ2
F
,
Q2

µ2
R

)
.

The sum on the right hand side of Eqn. 2.4 runs over all partonic initial states (i, j) that
contribute to the cross section. The energies µF and µR denote the factorization scale and the
renormalization scale, respectively. Only the short-distance interaction can be calculated in per-
turbative QCD (pQCD). The dependence of the PDFs on the factorization scale µF can be deter-
mined via the DGLAP equations [120–122], but the dependence on the parton momentum fraction
x has to be obtained from data. How the current understanding of QCD and experimental efforts
are combined to yield proton PDFs is reviewed in Ref. [117], that includes a short description of
the most commonly used PDF sets. In the following, aspects of the proton PDFs are discussed
only for partons with color charge. The proton structure functions for photons are covered in
Ref. [123], but they are not important to the analysis presented in this work. The extension of
the concept of proton PDFs to the electroweak gauge bosons W and Z is not relevant at the LHC,
where these bosons can be regarded as heavy particles, but it would be relevant at future pp
colliders with higher centre-of-mass energy [124].

The quantity xfk(x, µ2
F) obtained from the MSTW 2008 NLO [125] proton PDF set is shown

in Fig. 2.2 (left) as a function of x at a fixed factorization scale µF = 100 GeV, corresponding
roughly to the electroweak scale. At values of the parton momentum fraction x . 0.05, the gluon
PDF dominates (it is scaled down by a factor 0.1 in the figure), and the valence quarks qV that
determine the quantum numbers of the proton yield the largest contributions for x & 0.1. At pp
colliders such as the LHC, hadronic cross sections are in general not invariant under the trans-
formation qV ↔ q̄V. Apart from the top quark, all quark flavours contribute to the set of initial
state configurations at the LHC. For pp colliders with even higher energy

√
ŝ ∼ 100 TeV, the

introduction of a proton PDF for the top quark is being considered [124].

It is instructive to introduce the differential parton luminosity d2Lij/dŝdy in the master for-
mula for the hadronic cross section Eqn. 2.4 by using the relation dx1dx2 = dŝdy/s:

σ(s) =
∑
(i,j)

∫
dŝ
∫

dy
(

d2Lij
dŝdy

)
σ̂(i,j)(ŝ) , with (2.5)

d2Lij
dŝdy = 1

s(1 + δij)
(
fi(x1, µ

2
F)fj(x2, µ

2
F) + (1→ 2)

)
,

and its integral with respect to the rapidity of the partonic subprocess y = 1
2 ln(x1/x2), the parton

luminosity dLij/dŝ. The parton luminosity yields the hadronic cross section for the production
of a particle Y with mass MY in the s-channel, if the short-distance cross section corresponds to
the trivial case σ̂(ŝ) = δ(ŝ−M2

Y ). It is helpful for the comparison of hadronic cross sections of
processes that have a similar structure of the partonic cross section but different initial states (see
Fig. 1.3). The comparison of the parton luminosities for gg and qq initial states in Fig. 2.2 (right)
exemplifies the importance of initial states with gluons at the LHC. For

√
s = 8 TeV, the parton

luminosity of the gg initial state exceeds that of the qq initial states by at least one order of
magnitude for final state masses up to about twice the mass of the top quark, MY . 2mt . Due
to the dominance of the valence quark PDFs at high x, the sum of the parton luminosities for qq
initial states surpasses that for the gg case at MY ∼ 1 TeV. The gq initial states are not included
in Fig. 2.2 because they are not as relevant for the signal and leading background processes in
this work. However, it is noted that they yield the largest parton luminosities of any parton
combination over a wide mass range at the LHC.
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Figure 2.2: Left: The product of the parton momentum fraction and the corresponding value of
the parton distribution functions, xfk(x,Q2), evaluated at a factorization scale of 100 GeV for
the proton constituents with colour charge. The figure is taken from Ref. [125]. Right: Parton
luminosities for pp colliders with centre-of-mass energies of

√
s = 8 TeV, 14 TeV, and 33 TeV. The

notation qq stands for the sum over all quark/antiquark combinations, see Eqn. 2.5. The figure is
taken from Ref. [126]. The MSTW 2008 NLO PDF set [125] has been used to obtain both figures.

The 2→ 2 process with a heavy mediator in the s-channel

The resonant production of a heavy particle Y with MY & 100 GeV in pp collisions is of great im-
portance for the study carried out in this thesis. Two basic properties of the associated kinematics
are the following [116].

• The particle Y is produced with a maximum rapidity |ymax
Y | = 1

2 ln(s/M2
Y ). The rapidity

range in which the heavy particle and its decay products are produced shrinks logarithmically
with increasing MY .

• If the resonantly produced particle decays into two particles in the final state, the pT distri-
butions of the latter exhibit a peak close to pfT = MY /2, followed by a steep decrease. This
Jacobian peak is manifest in the differential cross section after a coordinate transformation

dσ
dpfT

= d cos θ̂
dpfT

dσ
d cos θ̂

∼ pfT

MY

√(
MY

2

)2
−
(
pfT

)2

dσ
d cos θ̂

, (2.6)

where θ̂ denotes the θ coordinate of the final state particle f in the rest frame of particle Y .
In a full calculation of this differential cross section, the edge at pfT = MY /2 is washed out
by the decay width ΓY and the non-zero transverse momentum of particle Y .

Cross sections for dijet production and key SM processes

The most common type of hard interaction at pp colliders is the parton-parton scattering mediated
by the strong force. The two partons in the final state hadronise and yield two hadronic jets.
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The partonic cross section for dijet production evaluated at leading order in pQCD diverges for
vanishing pT of the two particles c1 and c2 in the final state as dσ̂/dt̂ ∼ p−4

T , where t̂ denotes the
Mandelstam variable t in the centre-of-mass of the two-parton system. The differential hadronic
cross section [116]

d3σ

dpTdηc1dηc2
= 2pTx1x2

∑
(i1,i2)

fi1(x1)fi1(x2)dσ
dt̂

(i1 + i2 → c1 + c2) (2.7)

diverges faster than p−3
T for vanishing pT and fixed pseudorapidities because the PDFs grow faster

than x−1 for vanishing parton momentum fractions and x ∼ pT/
√
s. This divergency in the

perturbative calculation is regulated once the condition pT � ΛQCD does not hold anymore and
the non-perturbative regime is reached. Most interactions at pp colliders such as the LHC occur in
the non-perturbative regime and the total cross section for pp collisions can therefore be roughly
estimated to be

σtot ∼
4π

Λ2
QCD

∼ 100 mb . (2.8)

This estimate can be compared to the more accurate numbers [5] that are included in Fig. 2.3 [126],
where cross sections for various process at proton-antiproton (for

√
s ≤ 4 TeV) and proton-proton

colliders (for
√
s > 4 TeV) are shown. At the 8 TeV LHC, the total pp cross section has been de-

termined to σtot = 101.7± 2.9 mb by the TOTEM collaboration [127]. The corresponding results
for the inelastic and the elastic cross sections read σinel = 74.7± 1.7 mb and σel = 27.1± 1.4 mb,
respectively.

As shown in Fig. 2.3 [126], the hadronic cross section for processes of interest at the LHC, such
as the production of W and Z bosons, top pairs, or SM Higgs bosons, are smaller than the total
pp cross section by six to ten orders of magnitude. In contrast to the total cross section, these
cross sections rise significantly with increasing centre-of-mass energy of the collider because the
typical parton momentum fraction x = √x1x2 = M/

√
s needed to reach the relevant mass scale

of the process, M , decreases.

2.1.3 The physics environment at an LHC interaction point

The total and inelastic cross sections for proton-(anti)proton colliders at the energy frontier vary
only slightly with the hadronic centre-of-mass energy, as shown in Fig. 2.3. The physics environ-
ment in which the detectors at the LHC perform measurements is more challenging than at earlier
hadron colliders mainly because of the high luminosity per bunch crossing and the high bunch
crossing frequency.

At the LHC design luminosity of L = 1034cm−2s−1, bunches collide at the IPs of the high-
luminosity experiments ATLAS and CMS with a bunch spacing of 25 ns and a peak luminosity per
bunch crossing of L/(kbfrev) ≈ 320 b−1, corresponding to an average number of about 〈Ninel〉 = 25
inelastic collisions per bunch crossing. For pp operation of the LHC at

√
s = 8 TeV with higher

than nominal bunch intensities in 2012, the peak luminosity per bunch crossing increases up
to L/(kbfrev) ≈ 500 b−1 for the LHC fill with the highest instantaneous luminosity, albeit at a
bunch spacing of 50 ns. This corresponds to almost 40 inelastic collisions per bunch crossing at
the beginning of the fill. The following paragraph gives a brief description of some characteristics
of a typical pp collision at the LHC.

The typical pp bunch crossing at the LHC - minimum bias events

The most common events in pp collisions are referred to as minimum bias events. They account
for most of the total cross section and are selected starting from a very mild trigger requirement
that biases the selection as little as possible. At the CMS IP, the two tracking telescopes of the
TOTEM experiment [128], one at each side of the IP along the beam direction, provide a minimum
bias trigger that requires a track candidate in the polar angle range 3− 10 mrad, corresponding
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Figure 2.3: The total pp cross section and cross sections of various processes at proton-
(anti)proton colliders as a function of hadronic centre-of-mass energy

√
s. The individual curves

are valid for proton-antiproton colliders for
√
s ≤ 4 TeV, and for proton-proton colliders for√

s > 4 TeV. Cross sections have been evaluated at NLO or NNLO accuracy in pQCD with the
MSTW 2008 NLO PDF set, except for the total pp cross section that is taken from Ref. [5]. The
figure is taken from Ref. [126].

to 5.3 < |η| < 6.5. The pseudorapidity distribution of charged hadrons (tracks) dNch/dη in min-
imum bias events obtained from pp collisions at

√
s = 8 TeV [129] is shown in Fig. 2.4 (left) for

the two pseudorapidity ranges |η| < 2.2 (CMS tracker) and 5.3 < |η| < 6.5 (TOTEM). These data
have been obtained in an LHC fill with comparably low luminosity, and events with more than
one reconstructed vertex are removed, such that the dNch/dη distribution corresponds in good
approximation to that of events with a single pp collision. In the central region |η| < 2.2, the
number of charged hadrons per unit in pseudorapidity is about six, with only a small η depen-
dence (rapidity plateau). It falls to a value of about three at |η| ≈ 6. However, the number of
tracks per solid angle increases significantly in the forward region because the covered solid angle
dΩ = d(cos θ)dφ per unit in pseudorapidity decreases fast at small θ.

The average transverse momentum of charged hadrons 〈pT〉 measured by various experiments
at pp and pp colliders with different centre-of-mass energies is presented in Fig 2.4 (right) [130].
The CMS measurement uses a dataset of pp events obtained at

√
s = 7 TeV and yields an average

transverse momentum of 〈pT〉 = 0.545± 0.005 (stat)± 0.015 (syst) GeV for charged hadrons with
pT > 0.1 GeV within the pseudorapidity range |η| < 2.4.
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Figure 2.4: Basic quantities of minimum bias events in pp (pp) collisions: The distribution of
charged hadrons per unit in pseudorapidity dNch/dη (left) and the average transverse momentum
〈pT〉 (right).

So far, only the charged hadrons in minimum bias events have been considered. Under the
simplifying assumptions that the hadrons in the final state of a typical pp collision are pions, and
that the three pion species π+, π−, π0 occur in equal numbers, half as many neutral hadrons as
charged hadrons are produced.

In summary, a typical pp bunch crossing at the CMS IP at the 8 TeV LHC contains up to 40
overlapping pp collisions that each yield 55 particles in the central part of the detector, |η| < 3,
corresponding to a transverse kinetic energy per pp collision of ∑55

i=1 p
i
T ≈ 55× 〈pT〉 ≈ 30 GeV.

Hence, a total transverse kinetic energy in excess of 1 TeV is deposited in the central part of the
detector every 50 ns. The CMS detector is designed to operate in these challenging conditions,
select events that contain hard interactions of interest from the plethora of pp collisions, and
measure the different particles in these events with high precision.

2.2 The CMS detector

The main references that have been used to compile this description of the CMS detector are
Refs. [6, 131]. Very detailed descriptions of subsystems of the CMS detectors are presented in
Technical Design Reports (TDRs); the corresponding references are given within the text.

Before considering the details of the detector design and individual subdetectors, basic features
of a multi-purpose detector at the LHC such as CMS are summarized. The required coverage of the
detector in pseudorapidity and the detector segmentation can be motivated by considering a few
benchmark processes with different kinematics that reflect larger classes of interesting processes
at the LHC. As dictated by the proton PDFs and the high pp centre-of-mass energy, gluon-gluon
scattering gg → gg is a defining process at the LHC. The pseudorapidity distribution of the gluon
jets in the final state exhibits a rapidity plateau with a width of ±(2.5− 3) and falls off towards
higher |η| [115]. Almost the entire transverse momentum of the produced particles is retained in the
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detector volume if it extends from η = 0 to |η| = 5, such that the missing transverse momentum /ET
can be determined accurately. Moreover, a meaningful determination of /ET requires the detector
volume to be instrumented hermetically, such that (almost) no particles other than neutrinos and
hitherto unknown, weakly-interacting ones escape detection.

Another benchmark process that calls for a large η coverage of the detector is the fusion of
two vector bosons radiated off an incoming quark/antiquark pair (the vector boson fusion or VBF
process) that is of particular importance for the study of vector boson scattering at the LHC and
Higgs physics [132,133]. Its signature features two jets in the forward direction with large ∆η.

While a large coverage of the detector is always favourable and a prerequisite for the /ET
measurement, it is not a necessity for the study of all theoretically anticipated signatures of new
physics. For example, resonant pair-production of SM particles at high

√
ŝ, that constitute one

of the key signatures of new physics at the TeV scale, fall into the central part of the detector.
This is described in some detail by means of the signal processes for the eµ resonance search in
Sec. 5.1.3.

The increase of the radiation field towards the forward direction necessitates the use of different
choices of detector technology in different ranges of pseudorapidity: Precision detectors that allow
for particle identification and an exact reconstruction of particle momenta/energies are installed
in the central detector region with coverage up to |η| ∼ 2.5− 3, whereas the very forward region
is equipped with calorimetry that is very radiation-hard. The detector components in the central
region of the detector are subdivided further into a barrel and an endcap section, with the former
extending from η = 0 to |η| ∼ 1.5.

2.2.1 The CMS coordinate system

The coordinates that are used in the following have been defined in Sec. 2.1.2, but the orientation
of the CMS coordinate system [6] has not yet been specified. Its center ~x = (0, 0, 0) is placed at
the nominal interaction point. The x-, y-, and z- axes form a right-handed cartesian coordinate
system: The z-axis is oriented along the anticlockwise beam direction, the y-axis points vertically
upward, and the x-axis points inward towards the centre of the LHC ring. The polar angle θ is
measured from the z-axis. The x− y plane corresponds to the transverse plane parameterized by
the radial coordinate r, that denotes the distance to the centre in the transverse plane, and the
azimuthal angle φ that is measured from the x-axis.

2.2.2 Solenoid magnet and steel return yoke

Most aspects of the CMS detector design are informed by the decision to place a superconducting
solenoid magnet [134] around the beamline with a uniform axial magnetic field of B0 = 3.8 T, a
free bore of 3.15 m radius, and a length of 12.5 m, that yields an unprecedented stored energy
of 2.6 GJ. The utilized conductor is NbTi that is incorporated in Rutherford-style cables. The
windings of the magnet coil comprise four cable layers in a support structure made of aluminium
alloy that can cope with the strain generated by the large magnetic pressure (Pmag ∼ B

2
0). At

a temperature of 4.45 K and a current of 18 kA, the magnet is operated in the superconducting
regime of NbTi. The coil has a radial extension of about 31 cm and adds 3.9 radiation lengths (X0)
to the material budget. Therefore, the calorimetry has to be contained within the magnet coil.
The cold mass of the magnet amounts to 220 t.

The large magnetic flux inside the magnet coil is directed outside of it by a 10 kt magnetic
flux return yoke made of construction steel. It consist of a barrel part and two endcap sections, as
indicated in Fig. 2.5. The barrel section of the yoke weighs 6 kt and is segmented into five wheels
(numbered as wheels -2 to 2) along the z coordinate. Each wheel is formed by connected steel
plates that form three cylinders around the beamline. Both endcap sections weigh 2 kt and are
composed of three steel disks.

A map of the magnetic flux density in CMS obtained from a 3D model of the detector is
shown in Fig. 2.5 [135]. Measurements of the magnetic flux density inside the coil have been
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Figure 2.5: Left: Map of the absolute value of the magnetic flux density in the CMS detector in
the z − y plane. Right: Orientation of the magnetic field lines. These are results obtained from
a model of the magnetic field in CMS with a central magnetic flux density of B0 = 3.8 T. The
figure is taken from Ref. [135].

performed prior to the assembly of the CMS detector with an accuracy better than 0.1% and
agreement with the model is found [136]. The magnetic field in the barrel section of the steel
return yoke has further been mapped for the assembled detector using muons from cosmic ray
events [135]. Furthermore, the magnetic flux density in the yoke has been measured via installed
flux loops [137].

2.2.3 Inner all-silicon tracking system

The inner tracking system of CMS is described in detail in Refs. [138,139]. Its layout is sketched
in Fig. 2.6. With about 25 pp collisions per bunch crossing at design luminosity (25 ns bunch
spacing), and a pileup of up to 40 reached during the

√
s = 8 TeV data taking period in 2012 (50 ns

bunch spacing), 750− 1200 tracks per bunch crossing are produced in the acceptance of a tracking
detector covering the region |η| < 2.5. In order to meet the requirements of precise measurements
for SM physics and sensitivity to new physics at the multi-TeV scale, this large number of tracks
has to be reconstructed unambiguously and efficiently with an impact parameter resolution well
below 100 µm, and a pT resolution of better than 1% for muon tracks from W and Z boson decays
and about 10% for muon tracks with pT ∼ 1 TeV that fall into the central region |η| . 1 of the
detector.

The choice of detector technology for the inner tracking system is driven by the following
considerations.

• A high granularity of the detector with a correspondingly large number of readout channels
is needed for robust pattern recognition and the reconstruction of the individual tracks.

• A spatial resolution of ∼ 100 µm for single hits or better is needed to achieve the envisaged
momentum resolution.

• Due to the high flux of charged particles in this innermost part of the detector, the sensors
and readout electronics have to be very fast in order to assign the reconstructed tracks to
the right bunch crossing.

• Both the sensors and the readout electronics have to tolerate the strong radiation field close
to the beam pipe with a lifetime of about 10 years (expect for the innermost detector layers).

• The pT resolution requirements call for a large outer radius of the tracker but the material
budget must not exceed about one radiation length X0 in order to keep energy losses due to
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Ref. [140].

bremsstrahlung (for electrons), multiple scattering, and nuclear interactions of the copiously
produced pions at an acceptable level.

The experience gained before construction of the LHC detectors with silicon-based tracking devices
at LEP and the Tevatron, and the further progress made during the development of the CMS
tracker, led to the choice of an all-silicon inner tracking system for CMS. The goal of resolving the
individual tracks is achieved by measurements with high position resolution in a limited number
of sensor layers, rather than by relying on a large number of measurements along the track.

Pixel detector

The innermost layers of the tracking detectors play a crucial role in the reconstruction of indi-
vidual vertices and they provide seeds for track reconstruction. The necessary impact parameter
resolution of below 100 µm is set by the lifetimes of the τ lepton, c hadrons (D0, D±), and b
hadrons that correspond to distances between the production vertex and the secondary decay ver-
tex of `i = γicτi with cττ = 87 µm, cτc ∼ 120 µm, and cτb ∼ 500 µm, respectively. This in turn
requires a position resolution in both |dz| and r dφ well below 100 µm and a small extrapolation
uncertainty from the innermost tracking layer to the vertex. The latter receives an important,
inevitable contribution from multiple scattering in the beam pipe and grows with the distance to
the inner tracking layers. Therefore, a balance must be found between the requirement of a small
distance in r from the beamline to the first tracking layer and the requirement to avoid the high
particle flux close to the beamline. An unambiguous reconstruction of track seeds furthermore
demands a fine segmentation of the vertex detector with a low occupancy of individual channels.

These requirements point to silicon pixels as the detector technology of choice. The employed
sensors have a thickness of about 300 µm that together with a Lorentz angle (for electrons, not
the holes of the induced electron-hole pairs) of about 25◦ fixes the size of the pixels along the
φ direction to ∆sφ ≡ r∆φ = 100 µm. The Lorentz drift is induced by the solenoid magnetic
field in the pixels in the barrel section of the pixel detector. With an analog readout of the
pulse-height information for each pixel, the Lorentz drift of the electrons released by the ionizing
particle crossing the silicon allows for an improved position resolution by using the charge-sharing
between neighbouring pixels. This improves the position resolution from 100 µm/

√
12 ≈ 30 µm to

10− 15 µm. For the purpose of vertex reconstruction and track seeding, good position resolution
is needed not only in the φ direction, but also along z. A similar size of the pixel in the z dimension
is therefore chosen and the pixel area is given by 100 µm(rφ)× 150 µm(z). Assuming a pileup of
25 events and the associated charged track density of order 10−2/mm2 per bunch crossing at the
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innermost layer of the pixel detector for η = 0, this corresponds to a pixel occupation probability
of O(10−4) per bunch crossing.

The barrel pixel detector is organized in three layers that form cylinders around the beam pipe
with radii of r1 = 4.4 cm, r2 = 7.3 cm, and r3 = 10.2 cm, respectively, and with a length along
the z direction of 2× 28 cm. These layers are accompanied by two endcap sections on each side
at z = ±34.5 cm and z = ±46.5 cm with an inner radius of 6 cm. A total of 66 million pixels
corresponds to an active area of about 1 m2. This detector layout extends to |η| = 2.5, provides
three pixel hits for the majority of central tracks, and a high probability for at least two hits for
tracks close to the edge of the acceptance. In order to induce a Lorentz drift also in the endcaps,
that are oriented perpendicular to the solenoid field, the sensors there are tilted with respect to
the r − φ plane and a position resolution similar to the barrel section of the pixel detector is
obtained.

The transverse impact parameter resolution obtained with the complete silicon tracker (in-
cluding the silicon-strip tracker described below) for muon tracks ranges from about 100 µm for
pT = 1 GeV to 10 µm for pT = 100 GeV with a modest dependence on η. The longitudinal impact
parameter resolution exhibits a stronger η dependence and is inferior to the impact parameter
resolution in the transverse plane by a factor two to five.

Silicon-strip tracker

The outer radius of the strip tracker is set by the desired transverse momentum resolution that
calls for a long lever arm L ∼ 1 m in the direction perpendicular to the B = 3.8 T solenoid
magnetic field. The 10 sensor layers in the barrel region of the silicon-strip tracker are mounted
at radii from 20 cm to 116 cm, at an approximately constant distance between adjacent layers.
This defines the bending power BL2 of the CMS tracker. The barrel detector extends to |η| ∼ 1
and is followed by endcap discs that provide coverage up to |η| = 2.5, as shown in Fig. 2.6. Above
|η| ∼ 1.6, the lever arm is reduced with increasing pseudorapidity of the track.

The resulting sagitta of tracks in the barrel part of the detector is of order 200 µm for a muon
track with pT ∼ 1 TeV. A resolution of 10% for such high transverse momenta requires a single
hit position resolution of about 25 µm along the φ direction if twelve hits along the track in the
pixel and silicon-strip detectors are assumed 4. Silicon sensors with a pitch of about 80 µm yield
this digital position resolution. With an analog readout and the utilization of charge sharing on
neighbouring strips the position resolution is improved further; it varies between σsφpos ≈ 20 µm in
the inner layers of the silicon-strip detector with a pitch of 80 µm and σsφpos ≈ 40 µm in the outer
layers with a pitch of 180 µm. The presented values for the position resolution are valid for the
position along the φ coordinate measured with strips in the barrel part of the detector oriented
along the z direction in parallel with the magnetic field. The requirement on the position resolution
in the non-bending plane is less strict, σzpos ∼ 1 mm. The angular resolution has to provide an
unambiguous matching to track seeds in the pixel detector and a precision in the extrapolation to
the inner surface of the ECAL better than the size of a single crystal. The position measurement
in the non-bending plane is obtained from sensors with a strip orientation at a stereo angle of
100 mrad.

The unambiguous identification of tracks with high efficiency calls for high granularity of the
detector and a small cell size with a target cell occupancy of order 1%. Assuming a pileup of 20
events, the (primary) track density per bunch crossing at η = 0 falls from about 10−3/mm2 at
r = 20 cm to 10−5/mm2 at r = 100 cm. Its reduction with radius is faster than 1/r2 because of
the small average pT of charged tracks 〈pT〉 ≈ 0.9 GeV and the strong magnetic field that forces
low-pT charged particles on a helix trajectory (loopers) within the tracker volume. The cell sizes

4The relation between the single hit position resolution along the φ direction, σ(sφ), and the pT
resolution can be approximated for large track pT and a large number of measurements along the
track, N & 10, by using a quadratic fit to the hit positions in the transverse plane; the result reads
σ(sφ) ≈ 0.3 B[T]L[m] L×

√
(N + 4)/(720)× (δpT/pT)/pT[GeV] [141]. For δpT/pT = 0.1, pT = 1 TeV, N = 12,

and the bending power of the CMS tracker, this formula yields the quoted position resolution of about 25 µm.
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are given by the length of the strip and the sensor thickness of order 300 µm (r < 60 cm) and
500 µm (r ≥ 60 cm). In the inner layers of the barrel, a strip length of 10 cm yields a cell cross
section of order 30 mm2 and is thus small enough to meet the occupancy target; the effective
strip lengths increases in the outer layers of the tracker to 20 cm. A total of 9.3 million strips
(channels) forms an active silicon area of 198 m2.

This sensitive part only contributes a fraction of the total material budget of the tracker.
The readout electronics for the high number of channels and in particular the cabling yield other
important contributions. Finally, the silicon sensors require cooling down to −10◦C. The cooling
system and structure needed for the mechanical stability of the large tracker add to the material
budget. It varies between 0.3 X0 and 0.4 X0 close to η = 0 and a maximum of about 2 X0 at
|η| ≈ 1.4; a region, where low-mass cooling and electrical connections are connected to the outside
of the tracker via robust pipes and cables.

The material within the tracking volume degrades the pT resolution due to multiple scattering
and is therefore linked to another important requirement for the tracking performance of CMS; the
resolution of the Z boson decay width ΓZ when combining the four-momenta of the two charged
tracks from muonic Z decays. This calls for a pT resolution of
σ(pT)/pT ∼ ΓZ/(2

√
2 ln 2×MZ) ≈ 1.2% 5 at pT ∼ 50 GeV. The impact of the multiple scattering

depends on the pseudorapidity due to the increasing material budget. For |η| . 0.5, it contributes
0.7% to 0.8% to the pT resolution of muon tracks and a total pT resolution of about 1% can be
achieved. At |η| ∼ 1.4, the multiple scattering contribution to the pT resolution alone reaches
1.5% and for larger |η| the lever arm of the tracker decreases such that the resolution degrades
further. However, a pT resolution for muon tracks with pT = 100 GeV better than 10% is still
achieved at the edge of the tracker acceptance |η| ∼ 2.5.

2.2.4 Electromagnetic calorimeter

The ECAL [142,143] is central to the precise reconstruction of the energy and position of photons,
electrons, and the electromagnetic component of hadronic jets (π0 → γγ). The precise study of
physics at the electroweak scale calls for an energy resolution of the ECAL of 1% for photons and
electrons with energies of 50 GeV in the central part of the calorimeter. Use cases for such an energy
resolution are measurements and searches involving Z bosons with decays into electron/positron
pairs and the Higgs boson search in the decay channel h0 → γγ. The latter benefits from a good
energy resolution because the decay width of the SM Higgs boson is expected to be . 10 MeV
for Higgs masses with a sizeable diphoton branching fraction (4 MeV for M

h
0 = 125 GeV) [144],

such that the width of a signal peak in the diphoton mass spectrum on top of the irreducible
background from the direct production of photon pairs is determined by the energy resolution of
the ECAL.

The radial extension of the ECAL between the large tracker and the HCAL in the solenoid coil
is strictly limited in CMS; this necessitates the choice of an active material with high density and
small radiation length X0. With a radiation length of 0.89 cm, lead tungstate PbWO4 fulfills this
requirement and its small Molière radius of rM = 2.2 cm allows for a small lateral segmentation
and high granularity of the ECAL. The scintillation decay time of PbWO4 is similar to the design
bunch crossing interval of 25 ns. Details of the scintillation mechanism in PbWO4 are presented
in Ref. [145]. Sufficient radiation hardness in the LHC environment is achieved by reducing the
density of point structure defects in the PbWO4 crystals and by doping them with specified
impurities.

The mentioned basic properties of PbWO4 and developments in the context of the work towards
the CMS ECAL, ranging from the process of growing the crystals to the mechanical processing
of their surfaces, allow for the construction of a hermetic, homogeneous, compact crystal ECAL.
It consists of a cylindrical barrel part with an inner radius of rECAL = 129 cm extending up to

5A factor 1/(2
√

2 ln 2) is introduced in order to compare the full width at half maximum (FWHM) value of
the Gaussian distribution with standard deviation σ(pT) to the FWHM of the Breit-Wigner distribution, ΓZ , that
characterizes the Z resonance.
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|η| = 1.479 and two endcap regions that provide coverage up to |η| = 3.0. The layout of the CMS
ECAL is shown in Fig. 2.7. In the barrel, the PbWO4 crystals are 23 cm long, corresponding to
25.8 X0; the lossless containment of electromagnetic showers is a prerequisite for the desired energy
resolution. The crystals have a tapered shape and a quadratic front face area of 2.2 × 2.2 cm2

defined by the Molière radius. In the barrel, they are arranged in a quasi-projective η − φ geometry
with a 3◦ angle of the crystal axes with respect to the nominal interaction point and a granularity
of ∆η = ∆φ/rad ≈ rM/rECAL = 0.0174. The shape of the crystals in the endcaps is similar, they
are however mounted in a rectangular x− y grid. This difference in detector geometry between
ECAL barrel and endcap is the reason for the usage of different shower shape identification
criteria in the electron selection covered in Sec. 4.3.1. A preshower detector is placed in front of
the ECAL endcap disks in the region 1.653 < |η| < 2.6 in order to provide additional separation
power between single photons and collimated diphoton pairs from boosted π0 decays. It consisting
of a first layer of lead absorber (1 X0) and two silicon planes of silicon strip detectors that are
separated by another layer of lead absorber (1 X0).

A disadvantages of PbWO4 compared to other materials used in crystal calorimeters is the
relatively low light yield. It calls for photodetectors with high quantum efficiency, gain, and insen-
sitivity to traversing ionizing particles. In the endcap region, phototubes (vacuum phototriodes)
can be used, while silicon avalanche photodiodes (APDs) have to be employed in the barrel with
the strong magnetic field perpendicular to the crystal axes. The photodetectors are mounted on
the rear face of the crystals, followed by the readout electronics. The ECAL provides no longitu-
dinal segmentation. The response along each crystal must be very uniform because of fluctuations
of the longitudinal shower profile that would otherwise lead to a large constant term in the energy
resolution.

Both the light yield of the crystals and the APD gain exhibit a temperature dependence of
−2%/◦C [146], and the desired energy resolution requires a regulation of the operating tempera-
ture, 18◦C, with a precision better than 0.05◦C in the barrel and 0.1◦C in the endcap. A detailed
description of the ECAL cooling system can be found in Ref. [147]. Irradiation of the crystals
leads to a loss of transparency of the PbWO4 and a changed response of the ECAL. The changes of
the detector response are monitored crystal-by-crystal by means of a laser-based light-monitoring
system [148,149], such that response corrections can be derived.

With these measures and a low-noise electronic readout the following energy resolution (de-
composed into stochastic term, noise term, and constant term) can be achieved [6]:(

σE
E

)2
=
(

2.8%√
E/GeV

)2

+
( 12%
E/GeV

)2
+ (0.3%)2 . (2.9)

This result is obtained from measurements in an electron test beam under the conditions defined
in Ref [150]. It underlines that the ECAL meets the design requirements and as a detector in its
own right achieves an energy resolution of 0.6% for electrons with an energy of 50 GeV. However,
the formula Eqn. 2.9 does not yield the energy resolution for electrons and photons under CMS
operation in the LHC environment as pointed out for example in Refs. [146,151].

The most energetic electrons produced in pp collisions at the LHC can saturate the readout
electronics attached to individual ECAL crystals. Readout saturation in the ECAL occurs for en-
ergy deposits in a single crystal of about 1.7 TeV and 3 TeV in the barrel and endcap, respectively.
It has been shown for the energy reconstruction of electron and photon ECAL clusters that the
full energy deposited in the hottest crystal with saturated readout can be approximated by using
the lateral shower profile information provided by the surrounding crystals [152].

The ECAL material contributes the first 1.1 nuclear interaction lengths (λI) that hadrons are
exposed to before reaching the hadronic calorimeter (HCAL) that is described next.

2.2.5 Hadronic calorimetry

The HCAL [153] is central to the reconstruction of the energy and position of hadrons and hadronic
jets, and with its hadron forward (HF) section it provides coverage up to |η| = 5.2 which is crucial
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Figure 2.7: Detector design of the ECAL with the cylindrical barrel detector, the two endcaps, and
upstream preshower detectors. The figure is taken from Ref. [6].

for a meaningful determination of /ET.
Since the number of hadrons produced in a hadronic shower is much smaller than the cor-

responding number of particles in electromagnetic showers, the stochastic term in the energy
resolution for the HCAL is much larger than the 2.8% achieved for the ECAL. The requirement
on the constant term of better than 5% is less strict than for the crystal calorimeter and a leak-
age of the shower energy through the rear face of the HCAL at the 1% level is acceptable. The
granularity of the device should suffice to resolve dijet systems from boosted W and Z decays up
to a relativistic boost of γW/Z = EW/Z/MW/Z ∼ 5− 6; this is desired for example in searches for
heavy Higgs bosons with M

H
0 . 1 TeV [115].

The very restricted space behind the ECAL inside the coil of the magnet (1.8 m . r . 3.0 m)
calls for a sampling calorimeter with thick absorber plates followed by thin layers of active medium.
Brass plates with a nuclear interaction length of λI = 16.42 cm and varying thickness of 5− 8 cm
are used as absorbers and 4−9 mm thin tiles of plastic scintillator are used as the active medium.
As indicated in Fig. 2.8, the HCAL consists of a barrel part (HB) extending up to |η| = 1.3
that is complemented by a tail-catcher (hadron outer, HO) outside the magnet coil; an endcap
region (HE) providing coverage to |η| = 3; and a forward calorimeter (HF) based on Cherenkov-
radiating quartz fiber technology that is located outside the central part of the CMS detector
and extends up to |η| = 5.2. In the barrel, the calorimeter is segmented into towers of size
∆η ×∆φ/rad ≈ 0.087× 0.087, corresponding to a 5× 5 array of crystals in the ECAL. At the
inner HB surface at r = 1.8 m, this granularity corresponds to the lateral extension of a hadronic
shower of roughly λI ∼ 16 cm and suffices to achieve the desired angular resolution for boosted
dijet systems mentioned above. The material in the HB provides a thickness of 5.82 λI at η = 0
and 10.6 λI at |η| = 1.3. With the HO extension and the magnet coil in front of it acting as
an absorber, the absorber thickness is increased; most noticeably at η = 0, where the resulting
total absorber thickness (including the ECAL) reaches more than 10 λI. The light from the
plastic scintillator tiles is collected with wavelength-shifting fibers and guided by clear fibers to
photodetectors outside of the HCAL volume but still inside the magnetic volume. The light from
scintillator tiles in the same calorimeter tower is merged, such that there is no information about
the longitudinal shower development within a tower (in the HB). The need for a photodetector
with a quantum efficiency above 10% in the 500 nm region, a gain of at least 103, and the ability
to operate in a strong magnetic field led to the choice of hybrid photodiodes (HPDs).

The detector technology employed in the endcap section HE is the same as in the barrel. The
total absorber thickness provided by the calorimetry in the endcap is about 10 λI. About 70000
scintillator tiles are installed in the HCAL and the collected light contributes to 2592 channels for
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Figure 2.8: Cross section of one quadrant of the CMS detector in the r − z plane with the four
HCAL detector sections HB, HO, HE, and HF. The numbers at the upper and the right edge of
the figure denote values of the η coordinate. The figure taken from Ref. [6] is slightly modified to
represent the actual layout of the CMS muon system during 2012 data taking.

the HB, the same number for the HE, and 2160 channels for the HO [154].
The energy resolution in a pion beam has been measured in a test beam with an HB segment

and upstream ECAL segment in the energy range Eπ = 20− 300 GeV [154]. The result reads:

(
σE
E

)2
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115%√
E/GeV
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+ (5.5%)2 . (2.10)

This result does not represent the energy resolution obtained for hadronic jets with the full CMS
detector [155]. The HO tail-catcher is not present in the test beam setup. In a jet of a given
energy, the momentum is shared between several (primary) particles, not carried by a single one.
Furthermore, the jet reconstruction uses tracker information as described in Sec. 3.4.2.

The HF calorimeter that covers the forward region 3.0 < |η| < 5.2 uses very radiation-hard
quartz fibers as the active material. It measures both the electromagnetic and the hadronic
component of the particle flux and provides separation power between the two. The HF calorimeter
is described in detail in Ref. [6].

2.2.6 Muon system

As shown in Fig. 2.9, the CMS muon system [156] is situated inside and around the iron return
yoke, outside the magnet coil or downstream the calorimetry in the barrel and endcap sections
of the detector, respectively. Its main purposes are to provide a muon trigger, muon identifica-
tion and a standalone muon track reconstruction, an improved pT resolution and reduced charge
misidentification probability for muons with pT & 200 GeV. The latter requirement applies to
muon tracks that include information from the inner silicon tracker, while the first two demands
have to be fulfilled by the muon system alone. The approach to track reconstruction in the muon
system is different to that adopted in the silicon tracker because the large amount of material in
the iron return yoke calls for a large number of detector layers and redundant measurements.

Key requirements for the muon trigger are a time resolution well below 25 ns and a pT res-
olution of 20− 30% for muons in the pT range 10− 50 GeV already at the first, fast trigger
level. This requires fast pattern-recognition circuits that yield a (trigger) position resolution per
muon chamber of 1− 2 mm [6, 131]. This accuracy is indispensable because the pT spectrum of
singly produced muons from b and c hadron decays falls steeply in the central detector region
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Figure 2.9: Cross section of one quadrant of the CMS detector in the r − z plane with the DT
chambers, CSCs, and RPCs. The numbers at the upper and the right edge of the figure denote
values of the η coordinate. The figure is taken from Ref. [157].

(dσ/dpT ∼ p
−4
T ) [131], such that the migration of lower pT muons above the trigger threshold has

to be controlled tightly.
The pT resolution in the muon system is limited by multiple scattering at low transverse

momenta, where the inner tracking system alone provides an excellent accuracy. The (off-line)
position resolution requirement that the muon detectors have to meet is thus dictated by the goals
set for the muon pT resolution at high pT, δpT/pT ∼ 5− 10% for muons with a pT of 1 TeV in
the central region of the detector. With the measurements provided by the inner tracker and the
sizeable additional lever arm provided by the muon system (the tracker only covers about one
third of the inner radius of the magnet coil), this pT resolution can be achieved with a position
resolution of the chambers in the muon system of about 100 µm in the bending plane. According
to the magnetic field orientation (Fig. 2.5), the position measurement along the φ coordinate is
the relevant one for the pT determination both in the barrel section of the iron return yoke and
in its endcap disks. The position resolution requirement for single detector cells is loosened by
utilizing a high number of 6− 8 tracking layers per chamber that measure the φ coordinate [131].

The CMS muon system employs three different types of gaseous muon detectors. Two types
of multiwire proportional chambers cover all tasks of the muon system mentioned above.

• Chambers with drift tubes (DT) are utilized in the barrel part of the detector, |η| < 1.2.
The magnetic field there is relatively uniform and mostly contained in the layers of the iron
return yoke, and the rates of muons and punch-through (particles other than muons that
reach the muon system) are low. As shown in Fig. 2.9, the DT chambers are mounted in
four stations downstream, in between, and upstream the layers of the iron return yoke and
form cylinders around the beamline. The inner three stations contain 60 chambers and the
outermost cylinder is made of 70 chambers.

• Cathode-strip chambers (CSCs) are installed in the endcap region, covering the pseu-
dorapidity range 0.9 < |η| < 2.4. They yield shorter drift times than DTs and are suited for
the operation in a stronger, non-uniform magnetic field. Furthermore, they can process the
particle rate in the endcaps that exceeds the one in the barrel by orders of magnitude. The
CSCs are placed in four stations behind the HCAL endcap and in between the three disks
of the iron return yoke. A total of 2× 234 chambers with trapezoidal shape are arranged in
rings in the r − φ plane.
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These muon detectors are described further below. They are accompanied by resistive plate
chambers (RPCs) providing fast pattern recognition that supports the trigger decision and
resolves ambiguities in the tracking. The RPCs are described in detail in Refs. [6].

Drift tubes in the barrel muon system

The smallest unit of the DTs are drift cells with a cross section of 13× 42 mm2 perpendicular
to the anode wire that has a diameter of 50 µm. The electrical setup involves the anode wire
at a voltage of 3.6 kV, the cathode at −1.2 kV, and two field-forming electrodes at 1.8 kV. The
cells are filled with a gas mixture of 85% Ar/15% CO2 that yields a drift velocity of 55 µm/ns
and a sufficiently linear space-drift-time relation. The resulting maximal drift time of 380 ns
is significantly larger than the 25(50) ns between two bunch crossings. The position resolution
provided by a single cell is about 250 µm. Four layers of drift cells with the same orientation of
the wires form a superlayer. The cells in consecutive layers are displaced by half the width of
a cell. This layout yields a time resolution of the superlayer of a few nanoseconds by means of
meantimer circuits, such that an efficient bunch crossing assignment is possible. The DT chambers
in the three inner muon stations contain two superlayers with wires along the z direction that
provide measurements of the φ coordinate and one superlayer that provides measurements of the z
coordinate. In order to optimize the angular resolution in the bending plane, the two φ superlayers
are placed at the inner and outer planes of a chamber with the z superlayer and a spacer between
them. Chambers in the outermost station only contain two superlayers that both measure the
φ coordinate. The eight measurements in the bending plane per chamber suffice to achieve the
desired position resolution per chamber of 100 µm, while the z superlayers add precise enough
directional information for the matching of track segments in different chambers and the matching
to the muon track in the inner silicon tracker. The total number of channels (wires) of the DT
system is about 172000.

CSCs in the endcap muon system

With the coverage of the endcap muon system up to |η| < 2.4, trajectories that pass the CSCs
closest to the beamline are not exposed to the full bending power provided inside the magnet coil.
Therefore, the off-line position resolution per chamber required to achieve the desired overall pT
resolution of 10% for muons with pT = 1 TeV varies between 75 µm for chambers at high values
of |η| and 150 µm for the others. Furthermore, sizeable differences in the strength and orientation
of the magnetic field within the chambers have to be taken into account. This results in slightly
different designs of the CSCs in different locations.

In the CSCs, the cathode strips are oriented radially and have a fixed size ∆φ. The φ coordinate
is determined by interpolating the charge induced on adjacent strips. The anode wires run along
the φ direction and measure the radial coordinate r. A typical chamber contains six tracking
layers that are defined by a gas gap with a width of 9.5 mm between the two planes of cathode
strips that contains an anode wire. Both the signals of induced charges from the cathode strips
and from the wires are read out. The former provides the better position resolution and is hence
used to measure the coordinate in the bending plane, while the wire yields the faster signal and
is used for timing purposes. The nominal gas mixture is 40% Ar/50% CO2/10% CF4. There are
220000 cathode strip readout channels and 180000 anode wire readout channels.

2.2.7 Trigger system and data acquisition

This section describes the general layout of the CMS trigger and data acquisition system and its
basic features for CMS operations in pp collision mode, without including details of the trigger
requirements and reconstruction algorithms. More information is presented for the physics objects
most relevant to this work in Sec. 3.

The CMS trigger and data acquisition (DAQ) systems are described in Refs. [158, 159]. The
performance of the trigger system during Run 1 (2009-2012) of the LHC is reported in Ref. [160].
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This summary is also based on Refs. [131,161].
The trigger and DAQ system is built to serve the crucial task of reducing the event rate from

the bunch crossing rate of 40 MHz and corresponding inelastic pp interaction rate of almost 1 GHz
(at the design performance of the LHC) to several 100 Hz for storage and data analysis, while
retaining the events of interest for a broad physics program ranging from studies of soft QCD to
the physics of B meson decays and searches for physics beyond the SM at the multi-TeV scale. It
consists of the front-end readout systems of the individual subdetectors, the trigger system, and
a global readout system that collects the data fragments and builds a single event. The detector
front ends are synchronized with the LHC clock and temporarily store their data in a buffer for
each bunch crossing. These front-end pipelines allow for a trigger latency below 4 µs [160] of
the first, crucial stage of the two-stage trigger system, the L1 trigger. Within this time, the L1
trigger system has to form a decision on whether to further process or discard the event, and this
information has to be communicated back to the detector front-end readout systems. Only data
from the calorimeters and the muon system inform the L1 trigger decision. The L1 trigger system
reduces the event rate by almost three orders of magnitude to a maximum of 100 kHz. Upon
reception of a positive L1 trigger decision, the front-end pipelines are read out and the data are
forwarded to the event building network of the DAQ. The assembled events are then filtered in
the second stage of the trigger system, the high-level trigger (HLT), that makes a trigger decision
based on refined reconstruction algorithms for physics objects that include information from all
subdetectors. The HLT reduces the event rate to the desired several 100 Hz that are stored offline.

The L1 trigger

The L1 trigger system is implemented in customized hardware. The short bunch spacing at
the LHC requires a very short L1 trigger latency and excludes extensive usage of commercial
hardware. At the L1 trigger stage, events are selected with detector signals that are consistent
with those expected from muons, electrons, photons, tau leptons, jets, or missing transverse
energy. The front-ends of the calorimeters and the muon systems provide trigger primitives
that are processed further in several steps, yielding a global muon trigger (GMT) and a global
calorimeter trigger (GCT). The combination of the trigger information from these two pillars of
the L1 trigger architecture informs the trigger decision of the global L1 trigger. Up to 128 selection
algorithms can be applied by the global L1 trigger. These algorithms can be adjusted to changing
LHC conditions and include in particular flexible pT and ET thresholds, and prescale values. The
L1 decision of the global L1 trigger is processed by a trigger control system that forwards it to
the front ends of all subdetectors and their pipelined data of the triggered bunch crossing are read
out. Data fragments with a nominal size of 2 kB from roughly 700 front-end drivers (FEDs) are
then fed into the DAQ system.

Data acquisition and high-level trigger

The data acquisition system has to combine all the information from the detector front ends,
reduce the data rate by means of the HLT, and write the events to storage elements for further
analysis. With a maximum L1 trigger rate of 100 kHz and an event size of order 1 MB, the DAQ
has to process a total data rate of up to 0.1 TB/s. In contrast to the L1 trigger, the DAQ system
is largely based on commodity technologies, such as networking technology for telecommunication
and CPUs for PCs.

The event building is implemented in two stages. At the first stage, the output of eight FRLs
is merged into an event superfragment. The full events are then built from superfragments in
builder/filter unit PCs that also run the HLT software. The DAQ system is organized in eight
independent slices that can process a L1 trigger rate of 12.5 kHz, each.

The HLT is implemented in software and uses reconstruction and particle identification al-
gorithms similar to those for offline analysis of fully reconstructed events. The HLT trigger is
organized in several so-called HLT paths that denote sequences of reconstruction and selection
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steps that are executed in a fixed order. As in the case of the L1 trigger, trigger prescales can be
assigned to a given HLT path to keep its rate at the desired level without changing the selection
thresholds. Events that pass the HLT are first stored in a storage network with a capacity of
several 100 TB at the CMS site before their transfer to the Tier-0 computing center at the main
CERN site and distribution via the Worldwide LHC Computing Grid [162].

2.2.8 Processing CMS data

The collection of software for the processing and analysis of CMS data is called CMSSW and is
publicly available [163, 164]. All the software is integrated in a common modular framework and
uses a common model for the event content, the Event Data Model (EDM). Thus, from software
run at the HLT stage to offline reconstruction and analysis codes, the used software is based on
an equal footing. In the EDM, a collision event is a c++ object container for the raw detector data
(RAW), assembled by the DAQ and trigger system, and the reconstructed data (physics objects)
derived from it. The event data is structured in different layers. The HLT system creates the
raw data events that provide the foundation of the EDM architecture. These raw data are then
digitized and reconstructed using reconstruction software, that uses input from alignment and
calibration services, resulting in the second layer of the EDM, the reconstructed data (RECO).
The RAW and RECO data form the full event data, based on which further layers of the EDM
can be derived by reducing the event content to those data needed by a specific analysis. The
Analysis Object Data (AOD) event data is such a reduced event data format and constitutes the
starting point for the analyses described in this thesis. The main CMSSW release for this work is
version 5 3 X.

In most analyses, the event data collected with the detector is compared to the expectation
from simulations. The software for the CMS detector simulation is also part of CMSSW. For
simulated events, that start from event generators and parton shower programs which provide
the particles in the event, the passage of the generated particles through the detector and the
resulting detector signals that result in the RAW data have to be simulated. Two approaches are
maintained by CMS for the detector simulation; a full simulation of the entire detector based on
GEANT4 [165], referred to as FullSim, and the simulation of a simplified detector geometry with
infinitely thin material layers and simplified descriptions of energy loss in materials, referred to
as FastSim [166, 167]. The latter reduces the processing time of the simulation step by about
two orders of magnitude compared to the former, at the price of a less precise approximation of
the detector response. Both approaches to the CMS detector simulation are utilized in simulated
samples of signal events that have been produced by the author and are described further below.

2.2.9 CMS data taking in 2012

The integrated luminosities delivered by the LHC to the CMS IP and recorded by the detector in
2012 are shown in Fig. 2.10 [112]. In total, pp data corresponding to an integrated luminosity of
21.8 fb−1 have been recorded by the CMS detector. About 90.5% [168] of the recorded data have
been cleared for physics analysis using all subdetectors after analysis of the data quality. This
yields a dataset of pp collisions with an integrated luminosity of 19.7 fb−1 that is used in this
work.

The peak instantaneous luminosity per day depicted in Fig 2.11 (left) exemplifies that the
LHC operation in 2012 has been devoted to luminosity production; peak luminosities in excess of
6× 1033 cm−2s−1 have been delivered on a regular basis and there has been no prolonged build-up
of the instantaneous luminosity over the year. Fills of the LHC that delivered pp collisions to the
experiments for several hours have been common, such that the instantaneous luminosity has often
varied significantly over one fill. This is reflected in the broad distribution of the average number
of pileup events in Fig. 2.11 (right) with a mean of 21 inelastic events per bunch crossing [112].
The maximum recorded integrated luminosity per fill in 2012 has been 239 pb−1 for LHC fill
number 2692 that delivered stable beams for a record 22.74 h [169].
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Figure 2.10: Build-up of the integrated luminosity delivered to (blue) and recorded by (orange) the
CMS detector in the year 2012. The figure is taken from Ref. [112].
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Figure 2.11: Quantities related to the instantaneous luminosity delivered to the CMS detector by
the LHC in the year 2012. Both figures are obtained from Ref. [112].

A typical average L1 trigger rate at the end of 2012 data taking has been 56.5 kHz, well below
the 100 kHz limit of the DAQ system, and an average HLT event rate of 400 Hz has been written
to storage [160].

2.3 Utilized datasets

The eµ resonance search is based on an unprescaled single-muon HLT path that writes to the
SingleMu primary dataset for offline analysis. The µτ e resonance search utilizes a different HLT
path that requires both a reconstructed muon and a supercluster in the ECAL, writes to the
MuEG primary dataset, and is also unprescaled. Both HLT paths are described in more detail in
Sec. 3.3. The sample names of the used datasets in the CMS data aggregation system (DAS) [170]
are summarized in Tab. B.1 in App. B together with the corresponding integrated luminosities.
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Chapter 3

Reconstruction of physics objects in
CMS

In this chapter, basic information about the trigger criteria as well as the reconstruction of physics
objects that are used in the presented analyses are given. A focus is put on the reconstruction
of electron and muon candidates that are most important to this work, but other physics objects
that play a rôle in the event selections of the eµ and µτ e resonance searches are briefly introduced,
too. A more detailed description of the utilized set of cuts for muon and electron identification is
included in the description of the event selection for the eµ resonance search in Sec. 4.

3.1 Track reconstruction in the inner tracking system

Both muons and electrons leave tracks in the inner tracking system. The standard sequence for the
reconstruction of tracks in the CMS tracker is outlined in this section, based on Ref. [140], before
the specifics of muon and electron track reconstruction are presented in the following sections.

In the uniform magnetic field in the tracker volume, charged particle trajectories follow a helix
(or section of a helix). The latter is defined by five parameters in the CMS coordinate system.
The five track parameters are summarized in a state vector that is evaluated at a reference surface
(for example a tracking layer) or a reference point. The set of parameters adopted to describe a
track in the CMS tracking software is given by {|dxy|, |dz|, φ, cot θ, pT} [140], where |dxy| and |dz|
denote the distances between the reference point and the point of closest approach of the track
to this reference point in the transverse plane and along the z direction, respectively. In most
analyses, the track parameters evaluated at the point of closest approach to the beam axis or the
assigned interaction vertex are the ones of primary interest, but the extrapolation of tracks to
other detector surfaces, such as the inner surface of the ECAL, is also important for the matching
of detector signals produced by charged particles in different subdetectors.

The algorithm used in the standard reconstruction of tracks in the inner tracking system is an
adaption of the combinatorial Kalman filter [171], which is in turn a generalization of the Kalman
filter [172], a recursive tracking algorithm. The tracks are the result of an iterative tracking
process that comprises several track reconstruction sequences. Each of the iterations consists of
the following steps:

• Track seeding: Initial track candidates are formed in the inner layers of the tracking system
from only three 3D hits, or two 3D hits plus information from a fast vertex reconstruction
using only hits in the pixel detector. The 3D hits are either pixel hits or so-called matched
strip hits in the silicon strip tracker that are built from a pair of hits in a strip that measures
the position in the r − φ plane and in the corresponding adjacent strip that is mounted at
100 mrad stereo angle. The seeds provide an initial estimate of the trajectory parameters.
Track seeding can be performed by the inner tracking system alone. For the reconstruction
of electron tracks, the algorithms selecting track seeds use the position and energy of ECAL
superclusters for reasons given in Sec. 3.2.2.
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• Track finding: Track finding in the standard CMS track reconstruction is based on the
Kalman filter approach. Starting from the seed and the first estimate of the track parameters,
compatible hits from adjacent detector layers are added. The state vector and the associated
uncertainties are updated at each layer. The necessary inputs to the algorithm are the
uncertainties in the hit positions and a model of the material crossed by the particle from
which the expected energy loss and multiple scattering can be inferred. Multiple versions of
the track are considered at each layer and propagated to the next one.

• Track fitting: The track finding stage concludes with a list of hits for a given track. These
are used as input for further iterations of the Kalman filter, one progressing inside-out and
the other outside-in. The track parameters at each surface with an associated hit are then
obtained from the weighted average of these two iterations. Following this procedure, the
association of hits with the track is re-evaluated on the basis of a χ2 requirement.

• Track selection: The selection of reconstructed tracks is based on the χ2/Ndof value of the
track fit, the number of layers with associated hits, the number of missing hits in detector
layers on the trajectory, and the (loose) compatibility of the track with primary interaction
vertices.

The requirements defining a seed, the configuration of the Kalman filters, and the track selection
criteria vary for the different iterations of the described reconstruction sequence.

According to simulations, the tracking efficiency of the described standard (inner) track recon-
struction for isolated muons with pT > 1 GeV exceeds 99% in the full geometrical acceptance of
the tracker [140]. The tracking efficiencies for isolated pions and electrons are smaller and show a
pronounced dependence on the pseudorapidity. In contrast to muons, charged hadrons are subject
to nuclear interactions and electrons are affected by sizeable energy loss due to bremsstrahlung. A
Gaussian-sum filter is employed in the final stage of electron track reconstruction and the electron
tracking efficiency is thereby improved, as described in Sec. 3.2.2.

3.2 Reconstruction of muon and electron candidates

Fundamentals of muon and electron reconstruction in CMS are introduced in this section before
turning to the corresponding triggers in the following one. These topics are presented in this order
because complex (offline) reconstruction algorithms are used already at the (online) HLT trigger
stage.

3.2.1 Muon reconstruction

The standard algorithms for the reconstruction of muon tracks are described in detail in Ref. [152].
Information on specialized muon track fits that are intended for high-pT muons and yield an
improved pT resolution for pT & 200 GeV is included in Ref. [173].

Muons with pT > 5 GeV typically produce hits not only in the inner tracking system but also
in the muon system. The track in the muon system is crucial for the muon trigger and the identi-
fication of muon tracks. Reconstruction of muon tracks starts from the separate reconstruction of
the inner muon track in the all-silicon tracking system and of the standalone muon track in the
muon system. Reconstruction of the inner muon track proceeds as described above in Sec. 3.1;
the standalone muon reconstruction is presented in the following paragraph. The two individual
tracks are then combined in a global muon track fit.

Standalone muon reconstruction

The reconstruction of muon tracks in the muon system starts from track segments in the innermost
chambers. The associated estimate of the track parameters is used to initialize a Kalman filter
that works as a track finder from the inner to the outer stations of the muon system. The
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measurements that are used as input to the Kalman filter at each tracking layer are the track
segments reconstructed in the DT chambers or 3D hits in the CSC system, respectively. Hits in
the RPC chambers are included in the track reconstruction as well. After a second Kalman filter
is run that performs a reconstruction from the outer to the inner muon stations, a final track fit
with a beamspot constraint (for hadron collision data) yields the final standalone muon track.

Global muon reconstruction

In the global muon reconstruction, standalone muon tracks are propagated from the innermost
layer of the muon system to the silicon-strip detector, where their track parameters are compared
to those of tracker tracks evaluated at a common detector surface. If a match is found, a new
track fit (Kalman filter) that spans the entire detector hemisphere is performed, based on the hits
of both the inner and outer tracks.

Track refits for high-pT muons

The muon critical energy in iron is about 350 GeV [174]. Therefore, the trajectory in the muon
system of muons with momenta of several 100 GeV can be affected by significant radiative energy
loss. The measured track parameters may thus differ substantially from those at the interaction
vertex. Furthermore, electromagnetic showers can induce additional hits in the muon chambers
that degrade the accuracy of the track reconstruction. As a result, additional algorithms for
the reconstruction of the global muon track, that differ from the standard reconstruction in the
treatment of the information from hits in the muon system, have been developed in CMS [173].
The Tracker-Plus-First-Muon-Station (TPFMS) track fit includes only muon hits in the first muon
station and rejects those in the subsequent stations that are more likely affected by radiation. The
Picky track fit includes information about the hit occupancy in the chambers traversed by the
muon trajectory and rejects hits in chambers that appear to contain showers, based on a χ2

criterion.
With several track fits available for muon trajectories, an algorithm is needed to evaluate

which track fit and associated set of track parameters to choose for a given muon candidate. In
the analyses presented in this work, an updated version of the Tune P algorithm described in
Ref. [173] is utilized. It choses for each muon candidate between a maximum of four muon track
fits; the inner track in the silicon tracking detectors, the global muon track, the TPFMS track,
and the Picky track. This choice is based on the logarithmic tail probabilities of the corresponding
track fits, −log(P (χ2

track, N
track
dof )), and a cutoff on the relative uncertainties in the pT assignments

of δpT/pT < 0.25. The track parameters of the inner muon track are used if either the selected
track fit or the inner muon track yield a pT below 200 GeV because additional information from
the muon system does not improve the pT resolution in this region (the muon system is however
necessary for the triggering and muon identification).

The uncertainty in the muon scale has been determined to about 0.2% at pT ≈ 50 GeV using
muons at the Z peak and to 5% for muons with pT ≈ 1 TeV using muons from cosmic rays [173].

The transverse momentum resolution achieved by the Tune P algorithm is compared to that
obtained from the standard global muon reconstruction for muons from cosmic rays that fall in
the barrel region of the CMS muon system equipped with DTs in Ref. [173]. For muon transverse
momenta above 200 GeV, the Tune P pT assignment is found to improve the momentum resolution
of the global muon fit. The results of a transverse momentum resolution study with cosmic muons,
that reflects the performance of the 2012 configuration of the CMS detector, are presented in
Sec. 5.4.2. The transverse momentum resolution for isolated muons within |η| . 0.9 is found to
range from just below 1% at pT = 10 GeV to about 5% at pT = 500 GeV. The angular resolution
for muon tracks in the barrel provided by the inner tracking system is O(10−1 mrad) in the φ
coordinate and O(10−4) in cot(θ) for pT > 50 GeV [140].
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3.2.2 Electron reconstruction

One of the most important challenges of electron reconstruction in CMS arises from the combi-
nation of the sizeable material budget of the all-silicon tracking system (0.4− 2.0 X0) upstream
of the ECAL with the strong solenoid magnetic field that bends the electron trajectory. Since
electrons lose on average between 33% (η ≈ 0) and 86% (|η| ≈ 1.4) of their energy via the emission
of bremsstrahlung photons whose trajectories are not affected by the magnetic field, the distri-
bution of energy deposits in the ECAL crystals (ECAL cluster) associated with an electron can
be extended significantly along the φ direction. Furthermore, the energy loss distribution of the
bremsstrahlung process is not described well by a Gaussian distribution and thus poses a challenge
to the tracking algorithm.

In the following, the reconstruction of electron tracks in the inner tracking system and the
reconstruction of ECAL clusters resulting from electrons are described. The main references that
have been used are Refs. [140, 175, 176] for the track reconstruction and Ref. [151, 177] for the
reconstruction of the ECAL cluster.

Reconstruction of electron energy in the ECAL

The collection of ECAL clusters from bremsstrahlung photons in addition to the reconstruction
of the energy deposited in the ECAL by the electron itself is crucial to the reconstruction of the
original electron energy at the interaction vertex. Therefore, the clustering algorithms employed in
the CMS reconstruction of the electron (and photon) energy select an extended cluster of energy
deposits, the so-called supercluster (SC). Two different clustering algorithms are employed to
collect the energy deposited by electrons in the barrel and endcap sections of the ECAL. Different
algorithms are needed because the PbWO4 crystals are arranged in different patterns; a η − φ
geometry is used in the barrel, whereas the crystals are placed in a x− y pattern in the two
endcaps.

In the barrel, the clustering algorithm starts from a single seed crystal (the one with the highest
ET value in any region considered for ECAL SC reconstruction) that must have a transverse energy
above 1 GeV. Strips of 5× 1 crystals in η × φ are added around the seed crystal in both directions
along φ within an interval ∆φ ≈ ±0.3 rad if the energy contained in the strips exceeds 100 MeV.
Sets of connected 5× 1 crystal arrays are then merged into individual clusters. A supercluster is
the set of nearby clusters which contain at least one strip of 5× 1 crystals with an energy above
350 MeV. The electron (or photon) energy is obtained from the supercluster.

In the endcap, the clustering algorithm starts from 5×5 arrays of crystals around seed crystals.
These clusters may overlap. They are sorted according to the ET of their seed crystal and SCs
are formed by merging clusters with an ET above 1 GeV. The energy-weighted positions of the
individual clusters in an SC are then associated with energy deposits in the preshower detector
and the sum of the energies in the ECAL crystals and the preshower yields the SC energy.

The SC position is given by the energy-weighted mean of the position of its individual cluster,
as described in detail in Ref. [152].

Reconstruction of electron tracks in the inner tracking system

The Kalman filter used for the reconstruction of muon tracks is the optimal choice for the esti-
mation of the track parameters if -among other conditions- the random variables describing the
disturbance of the track at a measurement layer are Gaussian-distributed [172]. It is therefore
the tracking algorithm of choice if the energy loss distribution describing the particle’s passage
through matter follows a Gaussian distribution. However, a single Gaussian distribution yields
a poor description of the probability density function for the energy loss of electrons due to
bremsstrahlung. The model of energy loss that informs the reconstruction algorithm for electron
tracks used in CMS is the Bethe-Heitler model of bremsstrahlung [178]. Its energy loss distri-
butions are approximated for various values of the traversed thickness of material by Gaussian
mixtures (weighted sums of Gaussian distributions) with up to six components [179]. With this
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approximation, the new tracking algorithm is obtained as a generalization of the Kalman filter
by replacing the single Gaussian distributions describing the energy loss with Gaussian mixtures.
The resulting algorithm can be thought of as several Kalman filters running in parallel, with one
Kalman filter per component of the mixture. It is referred to as a Gaussian-sum filter (GSF) [175]
and the resulting tracks are called GSF tracks. The improvement in the momentum resolution for
electron tracks that is achieved by replacing the Kalman filter with the GSF track reconstruction
is quantified in Refs. [140,175].

Since the GSF track fit is very CPU-time consuming, it is not applied to all tracks that start
from the standard track seeds. Instead, two dedicated selections of track seeds are carried out for
electrons [151]. They both use the information from the superclusters reconstructed in the ECAL.
The ECAL-based seeding uses the SC position and energy to estimate two electron trajectories
(one for each electric charge) and find corresponding candidates for track seeds in the inner layers
of the tracking system. This outside-in approach to electron track seed finding is complemented by
an inside-out procedure that starts from the tracks from the standard CMS track reconstruction,
extrapolates them to the inner ECAL surface, and tries to identify a matching SC. If a match is
found, the initial track seed is used to start the reconstruction of a GSF track. The track seeding
efficiency for electrons in simulated Z → ee events is larger than 95% when both approaches are
combined. The corresponding efficiency for the ECAL-based seeding alone is about 92% [151].

Uncertainties in the electron energy scale of 0.2% (barrel) and 0.3% (endcap) have been esti-
mated using electrons from Z decays [151].

The additional challenges in the reconstruction of electron tracks compared to that of muon
tracks are reflected in the different momentum resolutions achieved by the respective tracking
algorithms: The effective pT resolution1 for muon tracks with pT = 100 GeV is 2− 3% in the
pseudorapidity range |η| . 1.5. In contrast, the effective transverse momentum resolution of
simulated GSF electron tracks that are generated within |η| < 1 with pT = 100 GeV lies between
10% and 20% [140].

For electron energies above 15 GeV, the energy resolution for electron superclusters is smaller
than the momentum resolution from the GSF track, as shown in Fig. 3.1 [151]. The large difference
in these two resolutions for high electron pT is important to the choice of the electron identification
criteria used in this work, that are introduced in Sec. 4.1.

3.3 Triggering on muons and ECAL clusters

This summary of the utilized trigger algorithms is based on Ref. [160]. The eµ resonance search
utilizes a single-muon trigger (HLT Mu40 eta2p1), whereas the µτ e search starts from a two-object
trigger that calls for a muon candidate and an ECAL cluster (photon or electron candidate) already
at the L1 trigger level (HLT Mu22 Photon22 CaloIdL).

3.3.1 Level 1 muon trigger

In the DT and CSC muon systems, the front-end trigger electronics use the hit information from
the multiple tracking layers within a single chamber to identify track segments. In a second step,
collected track segments are forwarded to regional track finders that combine information from
more than one station to identify muon candidates with pattern recognition algorithms. This stage
also includes a first pT assignment, computation of the azimuthal and longitudinal coordinates
of the track, and the assignment of a track quality measure. In the RPC muon system, the hits
are directly transmitted to trigger electronics that perform pattern recognition to select track
candidates. The regional track finders of the three muon systems forward a maximum of four

1The so-called effective momentum resolution is defined as half of the smallest interval around the peak position
of the δp/p distribution that contains 68.3% of the entries. Note that the definition of the momentum and energy
resolutions in the description of the CMS detector and in Secs 5.4 and 11.3.2 are different; they represent the
standard deviation of a Gaussian fit to the core of the corresponding distributions.
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Figure 3.1: The effective energy (momentum) resolutions for electron superclusters (GSF tracks)
and their combination as a function of the generated electron energy. The numbers are obtained
from a simulated MC sample of electrons generated with uniform distributions in η and pT. The
open circles indicate the Gaussian core resolution for the combination of supercluster and track
information. The figure is taken from Ref. [151].

sorted candidates (DT, CSC systems) or eight candidates (RPC system) to the global muon
trigger (GMT) for each bunch crossing. Track segments from the different muon systems that
can be associated with a single muon are merged at the GMT level, and the pT assignment and
track quality are re-assessed before the information is transmitted to the global L1 trigger for the
trigger decision.

The single-muon L1 trigger efficiency is commonly defined with respect to muons that pass
tight muon identification criteria offline and determined via a tag-and-probe method [173]. For pT
values of the probe muon well above the L1 pT threshold (above the trigger turn-on stemming from
the limited pT resolution at the L1 stage), the single-muon L1 trigger efficiency is approximately
constant at about 95% up to pT = 100 GeV [160]. The L1 trigger that seeds the single-muon HLT
path utilized in the eµ resonance search is not prescaled and requires |η| < 2.1 and pT > 16 GeV.
For this L1 pT threshold, the efficiency plateau is reached at an offline muon pT of 20 GeV. The
rate of this single-muon L1 trigger as implemented in typical L1 trigger menus used for data taking
in 2012 is about 4 kHz for an instantaneous luminosity of 5× 1033cm−2s−1 [160]. The restriction
of the muon pseudorapidity to |η| < 2.1 reduces the rate by about 50% and allows the trigger to
remain unprescaled for the entire 2012 data taking period.

3.3.2 Muon high-level trigger

The muon HLT involves two main sequences of track reconstruction and event filtering, referred
to as L2 and L3. In the first (L2) reconstruction step, only information from the muon systems
is used. Pairs of muon track segments in DT chambers and CSCs provide seeds for a muon track
reconstruction in the muon system using the Kalman filtering technique. The muon pT resolution
is improved by using the IP position as a constraint in the determination of the track parameters.
The event filter decision after the L2 reconstruction depends on the number of reconstructed
muons, the associated pT values, and the number of measurements in the muon system associated
with a track. In the second (L3) reconstruction step, tracks in the muon system that pass the
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first (L2) filter serve as seeds for track reconstruction in the inner, all-silicon tracking system.
Due to this seeding, the full reconstruction of all tracks in the event does not have to be carried
out for the muon reconstruction at HLT level. The inner muon track reconstruction employs a
Kalman filter, again. The tracks reconstructed in the inner tracking system are matched to L2
muon tracks in the muon system and the hits associated with identified track pairs are used as
input to a refit of the muon track spanning both the inner and muon tracking systems. The result
is the L3 muon track that informs the final HLT filter decision. The pT resolution at the L3 stage
is close to that achieved by the offline muon track reconstruction.

The single-muon HLT path utilized in the eµ resonance search requires pT > 16 GeV at the
L2 stage and pT > 40 GeV at the L3 stage. In addition to the pseudorapidity requirement of
|η| < 2.1, the L3 track is also required to yield a χ2/Ndof < 20 and a transverse impact parameter
with respect to the beamspot below 0.1 cm.

3.3.3 Muon plus ECAL cluster trigger

In addition to a muon candidate, the two-object trigger utilized in the µτ e resonance search
requires the presence of an ECAL cluster in the event. The L1 calorimeter trigger is described
in detail in Ref. [160]. It processes input from both the ECAL and HCAL. The L1 triggers for
photons and electrons start from trigger towers that combine the energy deposits from several
ECAL crystals. The preshower information is not used in the L1 trigger. Starting from 2012,
crystal transparency corrections to the trigger tower energy have been applied at the L1 trigger
stage. For electrons or photons with transverse energies below about 60 GeV, a L1 ET resolution
better than 10% is achieved in the pseudorapidity range |η| < 2.5. For electrons/photons with
transverse energies well above the L1 trigger threshold, the L1 trigger efficiency is close to 100%.
At the HLT stage, superclusters are reconstructed using the standard offline algorithm described
above.

In the µτ e search, the trigger requirement at the L1 stage includes a muon with pT > 3.5 GeV
(without a restriction of the muon pseudorapidity) and an ECAL cluster with ET > 12 GeV.
Demanding the presence of two objects allows for significantly reduced trigger pT thresholds while
keeping the rate at an acceptable level; for an instantaneous luminosity of 5× 1033cm−2s−1 the
rate of this L1 seed is about 2 kHz [160]. At the HLT stage, the muon pT and the ET of the ECAL
supercluster are required to exceed 22 GeV. In addition, loose cuts on the cluster shape in the
ECAL are applied and the sum of energy deposits in the HCAL around the ECAL supercluster,
H/E, has to be smaller than 0.10 (0.15) in the barrel (endcap) region of the ECAL. No tracker
information is used in the selection of the ECAL cluster at HLT level. Therefore, the HLT path
HLT Mu22 Photon22 CaloIdL can be used in searches with a photon/muon pair in the final state
of interest or with an eµ pair, as in the case of the µτ e resonance search.

3.4 Jet reconstruction and missing transverse energy

Jets, the experimental signatures of energetic gluons and quarks, and the missing transverse energy
/ET do not play a central role in the eµ resonance search but yield important control distributions.
In the µτ e search, a veto against b-tagged jets is applied and the key observable, the mass of the
µτ system, involves /ET that arises from the neutrinos in the τ decay. Both the utilized jet
reconstruction and /ET definition are based on the particle-flow event reconstruction employed by
CMS. It is therefore introduced in Sec. 3.4.1 before the jet reconstruction and the definition of
/ET are covered in Secs. 3.4.2 and 3.4.3, respectively.

3.4.1 The CMS particle-flow algorithm

The design of the CMS detector calls for the combination of information from different subdetec-
tors in the reconstruction of all physics objects. For example, jet reconstruction from the energy
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deposits in the calorimeters alone yields a comparatively poor performance because charged par-
ticles in the central region of the detector are trapped in the tracker volume for pT . 0.7 GeV
(loopers) and the momentum resolution of the tracks of charged hadrons is much better than the
energy resolution in the HCAL over a wide range of momenta.

The CMS particle-flow (PF) event reconstruction [180,181] organizes the signals from all sub-
detectors (tracks and energy clusters) in a list of individual particles: muons, electrons, charged
hadrons, photons, and neutral hadrons. This mapping of detector signals to stable particles
(PF candidates) mitigates the problem of double-counting particle momenta when combining infor-
mation from different subdetectors, allows for a momentum/energy assignment that is optimized
for the individual particle species, and permits a corresponding customized energy calibration.
The high resolution and granularity of both the all-silicon tracking system and the ECAL are
particularly important for this mapping. How detector signals are linked and how the PF algo-
rithm organizes the set of linked detector signals into a list of particles is sketched in Ref. [180].
Rather than building complex physics objects such as jets and event variables like /ET directly
from detector signals, these are reconstructed from the list of reconstructed PF candidates.

3.4.2 Particle-flow jets

The jets used in this work are reconstructed from the four-momenta of PF candidates with the
anti-kT algorithm [182] with a distance parameter R = 0.5 for cones in the space spanned by
rapidity y and azimuthal angle φ. Jet energy corrections (JEC), that are provided by the CMS
JetMET group, are applied to jet momenta in experimental data and to those from Monte Carlo
(MC) simulations in a consecutive, factorized approach [183]:

pµcorr = CJEC × p
µ
raw (3.1)

CJEC = CPU × CMC(p′T, η)× Crel(η)× Cabs(p′′T) , (3.2)

where pµraw and pµcorr denote one component of the originally measured and the corrected jet four-
momenta, respectively; and p′T, p

′′
T denote consecutively corrected jet pT values. In a first step

(CPU), the contributions of pileup events and electronic noise to the jet energy and momentum
are removed. In a second step (CMC(p′T, η)), the measured jet energy is corrected to the particle
level based on the expected response of the detector to particle-level jets that is obtained from
simulations. This correction to the particle level takes into account the nonuniformity of the
energy response of the calorimetry in jet pseudorapidity and the nonlinearity in jet pT. In a
third step, jets in data are further corrected for residual differences in the jet energy response in
data and simulation with the so-called relative (Crel(η)) and absolute (Cabs(p′′T)) corrections. This
complex procedure is described in detail in Ref. [155]. After the application of the JEC, the jet
energy scale uncertainty is smaller than 3% for jets with pT > 30 GeV over the full HCAL/HF
coverage (|η| < 5).

Only PF jets with pT > 35 GeV in the geometrical acceptance of the tracker, |η| < 2.4, are
considered in this work. The PF jet reconstruction yields a straightforward definition of jet
identification criteria such as the number of constituents and various energy fractions because
it starts from a list of reconstructed physics objects. The set of loose jet identification criteria
summarized in Tab. 3.1 is applied in order to reject detector noise or detector signals by cosmic
muons that are reconstructed as jets. They retain more than 99% of genuine jets according to
simulations [155,184].

For jets in the barrel region of the detector, the jet energy resolution is 15−20% at pT = 35 GeV,
depending on pileup; typical values at pT = 100 GeV and pT = 1 TeV are 10% and 5%, respec-
tively [155].

B-tagging

The identification of jets that are initiated by a b quark is of interest in the eµ and µτ e resonance
searches because the production of top quark pairs constitutes the most important background
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Table 3.1: The identification criteria applied to PF jets within |η| < 2.4.

Jet identification variable Selection cut

Number of constituents ≥ 2
Number of charged particles ≥ 1

Energy fractions

Charged hadrons ≥ 1
Electrons < 0.99

Muons < 0.8
Neutral hadrons < 0.99

Photons < 0.99

in both cases. Different algorithms for b jet identification are employed by CMS as described in
Ref. [185]. The performance of b-tagging in pp collisions at

√
s = 8 TeV is studied in Ref. [186].

The b-tagging algorithms employed by CMS use information from impact parameters of tracks
with respect to primary vertices and/or information from reconstructed decay vertices within jets,
so-called secondary vertices. Secondary vertex candidates are built from tracks passing track selec-
tion requirements that are tightened compared to the standard track selection and reconstructed
by applying an adaptive vertex fit [187]. The resulting vertex candidates have to pass a selection;
in particular, they are rejected if more than 65% of the associated tracks are also associated to
the primary vertex from which the jet originates and the information from the distance vector
connecting the primary and secondary vertex is used to define further selection criteria [185]. The
Combined Secondary Vertex (CSV) algorithm, that is used for the identification of b jets in this
work, combines information from secondary vertices and track-based lifetime information into a
likelihood estimator with discrimination power between b jets and light jets (u, d, s, g), as well
as between b jets and c jets. Up to nine observables are used in the definition of the CSV dis-
criminator, depending on whether a secondary vertex is found or only track-based information is
available for the studied jet.

In this work, jets are assigned a b tag if the CSV discriminator is required to be larger
than 0.679. This value defines the so-called medium operating point for b-tagging with the CSV
algorithm that is chosen such that the misidentification probability of a light jet as a b-tagged
jet is of order 1%. As a function of the light jet pT, this mistag probability increases from 1%
at pT = 50 GeV to about 4% at pT = 1 TeV. An average b-tagging efficiency of 67% has been
measured for this discriminator in tt events in the lepton+jets channel with an average pT of the
b jets of about 80 GeV [186].

3.4.3 Adding it all up - missing transverse energy

The main reference for the reconstruction of /ET in pp collisions at
√
s = 8 TeV with the CMS

detector is Ref. [188]. The PF missing transverse energy, in short PF /ET, that is the /ET assignment
of choice in this work, is defined as the negative of the vectorial sum of the momenta of all PF
objects in the event. Several corrections are applied to the thus defined uncorrected PF /ET in an
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additive fashion:

6~Eraw
T ≡ −

∑
i

~pT, i , (3.3)

6~Ecorr
T = 6~Eraw

T − ~∆jets − ~∆PU − ~∆φ − ~∆pµT
, (3.4)

where the index i runs over all PF objects and the symbols ~∆X stand for various corrections that
are described in the following.

PF /ET corrections

• JEC-related correction ~∆jets

The JEC described in Sec. 3.4.2 are partially propagated to PF /ET. To this end, the PF
objects are grouped into three categories: Jets with pT > 10 GeV (clustered energy), jets
with pT < 10 GeV, and unclustered particles. The jet pT cut separating the former two
categories is applied after the application of JEC to the jet. In the propagation of the JEC
to PF /ET, only the clustered energy is corrected. This is done by replacing the vector
sum of the (uncorrected) transverse momenta of PF particles clustered in a jet with the
corresponding corrected jet momenta. The pileup correction in the JEC (CPU in Eqn. 3.2)
is removed in the JEC propagation because pileup effects are accounted for separately in
the /ET reconstruction as described below. The result is the so-called type-I-corrected PF
/ET [155,188] that can be expressed as:

6~E type−I
T = 6~E raw

T − ~∆jets (3.5)

=

− ∑
i∈ jets

pT≥10 GeV

~p raw
T, i −

∑
j ∈ jets

pT<10 GeV

~p raw
T, j −

∑
k /∈ jets

~pT, k

 (3.6)

−
∑
i∈ jets

pT≥10 GeV

(
~p corr

T, i − ~p
PU
T, i

)
,

where the sums run over the PF objects satisfying the indicated requirements, ~p corr
T, i denotes

the transverse jet momentum after all JEC are applied, and ~pPU
T, i denotes the transverse jet

momentum after only the pileup correction is applied.

• Pileup correction ~∆PU

The correction of the measured missing transverse energy for pileup effects is based on the
assumption that the vectorial sum of the transverse momenta of charged particles (tracks)
associated with vertices from pileup interactions and the corresponding sum from neutral
particles almost cancel each other. This assumption is justified because the probability for
the production of neutrinos with considerable energy, i.e. genuine /ET, in minimum bias
interactions is small. However, the nonlinearity of the energy response and the minimum
energy thresholds in the calorimeters bias the measured transverse energy contribution from
neutral particles and thus spoil the cancellation of the pileup contributions of charged and
neutral particles to 6 ~ET. The needed pileup correction (referred to as the type-0 correction)
uses the information from tracks that can be associated with pileup vertices according to
the ansatz [188]:

6~E type−0
T = 6~E raw

T − ~∆PU (3.7)
= 6~E raw

T −
∑

i∈PUvertices

[
−α

(
1− F (~P iT, ch)

)
~P iT, ch

]
, (3.8)
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where ~P iT, ch stands for the vector sum of the transverse momenta of charged particles associ-
ated with a given pileup vertex i. The function F (~P iT, ch) satisfies the relation 0 ≤ F (~P iT, ch) < 1
and converges to unity as ~P iT, ch increases. It is given in Ref. [188] together with the param-
eter α = 0.71.

• Correction of φ modulation ~∆φ

Since particles are on average produced uniformly in φ, the corresponding distribution for
6 ~ET should be uniform. However, both simulated events and events in data exhibit a slight
sinusoidal modulation in the 6 ~ET φ distribution that has been found to be caused by a
combination of several detector effects [188]. These effects result in different shifts of the 6~ET
components along the x and y directions. On average, these shifts increase approximately
linearly with the number of reconstructed vertices Nvtx and can be parameterized as

~∆φ =
(
cx0

+ cxs ×Nvtx
cy0

+ cys ×Nvtx

)
. (3.9)

The four parameters cx0
, cxs cy0

, cys are of order 0.1 GeV and are determined separately for
simulated events and events in data using the Z → µ+µ− process. Their exact values are
documented in Ref. [188].

• Correction for different muon pT assignments ~∆pµT

The Tune P algorithm, that is used in this work to choose the muon track fit for high-
pT muons, is not used in the reconstruction of the muon momenta in the PF algorithm.
Therefore, the PF /ET is corrected for the difference in the two momentum assignments for
the leading muon (the muon with the largest pT) via the term

~∆pµT
= ~pµT(Tune P)− ~pµT(PF) . (3.10)

/ET filters

Various sources of anomalous contributions to /ET from instrumental effects and shortcomings of
the reconstruction have been identified by the JetMET POG [188, 189]. Event filters have been
developed in order to identify events that are affected by such non-genuine /ET contributions. In
the µτ e resonance search, that involves /ET in the definition of the key observable, events that do
not pass the filters listed below are rejected both in data and simulated samples. No such filtering
is applied in the eµ resonance search, in which no cuts on /ET are applied and the /ET distribution
of selected events merely serves as a control distribution.

The list of event filters that are included in the µτ e resonance search reads:

• HCAL anomalous noise filter

This filter rejects events with large noise contributions in the HCAL barrel and HCAL endcap
regions that are associated with the HPDs and readout boxes. These noise contributions
are a result of instrumentation problems and can be separated from the normal electronics
(pedestal) noise.

• HCAL laser filter

Events in which the laser used for calibration of the HCAL has fired during the bunch
crossing are removed.

• ECAL laser energy calibration filter

A few ECAL crystals have been found to receive unreasonably large corrections to the
crystal energy from the laser-based calibration system. Events with large crystal energies
that receive correction factors in excess of 3(8) in the ECAL barrel(endcap) are rejected.
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• ECAL dead cell filter

Significant amounts of energy can escape undetected if they are deposited in noisy ECAL
crystals that are masked in the standard reconstruction, yielding a large contribution to /ET.
The event filter that identifies such cases uses trigger-level information that is not included
in the standard reconstruction of ECAL cluster energies.

• ECAL endcap bad supercrystal filter

Arrays of 5× 5 ECAL crystals that occasionally yield large anomalous signals have been
identified in the endcap region. Events with such signals are rejected.

• Tracking failure filter

Events with a typical activity in the calorimetry but unreasonably few associated tracks are
rejected.

• CSC beam halo filter

Beam halo particles that are produced by interactions of the beam with gas inside the LHC
vacuum chamber or by interactions with apertures occasionally cross the CMS detector in
coincidence with a bunch crossing. They are identified using information from the CSCs
and the corresponding events are rejected.

The fraction of events that pass all /ET filters depends strongly on the selection cuts applied
prior to the /ET filtering step. In the µτ e search, seven per mille of the events passing the initial
selection of an eµ pair are rejected because they fire at least one of the /ET filters listed above
(about half of the rejected events fire the CSC beam halo filter, see Sec. 12.1.1).

Performance of the /ET reconstruction

The performance of the PF /ET reconstruction is assessed in Ref. [188] by analyzing the hadronic
recoil ~uT in Z → µ+µ−, Z → e+e−, and γ + jets events, that typically involve little genuine /ET
(neutrinos). The bosons are used in these types of events as well reconstructed probes, to which
the additional activity in the event can be compared. The hadronic recoil is inferred from the
measured transverse momentum of the participating boson ~qT and the measured PF 6~ET by using
momentum conservation in the transverse plane: ~uT + ~qT + 6~ET = 0 . Under the assumption that
the contribution from genuine /ET is small, the projection of the hadronic recoil onto the axis
defined by the boson momentum, u||, can be used to define the /ET response as −〈u||〉/qT. The
/ET response is found to deviate from unity by only a few percent for qT & 40 GeV. At such
transverse momenta of the boson, the recoiling hadronic activity is typically clustered in a jet
that receives JEC, such that all objects in the event are calibrated well. For smaller values of qT,
the /ET response is about 70− 90% due to the bias in the hadronic energy scale that propagates
to the measured /ET [188].

The resolution of the two 6 ~ET components /Ex and /Ey in the processes mentioned above can
be described as a linear function of the quantity

√∑
ET, where ∑ET is the scalar ET sum of all

reconstructed PF particles except for those associated with the participating boson [188]:

σ(/Ex, /Ey) = σ0 + σs

√∑
ET , (3.11)

where σ0 is O(1 GeV) and σs is about 0.6×
√

GeV.
Importantly for the µτ e analysis in this work, both the measured /ET response and the /ET

resolution are found to be reproduced well by the detector simulation.
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Part II

A search for decays of heavy
resonances and quantum black holes

into an eµ pair in pp collisions at√
s = 8 TeV
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Chapter 4

Analysis strategy and event selection

The aim of the presented search for eµ resonances is to cover as many signal hypotheses as possible.
The models of new physics with eµ signatures introduced in Sec. 1 are only used as benchmarks for
the interpretation of the results, i.e. the selection is not tailored to yield the most sensitive search
possible assuming the lepton kinematics and event topology of a specific model. In particular,
the selection is meant to cover other signal models in which a heavy particle X that can decay
into an eµ pair is pair-produced or arises in a decay chain together with additional particles.
The intention behind this analysis strategy is not to miss out on theoretically-unanticipated new
physics at the LHC. This inclusive approach to the wide landscape of BSM physics is reasonable
for high-mass searches of prompt eµ resonances because the signal efficiencies for the eµ final state
are high (Sec. 5.3); the background expectation is relatively low (Sec. 7), compared for example to
SM Drell-Yan production of same-flavour dilepton pairs in searches for new heavy vector bosons;
and the observable under study, the invariant mass of the eµ system from the decay of particle X
is invariant under Lorentz transformations.

Instead of a specific signal model, the following set of criteria informs the choices made in the
event selection and defines the boundaries of the region in BSM theory space that is probed by
the presented search:

1. The focus of the eµ resonance search is put on the high-mass region MX ≥ 200 GeV, with an
emphasis on the almost background-free tail of the Meµ spectrum above 1 TeV. This informs
the choices of the lepton pT cuts and the lepton identification criteria. In particular, this
requirement excludes all models of new physics, in which known particles at the electroweak
scale decay into an eµ pair. Dedicated searches for LFV decays of Z and h0(125 GeV)
bosons have been carried out by the ATLAS and CMS collaborations and are reported in
Refs. [22, 23,26–29].

2. The particle X is required to have a short lifetime τX . 10−12s . Therefore, the eµ pair
from the decay is produced promptly at the primary vertex of the bunch crossing close to
the interaction point in the center of the CMS detector (cτX . 0.1 cm). This requirement
constrains the class of signals than can be probed to those with large enough coupling
strengths. In the RPV model for example, the RPV Yukawa couplings must satisfy λ & 10−8

for Mν̃τ
= 100 GeV; this requirement does not constrain the region of parameter space with

signal cross sections that would lead to an observable signal at the LHC. Searches for events
with an electron and a muon that have large transverse impact parameters up to O(10 cm)
have been presented by the CMS collaboration in Refs. [190,191].

3. The leptons are required to be isolated in order to reduce the background from leptons from
hadron decays within jets. The basic isolation cuts that are utilized reject strongly boosted
eµ pairs from the decay of particle X, in which the leptons would fall in each other’s isolation
cones. The requirement on MX ≥ 200 GeV (1.) already disfavours this boosted topology.
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4.1 Summary of selection criteria

The selection of muons and electrons is based on sets of identification criteria (commonly abbre-
viated to IDs) that have been provided by the corresponding POGs in the CMS collaboration,
the so-called HEEP (High-Energy Electron Pair) electron and high-pT muon IDs. Both IDs have
been developed in the context of the Z′ → ee and Z′ → µµ searches documented in Ref. [192] with
lepton momenta at the TeV scale in mind. The HEEP electron ID is discussed in Ref. [151]. Be-
fore turning to the details of the lepton identification, the isolation requirements, and the utilized
trigger in Secs. 4.2 and 4.3, the selection criteria of the eµ resonance search are briefly summarized
in the following overview.

Selection of events with an eµ pair

1. The event selection starts from an unprescaled single-muon trigger with a pT threshold of
40 GeV and a pseudorapidity requirement of |η| < 2.1.

2. The event must contain a reconstructed pp collision vertex with at least four associated
tracks. The vertex must lie within a cylindrical volume around the centre of the detector
defined by a circle of radius 2 cm in the transverse plane and a length of 48 cm along the
beam direction, such that its two circular end faces are located at z = ±24 cm. The selected
vertex with the largest sum of squared transverse momenta of its associated tracks is chosen
as the primary vertex.

3. The event must contain at least one isolated muon with pT > 45 GeV that falls into the
acceptance of the trigger, |η| < 2.1, and passes the high-pT muon ID.

4. The event must contain at least one isolated electron with ET > 35 GeV that falls into
the acceptance of the all-silicon inner tracking system |η| < 2.5 and passes the HEEP elec-
tron ID. Electrons in the overlap region of the barrel and endcap sections of the ECAL
(1.442 ≤ |ηSC| ≤ 1.56) are not selected. Electrons passing these selection criteria are not
considered if a global muon with pT > 5 GeV is present within a cone of size R = 0.1 around
the electron. This requirement is imposed in order to reject misidentified electrons from
energy radiated off highly energetic muons. This fake electron veto is motivated in Sec. 4.4.

5. If more than one electron and one muon are present in the event, the eµ combination with
the highest invariant mass Meµ is chosen as the selected eµ pair.

Note that no requirement is imposed on the product of the electric charges of the two selected lep-
tons. This is done for two reasons: First, the omission of an opposite-sign (OS) electric charge se-
lection follows the model-unspecific approach of the search. Sensitivity to less-discussed BSM sce-
narios such as LFV decays of heavy, doubly-charged Higgs bosons H±± to same-sign (SS) eµ pairs
in Higgs triplet models [193, 194] is thereby retained. Second, even if the search were restricted
to the OS e±µ∓ final states of the RPV ν̃τ and QBH signals, a selection of the electric charges
would be disfavoured; the charge misidentification probability for electrons with pT & 500 GeV
would lead to a reduced signal efficiency for resonance masses in the (multi-)TeV range.

4.2 Muon selection

As outlined in Sec. 3.2.1, several track (re-)fits are carried out for each muon candidate, each
with its own estimate of the track parameters pT, η, and φ that are used to define the muon
momentum vector. In the eµ analysis, these track parameters are obtained from the Tune P
algorithm described in Sec. 3.2.1.
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4.2.1 Single-muon trigger

The used single-muon trigger path, named HLT Mu40 eta2p1, has been described in detail in
Sec. 3.3. At the L3 stage, a pT cut of 40 GeV is applied and the acceptance in pseudorapidity of
the trigger path is restricted to |η| < 2.1 in order to reduce its trigger rate and allow it to remain
unprescaled. No isolation requirement is imposed on the muon track at trigger level [160].

4.2.2 Muon identification criteria

The high-pT muon ID consists of a similar set of muon selection criteria as the so-called tight
muon ID that is commonly used in CMS for the selection of prompt, isolated muons from W and
Z boson decays at intermediate transverse momenta pT & 20 GeV [173, 195, 196]. The changes
with respect to the tight muon ID can be attributed either to the treatment of highly energetic
muons that shower in the iron return yoke of the detector, or to the intended independence of the
particle-flow event description. The full set of high-pT muon identification criteria reads:

• The muon candidate must be reconstructed in both the inner silicon detector and the muon
system and the global track fit that spans the entire detector must be successful.

• At least one valid hit in the muon system must be associated with the global muon track.
Note that the global track fit is a refit of the initial list of hits in the inner tracker and the
muon system and hits can be removed from the list of track-associated hits in the process
of building the global track [152].

• Track segments in at least two muon stations must be matched to the track in the inner
tracking detectors. This requirement is in line with the muon trigger that relies on track
segments in at least two muon stations to provide a reliable estimate of the muon pT.

• The inner muon track must have at least one associated hit in the pixel detector and hits in
at least six layers of the silicon-strip tracker.

• The transverse impact parameter of the Tune P track with respect to the primary vertex
|dxy| must be smaller than 0.2 cm. This is a very loose requirement for prompt muons and
retains a large fraction of muons from decays of b and c hadrons. It is however effective
against muons from hadrons with only light valence quarks and against muons from air
showers of cosmic rays.
The longitudinal impact parameter of the Tune P track with respect to the primary vertex
|dz| must be smaller than 0.5 cm. In addition to its rejection power against muons from
decays-in-flight and cosmic rays, this cut is effective against muons from pileup interactions.

• The relative uncertainty in the pT measurement of the Tune P track δpT/pT must be smaller
than 0.3.

4.2.3 Muon isolation

The utilized relative muon isolation requirement relies solely on information from the inner track-
ing detectors. The scalar sum of the transverse momenta of additional tracks within a cone of
size R = 0.3 around the inner muon track must be smaller than 10% of its pT. Only tracks with
|dz| < 0.2 cm with respect to the muon track are included in the sum. Hence, the impact from
pileup interactions is reduced and no further corrections of the isolation variable for tracks and
energy deposits by additional pp interactions in the same bunch crossing are needed.

4.3 Electron selection

The HEEP electron ID [151,192] differs from other electron IDs used in CMS for the identification
of prompt, isolated leptons at intermediate pT values [151] in several ways. An important concep-
tual difference lies in the focus of the HEEP electron selection on the measurement of the electron
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supercluster in the ECAL and a reduced reliance on information from the electron track in the
inner tracking detectors. This choice is motivated by the emphasis on highly energetic electrons
with ET & 100 GeV, for which the relative ET resolution is dominated by the constant term of
the ECAL and remains at the 1% level for electrons in the barrel (see Sec. 5.4, Fig. 5.10), whereas
the relative pT resolution increases to several per cent. The transverse energy of the supercluster
ESC

T is used in the definition of the electron four-momentum vector in the analysis rather than a
weighted combination of the pT and energy measurements in the tracker and ECAL, respectively.
Furthermore, no matching of the track momentum p and supercluster energy ESC is required in
the HEEP electron identification in order to avoid any inefficiency of the selection that might arise
from gross mismeasurements of the transverse momentum of high-pT GSF tracks with sizeable
radiative losses due to bremsstrahlung and subsequent photon conversions. Information from the
electron track is however used in the reconstruction of the η and φ coordinates of the electron
and also enters the determination of ESC

T from the measured supercluster energy ESC. Electrons
that produce a supercluster in the overlap region of the barrel and endcap sections of the ECAL
(1.442 ≤ |ηSC| ≤ 1.56) are rejected.

4.3.1 Electron identification criteria

The HEEP electron selection differs for electrons in the barrel with |ηSC| < 1.442 and electrons in
the endcaps of the ECAL with |ηSC| > 1.56. The electron identification variables are explained
below and the cut values for the two cases are collected in Tab. 4.1.

• Seeding: The ECAL-based track seeding must have been successful for HEEP electron
candidates. It is one of two approaches to finding the two or three hits in the first layers
of the tracker that initiate the GSF track reconstruction, and starts from the supercluster
energy and position (outside-in seeding).

• Supercluster-to-track matching: The electron GSF track and the supercluster in the
ECAL that initiated the track seed must fulfill geometrical matching criteria in η and φ. For
this matching, the track is extrapolated from the innermost track position and direction to
the point of closest approach to the supercluster, where its η and φ coordinates are evalu-
ated [151]. Cuts are then applied to the differences in the coordinates |∆η| = |ηSC − ηtrack

extrap|
and |∆φ| = |φSC − φtrack

extrap|.

• Energy in HCAL and ECAL: The ratio of the energy deposited in the HCAL around
the direction of the electron to the energy of the electron supercluster in the ECAL, denoted
H/ESC, must be smaller than 0.05. The former is defined as the sum of energy deposits
(clusters) in the HCAL in a cone of size R = 0.15 around the position of the electron in the
ECAL.

• Lateral shower shape in the ECAL: Different lateral shower shape variables are used
for the HEEP electron selection in the barrel and endcap. They discriminate between elec-
tromagnetic and hadronic showers in the ECAL because the former are more concentrated
along η. The extension of the shower along the φ direction is not an equally powerful dis-
criminant because of energy losses due to bremsstrahlung and the curvature of the electron
track in the magnetic field. Both shower shape variables start from a 5×5 matrix of crystals
around the crystal with the highest ET in the electron supercluster. In the endcap section
of the ECAL, an energy-weighted spread of the 25 crystal positions ηi is used, defined as
(σiηiη)2 = ∑5×5

i (ηi − 〈η〉5×5)2wi/
∑5×5
i wi. The weights wi depend logarithmically on the

energy contained in the crystals. In the barrel region of the ECAL with its η − φ geometry,
the energy fractions contained in adjacent rows of 5 crystals along φ (1× 5 rows in η − φ
coordinates) that include the crystal with the highest ET, E1×5/E5×5 and E2×5/E5×5, are
used as the shower shape variables, instead.
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• Track-related cuts: With the exception of one allowed missing hit, the electron track
must have associated hits in all layers of the pixel detector that it passes. In addition, a cut
on the transverse impact parameter of the electron track is applied. These cuts are aimed
at selecting prompt electrons and remove electrons from photon conversions.

Table 4.1: The HEEP ID selection cuts on electron identification variables for electrons with
superclusters in the barrel and endcap sections of the ECAL.

Electron identification Cut value
variable Barrel Endcap

ECAL-based seed X X

|∆η| < 0.005 < 0.007
|∆φ| < 0.06 rad < 0.06 rad
σiηiη - < 0.03

E2×5/E5×5 or (E1×5/E5×5) > 0.94 or (> 0.83) -

H/ESC < 0.05 < 0.05
Missing pixel hits ≤ 1 ≤ 1

|dxy| < 0.02 cm < 0.05 cm

4.3.2 Electron isolation

As in the case of the muon isolation, the utilized definition of the electron isolation does not rely
on the particle-flow algorithm. It consist of two separate isolation criteria that use information
from the calorimeters and the tracker, respectively.
The calorimeter isolation is the scalar sum of the transverse energy deposits in the ECAL and
in the HCAL in two cones of size R = 0.3 around the position of the electron in the calorimeter.
Different inner veto cones are defined to remove the contribution of the electron itself in the two
calorimeters. The average energy density in the event due to pileup interactions is subtracted
from the calorimeter isolation as described in Ref. [197]. The resulting measure of the transverse
energy surrounding the electron in the calorimeter is required to be smaller than about 3% of the
transverse energy of the supercluster ESC

T ; the exact cut values are given in Tab. 4.2. A more
detailed definition of the calorimeter isolation is given in Ref. [198].

The tracker isolation is defined as the scalar sum of the transverse momenta of additional
tracks within a cone of size R = 0.3 around the inner electron track and must be smaller than
5 GeV. Only tracks with |dz| < 0.2 cm with respect to the electron track are included in the sum.

4.4 Muons faking electrons

Highly-energetic muons as those expected in the signal signature of the eµ resonance search do
occasionally lose significant amounts of energy due to radiative effects before reaching the HCAL.
In such cases, the combination of the corresponding supercluster in the ECAL and the close-
by muon track can lead to an accidental cluster-to-track match in |∆η| and |∆φ|. This can
result in a reconstructed electron because no matching between the electron track momentum
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Table 4.2: The HEEP isolation cuts for electrons with superclusters in the barrel and endcap
sections of the ECAL. The definitions of the two isolation variables for the calorimetry and the
tracker are given in the text.

Isolation Cut value barrel Cut value endcap

Calorimeter < 2 GeV + 0.03× ESC
T

< 2.5 GeV + 0.03× (ESC
T − 50 GeV) for ESC

T ≥ 50 GeV

< 2.5 GeV for ESC
T < 50 GeV

Tracker < 5 GeV < 5 GeV

and supercluster energy is required in the utilized electron ID for reasons discussed above. Key
aspects concerning the energy loss of muons in the PbWO4 crystals of the ECAL are summarized
in the following paragraph.

The muon stopping power 〈−dE/dx〉 in PbWO4 has been measured by the CMS collaboration
in cosmic ray events for muon momenta p ranging from 5 GeV to 1 TeV [199]. One aspect of this re-
sult is the first measurement of muon critical energy Eµc (PbWO4) = 160+5

−6 (stat)± 8 (syst) GeV,
in agreement with calculations that yield Eµc (PbWO4) = 170 GeV [200]. The energy loss in the
ECAL of the muons of interest in the eµ resonance search with momenta between several 100 GeV
and a few TeV is dominated by radiative losses. With the density of PbWO4 of 8.3 gcm−3 and
a muon path length in the ECAL of approximately 23 cm (one crystal length), the thickness ∆x
of the traversed PbWO4 is about 190 gcm−2. Combining this value with the measured (mean)
muon stopping powers for muon momenta of 100 GeV and 1 TeV yields mean energy losses of
about 0.5 GeV and 2 GeV, respectively. Hence, the average muon in this momentum range does
not deposit enough energy in the ECAL to produce a supercluster that passes the ET requirement
of the electron selection of 35 GeV. As pointed out in Ref. [199] however, the tail of the pdf of
(radiation-dominated) energy loss for single events extends to values much higher than its mean.
A non-negligible fraction of muons with energies in the TeV regime produces hard radiation that
results in ECAL clusters with transverse energies above the selection threshold. This fraction
is evaluated based on simulated signal samples for the eµ resonance search that are described
below in Sec. 5.2. At generator level, the simulated events include a muon and an electron in the
final state that arise from the decay of a heavy object with mass M . For M = 200 GeV and a
corresponding average muon momentum of order 100 GeV, below 0.1% of the selected muons are
accompanied by a HEEP electron within ∆R < 0.1. This fraction increases to 3% for M = 4 TeV
and muon momenta of about 2 TeV.

Figure 4.1 (left) shows the angular distance ∆R between the muon with the highest pT and
all selected HEEP electrons in simulated eµ events with M = 4 TeV. The eµ pairs are grouped
into two categories; in the first category, the electron in the eµ pair passes the fake electron veto
and in the second it fails the requirement. In the eµ pairs with vetoed electrons, the two lepton
are separated by less than ∆R = 0.02. The ratio of supercluster energy to track momentum E/p
peaks significantly below unity for the vetoed electrons, and the ratio of the two pT values obtained
from the electron track and the muon track is close to unity, as shown in Figs. 4.1 (middle, right).
These features point to the muon as the origin of the reconstructed electron in these events.
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Figure 4.1: Three distributions for electrons passing the HEEP electron selection in high-mass eµ
events with a reconstructed muon that fulfills the muon selection. The events are obtained from
simulated signal samples for the eµ resonance search that are described below in Sec. 5.2. The
muons have a momentum of about 2 TeV.

4.5 Muon and electron selection efficiencies

The single-muon trigger efficiency and the efficiencies of the muon and electron selections de-
scribed above have been measured by the Muon and EGM POGs in samples of dilepton events
dominated by the contribution from the Z → `+`− process via tag-and-probe methods. These
methods are described in Refs. [151,195,201]. In the following the results of these measurements
are summarized.

Selection efficiencies for muons

The identification efficiency for muons is defined in the following as the fraction of muon tracks re-
constructed in the all-silicon tracking system that pass the high-pT muon ID including the isolation
cut. The efficiencies are obtained from Ref. [202] and depicted in Fig. 4.2, where the results de-
rived from measured events passing a Z → µ+µ− selection (70 GeV ≤M(µtag, µprobe) ≤ 130 GeV)
are compared to the efficiencies in simulated Drell-Yan events. For muons in the barrel region of
the muon system (|η| < 0.9) with transverse momenta above 45 GeV (the cut value in the event
selection of the eµ resonance search), the identification efficiency is constant within the statistical
uncertainties at about 95% up to pT ∼ 300 GeV1, the highest muon pT values considered in the
efficiency measurement. The η-dependence of the identification efficiency is more pronounced with
values varying between 87% and 98% as shown in Fig. 4.2 (right). Statistically significant dips in
the trigger efficiency occur close to the transition between wheel 0 and wheels ±1 at |η| ≈ 0.25.
These are related to the two so-called chimneys that pass through the steel return yoke and house
the massive cryogenic lines for the solenoid magnet. Both this η-dependence and the evolution of
the muon identification efficiency are described well by the simulation; the measured and simulated
efficiency values agree typically within 1-2%, even the two dips that are visible in the measured
efficiency in Fig. 4.2 (right) are reproduced well by the simulation.

1For a note on CMS measurements involving muons with even higher pT values, see the paragraph Dimuon and
dielectron events at high invariant mass M`` below.
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(a) Efficiency of the high-pT muon ID for muons in
the barrel section of the muon system (|η| < 0.9)
in bins of muon pT.
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Figure 4.2: The muon identification efficiency for the high-pT muon selection including the iso-
lation criterion. The ratio plots on the bottom show the data-to-simulation scale factors. The
figures show efficiencies provided by the MUON POG in Ref. [202].
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Figure 4.3: The single-muon trigger efficiency of the HLT path HLT Mu40 eta2p1, evaluated with
respect to muons passing the high-pT muon selection including the isolation criterion. The ra-
tio plots on the bottom show the data-to-simulation scale factors. The figures show efficiencies
provided by the MUON POG in Ref. [202].

Single-muon trigger efficiencies

The trigger efficiency of the single-muon HLT path HLT Mu40 eta2p1 is defined here as the fraction
of reconstructed muons passing the high-pT muon ID with the isolation cut that can be matched
to a corresponding trigger object. The efficiencies are presented as a function of muon pT and η in
Fig. 4.3. As in the case of the muon identification efficiency, the trigger efficiency is approximately
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constant in the probed pT range. However, the η-dependence of the trigger efficiency is much
stronger than that of the identification efficiency, as shown in Fig. 4.3 (right), with efficiencies
ranging from 75% at η ≈ −2 in the CSCs to 95% for |η| < 0.9 in the DTs. Two features stand out:
First, the trigger efficiency drops by almost 10% in the CSC/DT overlap region 0.9 < |η| < 1.2
compared to the efficiency in the barrel part of the muon system that is only equipped with
DTs. Secondly, statistically significant dips in the trigger efficiency occur close to the transition
between wheel 0 and wheels ±1 at |η| ≈ 0.25. These efficiency dips are present in both data and
MC but their modelling in the simulation is imperfect, resulting in deviations between measured
and expected efficiencies of up to 7%. For other values of η, the measured and simulated trigger
efficiencies differ by typically 2-3%.

Selection efficiencies for electrons

The electron identification efficiencies presented in Fig. 4.4 have been measured in dielectron events
as described in Ref. [151]. The electron identification efficiency is defined here as the fraction of
reconstructed GSF electrons that pass the HEEP ID including the isolation requirement. This
definition implies a factorization of the electron selection efficiency into a reconstruction and an
identification efficiency: εHEEP

Sel = εGSF
Reco × ε

HEEP
ID . The reconstruction efficiency is documented in

Ref. [151] and larger than 95% for electrons with ET ≥ 35 GeV.
The identification efficiency in the barrel section of the ECAL, Fig. 4.4 (left), and the ECAL

endcaps, Fig. 4.4 (right), both exhibit a turn-on between 35 GeV and 50 GeV. The efficiency
values vary from 85% to 95% in the ECAL barrel and from 80% to 95% in the endcaps.
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Figure 4.4: The efficiency of the HEEP electron ID as a function of the electron pT in the barrel
region of the ECAL (barrel) and the endcap regions (right). The ratio plots on the bottom show
the data-to-simulation scale factors. The figures are taken from Ref. [151].

Dimuon and dielectron events at high invariant mass M``

The presented measurement of the muon reconstruction and identification efficiencies does not
extend beyond pµT = 300 GeV, which is too low to claim that these efficiencies have been measured
for muons from the decay of a heavy particle with mass M & 1 TeV, that have transverse momenta
of pT ∼M/2. However, searches for dimuon and dielectron pairs of high invariant mass at

√
s =

8 TeV indicate no drop in the muon or electron efficiencies in the mass range M`` . 2 TeV [192]; 10
events with M`` > 1.3 TeV are observed in the dimuon channel with 7± 1 (syst) events expected
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and 4 events are observed in the dielectron channel in the same mass range, in agreement with the
expectation of 6± 0.5 (syst) events. The capability of the CMS detector to precisely reconstruct
muons with pT ∼ 1 TeV has been established in the early days of the detector commissioning
using muons from cosmic ray events [215].

Corrections to lepton selection efficiencies in simulated events

As shown in the figures above, the measured muon and electron efficiencies are overall described
well by the detector simulation. It is therefore reasonable to correct for the remaining imperfections
in simulated efficiencies rather than trying to identify all their sources and re-run the detector
simulation. This efficiency correction is achieved by assigning a weight wSF to each simulated
event according to:

wSF =
∏
i

∏
j

εData
i, j

εMC
i, j

(
pT, i, ηi

)
≡
∏
i

∏
j

SFi, j
(
pT, i, ηi

)
, (4.1)

where the first product runs over all participating muons and electrons i and the second runs over
all (uncorrelated) single-lepton selection efficiencies j. Since only single-lepton efficiencies are
involved in the eµ analysis, the efficiency correction factorizes. The efficiency ratios in Eqn. 4.1
are referred to as data-to-simulation scale factors SF and are evaluated as functions of lepton pT
and η. Examples of such scale factors are given in the ratio plots of Figs. 4.2, 4.3, and 4.4.
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Chapter 5

Signal simulation and properties

5.1 Signal event generation and signal kinematics

The generation of signal events at parton level has been carried out at LO in pQCD with the
CALCHEP event generator (v. 3.4.1) [203] for both the RPV ν̃τ and QBH signals. The CALCHEP
event generator produces output according to the Les Houches Accord [204] in so-called Les
Houches Event (LHE) files. These can be used as standardized input for parton shower programs.

5.1.1 RPV ν̃τ signal model

The implementation of the RPV ν̃τ signal in CALCHEP is a simplified version of a more complete
RPV SUSY model covering all vertices associated with the trilinear LFV terms in the superpo-
tential Eqn. 1.2. The latter is publicly available from HEPMDB [205]1.
In the simplified CalcHEP model, only the vertices relevant for the resonant production and the
decay of the ν̃τ have been included. The most important parameters and settings that have been
used for the event generation are summarized below.

• As described in Sec. 1.1, the RPV ν̃τ model has four parameters, Mν̃τ
, λ312, λ321, and λ′311,

that can be set independently in the model implementation.

• Proton-proton collisions with proton momenta pz = 4 TeV and an e±µ∓ final state are
generated.

• The renormalization scale (µR) and factorization scale (µF) are set to the mass of the
outgoing particles Meµ, i.e. the centre-of-mass energy in the resonant ν̃τ exchange,

√
ŝ.

• The PDF set used is CTEQ6L [58]. The hard scattering cross sections and splitting functions
that enter the CTEQ6L PDF fit are evaluated at LO in pQCD, whereas the running of the
strong coupling constant αs(Q) is evaluated at NLO in pQCD.

• The strong coupling at the Z boson mass is set to αS(MZ) = 0.1172 .

• No kinematic cuts are applied to the generated lepton pair.

While the generated RPV ν̃τ signal samples are obtained using a LO event generator, the signal
cross section is taken from a calculation at NLO in pQCD as described in Sec. 1.1.2. As a cross
check, the cross sections from CALCHEP are compared to the LO results obtained from the code
that is also capable of the higher-order calculation. Agreement is found at the level of a few per
mille.

1The RPV SUSY model in CALCHEP has been implemented by Alexander Belyaev and Christoph Charles, the
corresponding HEPMDB model ID is hepmdb:0512.0068 . Initial checks of the model and a comparison to an earlier
implementation in the HERWIG generator [206,207] have been carried out by Lars Sonnenschein and the author. The
reduced version of the model used in this work has been derived by the author.



74 Chapter 5. Signal simulation and properties

The aim in the eµ resonance search is to design it in a model-independent fashion and to allow
for a reinterpretation of the results in terms of different signal models that share the common
signature X → eµ, with the mass of the particle X at the electroweak scale or above. A narrow
peak in the Meµ spectrum on top of a smoothly falling background is a generic signal shape that
allows for a (largely) model-independent approach. In the following, a subset of possible signal
models is considered: the resonant (s-channel) production in pp collisions of the heavy particle
X that decays into the eµ final state. The aim is to study the impact of the size of the coupling
parameters involved in the resonant production and the decay of particle X and to extend the
validity of the search to signals with an eµ resonance that feature sizeable values of the coupling
parameters and a cross section that deviates from the narrow width approximation.

A narrow peak in the eµ mass spectrum is obtained in models with an eµ resonance for which
the narrow width approximation (NWA) is a good approximation, meaning that the phase space
can be factorized and the Breit-Wigner function in the propagator of particle X can be integrated
out (see Ref. [208] for a detailed discussion). This way the production and decay processes can be
treated independently and the cross section of the process factorizes into production cross section
of the exchanged particle times branching ratio into the desired final state, σNWA = σprod×B . In
the following, the RPV ν̃τ model with resonant production of an eµ pair is used as a benchmark
processes to study the impact of finite width effects that are not covered in the NWA. The aim is
to restore the model independence of the search in the case of sizeable coupling values and decay
widths by restricting the search region in the Meµ spectrum to the vicinity of the peak at Mres.
Before turning to the definition of this search region, the conditions for the validity of the NWA
are briefly reviewed [209]:

1. The total width of the exchanged particle is small compared to its mass, Γres �Mres.

2. The particles produced in the decay are much lighter than Mres.

3. The pp centre-of-mass energy is much larger than Mres.

4. There is no significant interference with other processes.

In contrast to Drell–Yan dimuon or dielectron production, there is no process in the SM that would
cause an interference with the amplitude of signals with resonant eµ production. The kinematics
of the RPV ν̃τ signal can therefore be studied independently of the SM backgrounds discussed
later. Conditions 2 and 3 are satisfied for signal masses 100 GeV .Mres . 2.5 TeV, which is the
relevant range in the resonance search for coupling values λ . 0.1, given the fast decrease in parton
luminosity for

√
ŝ→

√
s = 8 TeV. The impact of the size of the relative decay width Γres/Mres is

discussed in the following.
A non-negligible relative decay width Γres/Mres leads to off-shell production of eµ pairs with

invariant mass Meµ � Mres. Since the parton luminosities fall off sharply in the
√
ŝ & 1 TeV

regime, the off-shell production can receive a strong enhancement relative to the peak around
Mres. Finite width effects are included in the CALCHEP event generator and the resulting off-shell
production can be considerable, as shown in the Meµ distributions of selected points in parameter
space of the RPV ν̃τ model in Fig. 5.1. The fraction of events produced with an invariant mass
significantly lower than the resonance mass increases with Γres/Mres, or the size of the couplings in-
volved (Fig. 5.1 left). It furthermore increases with Mres for a fixed value of the couplings (Fig. 5.1
right). An analysis approach that is as independent of the coupling values as possible can be for-
mulated by restricting the search region in the invariant mass distribution, |Meµ −Mres| ≤ ∆M ,
such that the total cross section for the process including finite width effects, σFW, times the
fraction of events falling into this search region, f∆M , matches the cross section in the NWA,
σNWA. As pointed out in Ref. [210] in the context of Z′ searches with dimuon and dielectron
decays, the choice ∆M ≈ 5%×

√
s fulfills this requirement for a wide range of decay widths Γres.

In the case Mres < ∆M , the lower boundary of the invariant mass window is set to zero. The
validity of this approach is checked for the eµ resonance signal by comparing the CalcHEP cross
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Figure 5.1: Comparison of on-shell and off-shell production of an eµ pair in ν̃τ decays.
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Figure 5.2: The relative difference between the cross section for the process pp → ν̃τ → eµ includ-
ing finite width effects times the fraction of events falling into this search region, σFW × f∆M , and
the NWA cross section evaluated at LO in pQCD as a function of the width of the search region,
∆M/

√
s. The curves correspond to RPV ν̃τ signal samples with Mν̃τ

= 3 TeV and different values
of the Yukawa couplings λ′311 = λ312 = λ321 ranging from 0.01 to 1.0. The corresponding relative
decay widths Γν̃τ /Mν̃τ

are between 8·10−6 and 8% . The dashed vertical line indicates the resulting
choice for the width of the search region, ∆M = 5.5%×

√
s .

section for the RPV ν̃τ signal process multiplied by f∆M with the corresponding LO NWA calcu-
lation as a function of ∆M/

√
s and the result is given in Fig. 5.2. When restricted to the invariant

mass range |Meµ −Mres| ≤ ∆M = 5.5%×
√
s, the two cross sections σFW × f∆M and σNWA agree

within about 1% for relative decay widths up to Γres/Mres = 2% and resonance masses up to 3 TeV.
The key figures for this comparison are given in Tab. 5.1 for resonance masses between 200 GeV
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λ Γν̃τ /Mν̃τ
Mν̃τ

(TeV) f∆M
σFW×f∆M−σNWA

σNWA
(%) Mν̃τ

(TeV) f∆M
σFW×f∆M−σNWA

σNWA
(%)

0.01 8.0 · 10−6 0.2 1.00 0.0 3 1.00 0.0

0.1 8.0 · 10−4 0.2 1.00 0.0 3 0.92 0.0

0.2 3.2 · 10−3 0.2 1.00 0.0 3 0.74 0.3

0.5 2.0 · 10−2 0.2 1.00 0.0 3 0.31 0.0

0.7 3.9 · 10−2 0.2 1.00 -0.1 3 0.19 -0.3

1.0 8.0 · 10−2 0.2 1.00 -0.4 3 0.097 -5.7

0.01 8.0 · 10−6 1 1.00 0.0 4 0.98 0.0

0.1 8.0 · 10−4 1 1.00 -0.1 4 0.30 0.1

0.2 3.2 · 10−3 1 0.99 -0.2 4 0.097 1.6

0.5 2.0 · 10−2 1 0.97 -0.6 4 0.018 7.4

0.7 3.9 · 10−2 1 0.93 -1.2 4 0.009 6.8

1.0 8.0 · 10−2 1 0.88 -2.7 4 0.004 0.9

Table 5.1: Summary of the difference between the cross sections σFW × f∆M and σNWA for the
process pp → ν̃τ → eµ at

√
s = 8 TeV for several signal masses and couplings in the RPV ν̃τ

model. The mass window is fixed to ∆M = 5.5%×
√
s = 440 GeV. The placeholder λ stands for

λ′311 = λ312 = λ321. In the case Mν̃τ
< ∆M , the lower boundary of the mass window is set to

zero.

and 4 TeV. In order to allow for well-defined reinterpretations of the results of the eµ resonance
search, events entering the statistical interpretation of the observed invariant mass spectrum in
eµ events are therefore required to fall within Mres ±∆M , with ∆M = 5.5%×

√
s = 440 GeV, of

the resonance mass hypothesis tested.

5.1.2 QBH signal model

The QBH model and its implementation in CALCHEP are described in Ref. [93]. It is publicly
available at HEPMDB2.
The generator settings are the same as for the RPV ν̃τ model described above. The adjustable
model parameters are the number of extra dimensions n and the fundamental Planck mass, MD.
The threshold mass for QBH production, Mth, is fixed to MD. Events can be generated with the
fundamental Planck scale evaluated either in the PDG or RS convention introduced in Sec. 1.2.
Invariant mass spectra of eµ pairs from QBH decays normalized to unit area are shown in Fig. 5.3
(left) for different threshold masses Mth and a fixed number of extra dimensions n = 6 with
the Planck scale in the PDG definition. The shape of the distribution shows two characteristic
features: A sharp edge at the production threshold and an extended tail that falls off monotonously
towards higher masses. According to Eqn. 1.32, the partonic cross section for a fixed fundamental
Planck scale increases with the QBH mass MQBH =

√
ŝ as

σ̂QBH = πr2
s

(
MQBH, n

)
∼
(
MQBH

) 2
n+1 . (5.1)

This rise in the partonic cross section is however more than compensated by the falling proton
PDF. In contrast to the eµ resonance signal model with its localized peak around Mres, the thresh-

2The model has been implemented by Alexander Belyaev and Xavier Calmet, the HEPMDB model ID is
hepmdb:1113.0146 .
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Figure 5.3: Invariant mass distributions of eµ pairs from generated QBH signal samples.

old mass differs significantly from the median of the corresponding Meµ distribution; for n = 0 and
Mth = 500 GeV the median lies at about 880 GeV. The impact of the number of extra dimensions
on the shape of the invariant mass distribution from QBH decays is depicted in Fig. 5.3 (right)
for two different QBH threshold masses. For Mth = 0.5 TeV, the dependence of the shape on the
number of extra dimensions is more pronounced than for Mth = 2 TeV because at lower signal
mass the n-dependent evolution of the partonic cross section with the QBH mass has a larger
influence relative to the n-independent impact of the proton PDF.

5.1.3 Comparison of lepton kinematics in RPV ν̃τ and QBH signal events

This paragraph summarizes the differences in the signal cross sections and kinematics of generated
RPV ν̃τ and QBH signal events. Due to the absence of small coupling parameters in the QBH
signal cross section, Eqn. 1.32, the QBH model gives rise to cross sections of several fb at√
s = 8 TeV even for threshold masses Mth as high as 2 TeV. If QBH production were possible in

the Mth ∼ 100 GeV regime, it would already have been discovered at the Tevatron. The search
for events from QBH decays in the eµ invariant mass spectrum therefore focuses on the multi-
TeV region. For the RPV ν̃τ model with its potentially small Yukawa couplings, searches in the
Mν̃τ

∼ 100 GeV range are still relevant.
The differences in the shape of the invariant mass distributions have been described above. While
the resonance in the RPV ν̃τ model constitutes a generic signal shape and encourages a model-
independent analysis strategy, the invariant mass distribution of the QBH decay products has a
very model-specific shape. In the following, the focus is put on the comparison of the final-state
lepton kinematics and it is shown that the common event selection applied in the searches for
both signal models is appropriate.
Both the ν̃τ and QBH considered in this work are scalar objects, and it is verified in the signal event
samples generated with CALCHEP that the distributions of φ∗` and cos(θ∗` ), the angular variables
of the leptons in the rest frame of the eµ dilepton system, are flat. The pT and η distributions
of generated muons from the two different signals are compared in Fig. 5.4. In the signal models
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Figure 5.4: Transverse momentum and pseudorapidity distributions of muons in eµ pairs from
generated RPV ν̃τ (left) and QBH (right) signal samples.

considered here, the muon and electron kinematics at generator level coincide. While the RPV ν̃τ

signal exhibits the Jacobian peak with a maximum just below p`T = Mν̃τ
/2 followed by a sharp

edge characteristic for resonant production, the p`T spectrum from QBH mediated decays is more
symmetrically distributed around p`T = Mth/2 with pronounced tails extending to both lower and
higher transverse momenta. The η distributions of generated muons from the two different signals
both become more central with increasing signal mass as expected due to smaller relativistic boost
factors βz along the beamline (the rapidity plateau shrinks). Accordingly, the geometrical signal
acceptance, that is given by the fraction of generated signal events falling into the solid angle
defined by the η selection cuts on the leptons, increases.

The impact of finite width effects on the signal acceptance in the RPV ν̃τ model is described
in the next section. The detailed discussion of the signal selection efficiencies in the RPV ν̃τ and
QBH models follows in Sec. 5.3.
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(a) The signal acceptance A (Eqn. 5.2) of scalar
spin-0 resonances defined by the selection cuts
on pT and η applied on the leptons as a function
of resonance mass for different decay widths Γ.
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(b) Difference between the signal accep-
tance of the RPV signal model for cou-
plings λ = λ

′
311 = λ312 = λ321 and for

λ
′
311 = λ312 = λ321 = 0.01, illustrating a

narrow resonance with negligible influence of
finite width effects. In the upper panel, the
acceptance definition A (Eqn. 5.2) is used. The
lower panel shows the results for the acceptance
definition A∆M (Eqn. 5.3). Note that the scales
on the ordinates of the two plots differ by a
factor ten.

Figure 5.5: Impact of finite width effects on the acceptance of signal models with a spin-0 reso-
nance, exemplified by the RPV signal model. The different acceptances A and A∆M are defined
in the text. The term λ is used as a placeholder for λ′311 = λ312 = λ321.

5.1.4 Signal acceptance studies

The dependence of the signal acceptance on the decay width Γ for a spin-0 resonance is studied
based on generated RPV ν̃τ signal samples produced with CALCHEP with very large event counts.
It is shown that the restriction of the signal events to the invariant mass window Mres ±∆M
introduced in Sec. 5.1.1 reduces the impact of finite with effects, and thus the coupling-dependence
of the search strategy, significantly.
In what follows two different definitions of the signal acceptance, denoted A and A∆M , are used:

A = Number of events with leptons passing pT and η cuts
Number of generated events (5.2)

A∆M = Number of events within Mres ±∆M with leptons passing pT and η cuts
Number of generated events within Mres ±∆M . (5.3)

As shown in Fig. 5.5 (left), the signal acceptance A exhibits a strong dependence on the decay
width. At Mres = 200 GeV, the relative difference in A between a narrow resonance with a relative
decay width of order 10−5 and a resonance with a relative decay width of 4% amounts to 2.5%,
Fig. 5.5 (right, upper panel). This relative difference increases to about 25% at Mres = 4 TeV.
The strong dependence of the acceptance on the decay width at high resonance mass is removed
when restricting the signal events to the invariant mass window Mres ±∆M as presented in
Fig. 5.5 (right, lower panel). For Mres = 4 TeV, the relative difference in the acceptances A∆M of
the resonant signals with relative decay widths 10−5 and 4% is reduced to the sub-percent level.
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5.2 Simulation of signal events

For the simulation of RPV and QBH signal events, the parton-level events produced with the
CALCHEP generator using the CTEQ6L PDF set are forwarded to PYTHIA (v. 6.426) [211] for
showering and hadronization with the underlying event tune Z2*, and are processed through a
full simulation of the CMS detector based on GEANT4 (v. 9.4) [165]. The PYTHIA tune Z2* is
derived from the Z1 tune described in Ref. [212], but uses a different PDF set, CTEQ6L.

Further information on the signal simulation is given in App. C. The parameter points for
which samples have been produced are listed there in Tabs. C.2 and C.3 for the RPV ν̃τ signal
and in Tab. C.1 for the QBH signal.

5.3 Signal efficiency of the event selection

In this section, the impact of the event selection outlined in Sec. 4 on the signal events is studied.
The terms full selection efficiency and acceptance times efficiency, A×ε, are used interchangeably
in the following. The investigation starts from the simulated signal samples described above and
the resulting simulated selection efficiencies. The latter are then corrected to the efficiency values
measured in data by the so-called data-to-simulation scale factors, SF, introduced in Sec. 4.5
that are determined binned in lepton pT and η. For this correction, the same factorization of
efficiencies as in the efficiency measurement is used, i.e. in ascending order of the efficiencies
determined relative to one another:

A× ε = A× εe × εµ = A× (εeReco ε
e
Id)×

(
εµId ε

µ
trigger

)
. (5.4)

The efficiency correction via SFs is introduced on an event-by-event basis by assigning an event
weight wSF equal to the product of the corresponding four efficiency scale factors evaluated for
the pT (ET) and η values of the selected muon (electron) in the event:

A× ε =
∑Npass
j=1 wSF (j)
Ntot

=
∑Npass
j=1 wSF (j)
Npass

×A× εMC , (5.5)

where j is an index running over the events passing the selection, Ntot denotes the number of
simulated events for the signal sample under study and Npass stands for the number of events in
the sample passing the event selection. The acceptance is defined by kinematic cuts on the leptons
at generator level after final state radiation of peT ≥ 35, |ηe| ≤ 1.442 or 1.56 ≤ |ηe| ≤ 2.5 for the
electron; and pµT ≥ 45, |ηµ| ≤ 2.1 for the muon.

5.3.1 RPV ν̃τ signal model

As shown in Sec. 5.1.4, the signal acceptance of the spin-0 resonance search becomes in good
approximation independent of the resonance decay width when the search is restricted to a suitable
invariant mass range around the resonance peak. Therefore the discussion of the signal acceptance
and selection efficiency for the RPV ν̃τ signal can be restricted to the narrow resonance case with
λ′311 = λ312 = λ321 = 0.01 . In Fig. 5.6 (left) the acceptance A defined in Eqn. 5.2 is presented.
Up to Mν̃τ

= 500 GeV, it exhibits a steep increase to 79.5% from 23.5% at Mν̃τ
= 100 GeV,

where the loss in acceptance is still driven by the pT requirements removing events close to the
Jacobian peak shown in Fig. 5.4 (left). For signal masses above 500 GeV, the impact of the pT
cuts on the signal acceptance is negligible and the further increase in acceptance towards higher
masses is a result of the shrinking rapidity plateau. As the η distributions of the leptons become
more and more central, the slope of the acceptance curve falls steadily but remains positive. From
Mν̃τ

= 1 TeV to Mν̃τ
= 2.6 TeV it rises from 89.0% to 93.2%.

The shape of the full selection efficiency in Fig. 5.6 (left) displays the same key characteristics as
the acceptance: After a rise from 15.0% at Mν̃τ

= 100 GeV to 64.5% at Mν̃τ
= 1 TeV it reaches a
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Figure 5.6: Signal acceptance and selection efficiencies for the RPV ν̃τ model as a function of
Mν̃τ

. All efficiencies shown are defined as the fraction of events passing the indicated selection
requirements relative to the total number of simulated events in the corresponding MC sample.

plateau, varying within ±1.5% for higher masses. In contrast to the acceptance however, the total
acceptance times efficiency does exhibit a small negative slope at signal masses above 1.5 TeV due
to the decline of the single-muon trigger efficiency for muon momenta in the TeV range.
In the following, the efficiencies of the individual steps of the selection obtained from the simulated

signal samples are discussed. The efficiency measurements based on the tag-and-probe method
at the Z peak, that are described in Sec. 4.5, only extend to p`T = 300 GeV. For lower transverse
momenta, the simulation has been found to be in good agreement with the measured efficiency
values. Given that the transverse momenta of most leptons from the resonance decay fall in the
vicinity of the Jacobian peak at Mν̃τ

/2, one has to rely on the simulation for the description
of the individual selection efficiencies for resonance masses Mν̃τ

& 600 GeV. Starting from the
information at parton level in the simulated events, the efficiencies are defined relative to each
other starting from the lepton reconstruction to the lepton identification and the trigger efficiency.
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1. Lepton reconstruction efficiency εreco
For the lepton reconstruction efficiencies, a match within ∆R = 0.1 between a generated
lepton from the resonance decay in the acceptance and a corresponding muon candidate
in the RECO muon collection or an electron candidate in the GSF electron collection is
required. The efficiency is then defined as the fraction of generated electrons or muons in
the acceptance with a matching reconstructed lepton candidate.

2. Lepton identification efficiency εid
The lepton identification efficiencies are defined as the fraction of reconstructed lepton can-
didates selected in the step above that pass the full lepton selection including the isolation
requirement.

3. Trigger efficiency εtrigger
The trigger efficiency is the fraction of selected muons that fire the single-muon trigger.

4. Selection efficiency εsel
Total selection efficiency for events falling into the acceptance.

The reconstruction and identification efficiencies of the dilepton system are shown together with
the trigger efficiency and the total selection efficiency of events falling into the acceptance as a
function of the signal mass Mν̃τ

in Fig. 5.7. While the variation with signal mass of the dilep-
ton reconstruction and identification efficiencies above Mν̃τ

= 300 GeV does not exceed 1%, the
trigger efficiency falls off steadily towards higher masses from 87% at Mν̃τ

= 300 GeV to 82%
at Mν̃τ

= 2.4 TeV. The single-muon (L1) trigger efficiency is affected by electromagnetic show-
ers within the muon system, which can result from radiative processes off high-pT muons in the
iron return yoke. The emission probability of hard bremsstrahlung off a muon rises with increas-
ing muon pT and is responsible for the decline of the total selection efficiency εsel from 73% at
Mν̃τ

= 500 GeV to 69% at Mν̃τ
= 2.4 TeV, that is visible in Fig. 5.7. As pointed out above, the

effect of this moderate decline of the efficiency εsel on the total acceptance times efficiency is eased
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by an increase in signal acceptance towards higher masses.
Given that the evolution of the efficiency towards signal masses in the multi-TeV range is taken
from MC simulations, the assigned systematic uncertainty is supposed to cover the full variation
in εsel of 4% found for Mν̃τ

≥ 500 GeV (Fig. 5.7, grey open squares). As shown in Fig. 5.6 (right),
the propagation of the uncertainties in the data-to-simulation scale factors, which are large for
high lepton pT, to the selection efficiency fulfills this requirement. This uncertainty in A× ε covers
the difference between the values obtained directly from the simulation and the result after the
application of the data-to-simulation scale factors; i.e. the combined scale factor is compatible
with unity within the uncertainties for high signal masses.

In the narrow resonance search it is crucial to scan the invariant mass spectrum with a fine
spacing of the probed signal hypotheses that is smaller than the detector resolution. Producing
simulated signal samples for each of these masses is resource- and time-consuming, and unnecessary
given the generic signal shape. The acceptance times efficiency is thus fitted with a phenomeno-
logical function to obtain a parameterization that can be evaluated for each desired signal mass.
The fit range starts at the lower bound of the search region in invariant mass, Mν̃τ

= 200 GeV,
and extends up to the highest signal mass for which a simulated sample has been produced,
Mν̃τ

= 2.6 TeV. The chosen parameterization with the resulting fit parameters reads

A× ε
(
Mν̃τ

)
= 0.76− 86.9/

(
61.4 +Mν̃τ

/GeV
)
− 3.3× 10−5 Mν̃τ

/GeV , (5.6)

and is compared to the mass points included in the fit in Fig. 5.6 (left). The fit is carried out using
the implementation of MINUIT in ROOT [213], taking into account the statistical uncertainties in
the acceptance times efficiency and yields χ2/ndf = 19.6/18 . The same functional form is used in
the fits that define the envelope of the systematic uncertainty in the efficiency in Fig. 5.6 (right).

5.3.2 QBH signal model

In contrast to the resonance search, the QBH signal has a pronounced tail towards higher masses
and the invariant mass spectrum does not have to be scanned with very small step sizes. Thus,
no parameterization of the acceptance times efficiency or the signal shape is carried out for this
signal and these informations are directly obtained from the simulated samples after applying the
corrections to the efficiencies described above. The signal mass dependence of the acceptance and
full selection efficiency is presented in Fig. 5.8 for the QBH signal with n = 0. The key features are
similar to those of the acceptance for the RPV ν̃τ signal, namely the rise in acceptance towards
higher masses and the slight decline in the overall selection efficiency due to the loss in trigger
efficiency. Due to the dependence of the kinematics of the final state leptons on the number of
extra dimensions, the acceptance times efficiency can vary by about 1% for a given signal mass
Mth when different numbers of extra dimensions are considered. The acceptance and full selection
efficiencies are compared for n = 0 and n = 6 in Tab. 5.2.
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Table 5.2: Comparison of the acceptance A as defined in Eqn. 5.2 and the full selection efficiency
A × ε for various QBH threshold masses. The values are given for QBH signals with n = 0 (left
set of columns) and n = 6 (right set of columns).

QBH n = 0 A A× ε QBH n = 6 A A× ε

Mth = 0.5 TeV 0.85 0.61 Mth = 0.5 TeV 0.82 0.60

Mth = 1.0 TeV 0.90 0.63 Mth = 1.0 TeV 0.89 0.64

Mth = 2.0 TeV 0.93 0.64 Mth = 2.0 TeV 0.93 0.65

Mth = 3.0 TeV 0.94 0.63 Mth = 3.0 TeV 0.94 0.64

Mth = 3.5 TeV 0.94 0.63

Mth = 4.0 TeV 0.94 0.63

5.4 Invariant mass resolution

The invariant mass resolution is one of the key numbers for shape-based searches for new physics
in mass spectra. Among the two signal models considered in this work, an appropriate modelling
of the detector resolution is most important in the narrow resonance search, where the signal line
shape, i.e. the width of the peak around the resonance mass and the extend of the tails further
away from it, is dominated by the detector effects. In contrast, the wide tail above the threshold
mass of the QBH signal on display in Fig. 5.3 is mainly defined by the interplay between the mass
dependence of the partonic cross section and the proton PDFs, and the detector resolution plays
a subleading rôle. The following discussion therefore focusses on the narrow resonance line shape.
In this context, the eµ invariant mass resolution and its systematic uncertainty are discussed and
these general results are also used in the QBH search.

The eµ invariant mass resolution is obtained from the signal simulation. Since the most
critical component in the eµ invariant mass resolution is the muon pT resolution, the focus is
put on the muon in the eµ pair in the following rather than on the electron. One aspect of
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the signal simulation that is of particular importance for the muon pT resolution is the assumed
(mis)alignment scenario for the tracker and the muon system. The scenario used in the simulated
signal samples, referred to as the baseline misalignment3, is based on an alignment obtained from
cosmic ray muon data collected during the Cosmic Run At Four Tesla (CRAFT) [214]. The
muon Meµ resolution obtained from simulations with this muon misalignment is compared to
that from simulated samples using a different alignment scenario, which is closer to an ideally
aligned detector, in Sec. 5.4.1.

A data-driven study of the muon pT resolution at high muon momenta is carried out using
cosmic ray data recorded with the CMS detector in the 2012 data-taking period in Sec. 5.4.2.
Within the uncertainties, agreement between this measurement and the expectation from simu-
lated samples is found up to the highest muon momenta probed and the usage of the signal MC
for the extraction of the signal shape is thus supported.
To the end of extracting the eµ relative invariant mass resolution from simulated samples, the
relative residual Rres = (M reco

eµ − Mgen
eµ )/Mgen

eµ is fitted, where Mgen
eµ is the generated eµ mass

and M reco
eµ the corresponding value after reconstruction of the leptons. The distributions of this

residual are shown for simulated samples with Mν̃τ
= 200 GeV and Mν̃τ

= 1.5 TeV in Fig. 5.9.
Two different fit functions are used to illustrate the key features of the relative invariant mass
resolution; a Gaussian fit with a constrained fit range and a double-sided Crystal ball (CB) fit.
For the Gaussian fit, a first fit iteration is carried out in the wide fit range Rres ∈ [−0.5, 0.5] and
the resulting width σfull is used to constrain the fit range in the second iteration of the Gaussian
fit to Rres ∈ [−2σfull, 2σfull]. As shown in Fig. 5.9, the width σ of the constrained Gaussian fit is a
good measure of the core resolution, whereas this fit significantly underestimates the tails of the
Rres distribution. Therefore, the piecewise-defined, two-sided CB function, fCB, is used to model
both the Gaussian core resolution and the tails at lower and higher values of Rres. It is given by

fCB (Rres) =



A0 × exp
(
−
(
Rres−R

0
res
)2

2σ2
CB

)
, −|αL| <

Rres−R
0
res

σCB
< |αR|

A0 ×BL
(
CL −

Rres−R
0
res

σCB

)−nL
, Rres−R

0
res

σCB
≤ −|αL|

A0 ×BR
(
CR + Rres−R

0
res

σCB

)−nR
, Rres−R

0
res

σCB
≥ |αR|

(5.7)

where Bx =
(
nx
|αx|

)nx
exp

(
−|αx|

2/2
)

and Cx = nx
|αx|

− |αx| , x ∈ {L,R} ,

with one normalization parameter A0 and six parameters defining the shape, namely the width of
the central Gaussian σCB and its central value R0

res, plus two parameters describing each tail; the
values αL,R marking the transitions from core to tail and the exponents nL,R . The double-sided
CB fit to the signal MC is carried out in the fit range Rres ∈ [−0.5, 0.4] and describes the tails
of the Rres distribution well within the statistical uncertainties in the simulated event yields, as
shown in the ratio plots in Fig. 5.9, and expressed by the χ2/ndf of the fits, 79/80 and 117/121,
for Mν̃τ

= 200 GeV and Mν̃τ
= 1.5 TeV, respectively.

The resulting core resolution σCB is presented as a function of resonance mass in Fig. 5.10 (left). It
is compared to the width of the constrained Gaussian fit to illustrated the impact of the choice of
fit function. The relative invariant mass resolution increases from 1.4% at Mν̃τ

= 200 GeV to 5.7%
at Mν̃τ

= 3 TeV, driven by the rising relative resolution of the muon track’s curvature. In order
to parameterize the signal shape, the resolution σCB is fitted in the range Mν̃τ

∈ [0.2 TeV, 3 TeV]
with a second-degree polynomial. The result reads

σCB(Mν̃τ
) = 9.6× 10−3 + 2.1× 10−5

(
Mν̃τ

/GeV
)
− 1.8× 10−9

(
Mν̃τ

/GeV
)2

. (5.8)

The resolution of the inverse muon pT and the electron ET, derived in an analogous manner as the
invariant mass resolution, is given in Fig. 5.10 (right). This comparison underlines the importance

3More information about the slightly different muon misalignment scenarios used in the production of the signal
samples is given in App. C.
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Figure 5.9: Distributions of the relative residual Rres obtained from signal simulations with
Mν̃τ

= 200 GeV (left) and Mν̃τ
= 1.5 TeV (right). Two different fits to the simulated distribu-

tions are compared; the double-sided CB fit and the Gaussian fit with restricted fit range. The
uncertainty bars represent the statistical uncertainty in the simulated event yields, which are taken
into account in the fits.

of the muon pT resolution, which is expected to rise approximately proportional with the muon pT
in contrast to the electron ET resolution that is dominated by the constant term of the ECAL at
high electron energy. The linear evolution of the muon pT resolution is obscured by the choice of
the simulated samples from which the curve in Fig. 5.10 is obtained. It represents the resolution
averaged over the η values of the muons in each pT bin. However, the muon pT resolution varies
significantly between the endcap and the barrel part of the muon system. In the signal kinematics,
lower pT values correspond to a lower signal mass and therefore a wider η distribution. The pT
dependence of the muon pT resolution is closer to the expected linear behaviour when only muons
in the barrel part of the muon system are considered.

5.4.1 Impact of the alignment on the muon pT resolution

The Meµ resolution in Eqn. 5.8 is derived from simulations using a CRAFT-based muon alignment
(the so-called C1 misalignment). This alignment is assumed to lead to a conservative estimate
of the muon pT resolution because the understanding of the detector alignment has improved
after studies using pp collision data from the 2011 data taking period. In order to test how an
improved alignment would impact the Meµ resolution, simulated eµ resonance samples have been
produced with an alignment that assumes the detector components to be randomly displaced from
their positions in an ideally aligned detector within the statistical uncertainties in the alignment
parameters obtained from the studies including 2011 collision data. The corresponding misalign-
ment scenario is referred to as the optimistic misalignment (or C2 misalignment). Simulated
samples for the resonant production of eµ pairs with this optimistic misalignment scenario have
been produced by Thomas Reis and the resulting Meµ resolution is documented in Ref. [39]. The
relative difference in the mass resolution obtained with the C1 and C2 misalignment scenarios,
(σC1
M − σ

C2
M )/σC1

M ≡ ∆σalign/σ
C1
M , varies from 2% at a resonance mass of 500 GeV to about 25% at
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in each bin.

Figure 5.10: Relative resolution of the eµ invariant mass (left) and lepton pT (right) derived
from double-sided CB fits to simulated signal samples. The vertical uncertainty bars represent the
uncertainty in the fit parameter σCB obtained from the fit.

2 TeV and 45% at 4 TeV. This difference is used as an estimate of the systematic uncertainty in
the width of the signal shape (peak in Meµ) in the statistical interpretation of the eµ resonance
search that is reported in Sec. 10.

The impact on the selection efficiency (Sec. 5.3) of simulating the signal events with the
different muon misalignment scenarios is much smaller than that on the muon pT and Meµ reso-
lutions; differences do not exceed the 1% level and are covered within the uncertainties shown in
Fig. 5.6 (right).

5.4.2 Intermezzo: Muon pT resolution from cosmic ray muons

Muons from cosmic ray air showers that traverse the CMS detector have been used for detector
alignment and to assess the performance of the CMS muon reconstruction, including the muon pT
resolution, once the detector was assembled in 2008 [215]. Such studies ought to be repeated each
time the detector is opened for interventions and reassembled. For the 2012 data taking period,
the study of the muon pT resolution presented in this paragraph has been carried out by Matthias
Endres and the author using the methods developed earlier by others in the CMS collaboration,
and in particular codes written by Jordan M. Tucker [216].
The aim of this study is twofold, as dictated by the expectation from the resonance signal shape
described above: First, it is intended to verify that the detector simulation correctly describes the
Gaussian core resolution. Secondly, it has to be confirmed that the distribution of the measure of
the muon pT resolution (R(q/pT) defined below) exhibits no unexpectedly large tails, that would
result from gross mismeasurement of the track curvature and may indicate imperfections in the
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track reconstruction.
In order to work with reconstructed muon tracks similar to those from pp collisions, which originate
from the beamspot, only cosmic ray muons that traverse the silicon pixel detector are considered
in the analysis. The great majority of these cosmic ray muons pass through the central barrel
part of the muon systems which is equipped with DT chambers and RPCs. Therefore, this study
of the muon pT resolution is restricted to the central part of the detector |ηµ| . 1, and cosmic
muon trajectories with hits in the CSC chambers are rejected. To the end of checking the signal
simulation, this angular constraint is acceptable because the BSM signal models considered here
produce central high-pT muons (Fig. 5.4). The data samples used have been collected during
the commissioning and the inter-fill periods of the LHC in the 2012 data-taking period and are
summarized in App. D together with the list of simulated cosmic muon MC samples, which invoke
the CMSCGEN generator [217,218]. In the used data samples, the inner tracking detectors and
the DT chambers are required to be fully operational (declared good by the CMS data quality
monitoring). Data have been collected with two different operation modes of the tracker front-end
electronics, the peak and deconvolution modes [219]. For the TuneP muon pT assignment, similar
resolutions are obtained for both datasets and only the results based on the peak mode dataset,
which includes the higher number of recorded events, are presented in the following. In order to
reduce the size of the initial datasets and MC samples, a preselection is applied which requires
the events to contain so-called superpointing muons that pass a cylindrical volume around the
nominal beamspot defined by z = ±50 cm and Rxy = 10 cm.
To the end of measuring the resolution, the hits of the cosmic muon track traversing the entire
detector are divided into two sets, one in the upper hemisphere of the detector, the other in the
lower hemisphere, and a global muon track reconstruction is applied to both sets, yielding an
upper track with transverse momentum pupper

T and a lower track with plower
T . The resolution is

then obtained from the distribution of the relative residual [215]

R(q/pT) = (q/pupper
T )− (q/plower

T )
√

2 (q/plower
T )

(5.9)

in bins of plower
T . The factor

√
2 in the denominator reflects the assumption that the two recon-

structed tracks are independent. The following muon identification criteria are applied to both
tracks in selected events:

• The track segments in the inner tracking detector and the muon system can be matched to
form a global muon.

• The track traverses at least one pixel layer.

• The track traverses at least eight layers of the silicon strip tracker.

• At least one valid hit in the muon system remains in the global track fit.

• All refits of the muon tracks intended for high-pT muons are successful (see Sec. 3.2.1).

To ensure that the two tracks originate from one muon, they are required to fall within |∆θ| < 0.05
and |∆φ| < 0.1. After this selection, 16188 events remain, 56 of which contain a muon with
plower

T ≥ 500 GeV. The requirement of a pixel hit in each track reduces the number of selected
events by about a factor 5, and restricts the longitudinal impact parameter with respect to the
nominal beamspot, |dz|, to about 25 cm as presented in Fig. 5.11 (right). The distribution exhibits
the expected sharp edge at the boundary of the barrel pixel detector and two peaks close to the
position of the two pixel endcap disks at z = ±34.5 cm and z = ±46.5 cm. Figure 5.11 (left) shows
the comparison of the φ distributions of the track reconstructed in the lower half of the detector
in cosmic data and the MC simulation. The symmetry of the φ distribution around φ = −π/2 is
broken by the charge asymmetry of atmospheric muons, with more muons carrying positive than
negative electric charge [220].
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Figure 5.11: Comparison between data and simulation of track variables of muon tracks from
cosmic ray events reconstructed in the lower half of the CMS detector. The areas of the histograms
obtained from simulated events are scaled to those of the histograms representing the measured data.

 )
T

R ( q / p
0.2− 0.15− 0.1− 0.05− 0 0.05 0.1 0.15 0.2

E
ve

nt
s 

/ b
in

0

5

10

15

20

25

30

35

40

45

Cosmics data

Gaussian fit
Constrained

Cosmics MC

Figure 5.12: Distribution of the relative residual R(q/pT) for selected cosmic ray events in the
muon pT bin 200 GeV ≤ plower

T ≤ 350 GeV. The area of the histogram obtained from simulated
events is scaled to that of the histogram representing the measured data. The fit curve shows the
constrained Gaussian fit to the data.

Two measures of the muon pT resolution are considered: the RMS of the residuals R(q/pT) and the
Gaussian core resolution from constrained Gaussian fits to R(q/pT) distributions, both evaluated
in bins of plower

T . The constrained Gauss fits are carried out as explained in Sec. 5.4. To give
an example, the R(q/pT) distributions obtained from MC and from data in the muon pT bin
200 GeV ≤ plower

T ≤ 350 GeV are compared in Fig. 5.12. The results for the muon pT resolution as
a function of plower

T are presented in Fig. 5.13. The RMS of the residuals R(q/pT) in Fig. 5.13 (left)
is sensitive to the tails of the distribution. In the region below plower

T . 350 GeV, with high event
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Figure 5.13: Comparison between cosmic ray data and MC for two measures of the resolution in
the relative residual R(q/pT) defined in Eqn. 5.9, evaluated in bins of plower

T . The position of the
data points on the abscissa indicates the mean value of the plower

T distribution in the bin according
to the simulation and the horizontal bars indicate the bin width.

yields observed in data, agreement is observed between data and simulation. For higher muon
transverse momenta, data and simulation do not agree within the statistical uncertainty, but the
observed RMS values are below the expectation, and there is no indication of unexpectedly large
tails. The Tune P muon pT assignment is used and in addition the pT of the inner track is shown
above plower

T = 200 GeV. As predicated by the simulation, the tails of the R(q/pT) distribution
are wider when the information from the track segments in the muon system is not included at
such high transverse momenta. Figure 5.13 (right) shows the standard deviations obtained from
constrained Gaussian fits to the R(q/pT) distributions binned in plower

T . For this measure of the
core resolution, agreement between the observation and the simulation is obtained within the
uncertainties. The measured resolution ranges from about 1.5% at plower

T = 100 GeV to about 6%
at plower

T = 770 GeV.
In conclusion, no evidence for an underestimate of the tails of the muon pT resolution in the MC
simulation is found in this measurement and the detector simulation reproduces the core resolution
observed in data. This supports the modeling of the signal shape from simulated samples described
in Sec. 5.4, for which a correct description of the muon pT resolution is essential.

Modelling of narrow eµ resonances in the invariant mass spectrum

In the statistical interpretation of the eµ resonance search that is the subject of Sec. 10.2, the
signal shape is approximated by a Gaussian distribution with width σCB from Eqn. 5.8. The bias
introduced by this approximation in the obtained significances and exclusion limits is found to
be negligible when using the results obtained with the invariant mass distribution from simulated
signal samples as the reference.
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Chapter 6

Description of SM background
processes

6.1 Backgrounds involving a prompt eµ pair

This chapter serves two purposes: First, basic aspects of the dominant SM background processes
that involve prompt eµ pairs are introduced. The background estimates for these processes are
obtained from simulated samples. Second, some information is presented about the event genera-
tion for the individual background components and the event simulation. The top pair production
and W boson pair production are treated in more detail than the other backgrounds because they
constitute the most important background contributions and because simulated samples have been
produced in the context of this work to extend the background estimate at large values of Meµ
for these two processes.

The simulated background samples are produced with different event generators, at differ-
ent accuracy in perturbation theory, utilizing different PDF sets. This information is given in
Tabs. C.5, C.6, and C.7 in App. C that list the background samples, including their names in the
CMS data aggregation system (DAS) [170]. All utilized background samples use PYTHIA (v. 6.426)
for showering and hadronization with the underlying event tune Z2* and are processed through
a full simulation of the CMS detector based on GEANT4 (v. 9.4). If not stated otherwise, the
background samples have been produced centrally by others in the CMS collaboration.

6.1.1 Backgrounds involving top quarks

Parts of this summary are inspired by a review article on top physics studied at the LHC in pp
collisions at

√
s = 7 TeV [221].

Top quark pair production

Top quark/antiquark pairs are produced via the strong interaction at the LHC. The diagrams
contributing to top pair (tt) production in pp collisions at tree level are summarized in Fig. 6.1.
For
√
s = 8 TeV, about 80% of the LO O(α2

S) cross section stem from the gluon-gluon initiated
subprocess and quark-antiquark annihilation accounts for 20%. The LO cross section receives
sizeable higher-order corrections that have been calculated up to exact NNLO O(α4

S) accuracy in
fixed order [222]; additionally soft-gluon resummation is included to NNLL accuracy [222,223]. An
evaluation of the

√
s = 8 TeV top pair production cross section with the Top++ program [224] using

the MSTW2008NNLO(68cl) PDF set [125, 225] yields fixed order cross sections of 145 pb (LO),
214 pb (NLO), and 239 pb (NNLO) for mt = 173.3 GeV and the renormalization and factorization
scale choice µren = µfac = mt . At NNLO+NNLL accuracy, the result reads [222]

σtt = 245.8 +2.5%
−3.4% (scales) +2.5%

−2.6% (PDF) pb . (6.1)
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Figure 6.1: Leading order diagrams for top pair production in pp collisions.

These numbers do not include electroweak corrections. A brief summary of the electroweak
corrections is given in the following, all values are presented as relative corrections to the LOO(α2

S)
cross section. The QED corrections at NLO including interference terms with QCD amplitudes
(mixed QCD-QED corrections O(α2

Sα)) have been studied in Ref. [226] prior to LHC data taking
for pp collisions at

√
s = 14 TeV. Their effect on the integrated cross section is small, at the

1% level. A suppression by 5% is found in the tail of the differential cross section dσ/dpt
T at

p
t
T = 2.5 TeV, but the QED corrections remain at the 1% level when the

√
ŝ dependence of the tt

cross section is considered. The non-photonic mixed QCD-weak corrections O(α2
Sα), calculated

for example in Refs. [227, 228] (
√
s = 14 TeV LHC) and Ref. [229] (

√
s = 8 TeV LHC), are

larger. Again, the impact on the integrated cross section is just a reduction of about 2% [229]
because most tt events are produced close to threshold where the electroweak corrections are
small. However, the negative contribution to the cross section by large Sudakov logarithms at
high pt

T and Mtt leads to a sizeable suppression in the tails of the corresponding differential cross
sections. For the cross section dσ/dpt

T, the electroweak corrections read -7% at pt
T = 500 GeV

and -13% at pt
T = 1 TeV. The cross section as a function of Mtt receives corrections of -4% at

Mtt = 1 TeV and -7% at Mtt = 2 TeV [229].
In this work, the tt background simulation is not corrected for the mentioned electroweak

effects. It is emphasized however that the expected size of the electroweak effects from a few
percent on the integrated cross section to the 10% ballpark in the tails of differential distributions
is covered comfortably by the uncertainties applied to the tt background estimate, see Sec. 8.1.3.

Top quarks decay almost exclusively into a W boson and a b quark. The reason is twofold:
First, the large mass of the top quark leads to a fast weak decay with a lifetime τt ≈ 5× 10−25 s.
This is about one order of magnitude smaller than the timescale of hadronization 1/ΛQCD, such
that the top quark decays as a bare quark. Second, the CKM matrix element |Vtb | is close to
unity, |Vtb |

2 � |Vtd |
2 , |Vts |

2.
Top pair production results in final states with a high-pT electron and muon primarily via lep-

tonic decays of the two W bosons that carry opposite electric charge, as depicted in Fig. 6.1 (left).
A further source of charged leptons are the decays of B hadrons within the b jets from the top
quark decays. These result in non-prompt leptons with softer pT spectra than the prompt leptons
from W boson decays.

The simulation of the tt background at NLO in pQCD that is used in this work is based on
event generation with the POWHEG method. A short description of this approach is in order because
it is used for the dominant background contributions obtained from simulated samples (tt, WW,
single top tW production). The POWHEG method [230, 231] is a prescription for the combination
of the total rate from a full NLO calculation with the emission of one additional parton at LO by
parton showering (PS) programs (NLO+PS approach). To this end, the O(αS) contribution from
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the shower has to be removed from the NLO matrix element. The POWHEG-BOX [232] is a software
framework that, starting from a NLO cross section calculation as input, provides this subtraction
according to the POWHEG method. In the following, the term generated with POWHEG is used to
describe the production of parton level events provided in LHE format by the POWHEG-BOX that
are ready to be processed by parton shower programs in the CMSSW framework. If a version
number is provided, it indicates the used version of the POWHEG-BOX and if a citation is added, it
indicates the publication associated with the implemented NLO cross section calculation.

The tt background samples used in this work are based on event generation with POWHEG
(v. 1.0) [233] and the CT10 [234] NLO PDF set. The corresponding cross section obtained without
applying cuts at parton level is 211 pb in good agreement with the NLO result obtained from
Top++. Since the full NNLO cross section is however more than 10% larger than that obtained
at NLO, it is used for the scaling of the simulated tt background yield to luminosity. Apart
from the tt bulk sample that does not involve cuts on the final state particles, two background
samples with cuts at parton level of 700 GeV < Mtt < 1 TeV and Mtt > 1 TeV, respectively, are
used to enrich the tail of the Mtt distribution with simulated events. The samples are combined
by applying the corresponding cuts to the generated tt pair and scaling the POWHEG cross sections
of the Mtt-binned samples up by the ratio of the full NNLO cross section to the NLO tt cross
section. An additional tt background sample is produced in the context of this work in order to
improve the number of simulated events at high Meµ . It uses the settings of the other POWHEG
tt samples with one exception: the decays of the W+W− pair are forced to result in an e±µ∓
final state. LHE files with a total of 40 million tt → bb e±µ∓νν events are produced and filtered
by requiring the cut Meµ > 600 GeV. About 35000 events remain and are processed through
hadronization and the full detector simulation. The cross section for the scaling of this tt high-
mass tail sample is 5 fb. The tail sample is matched to the other tt samples by removing
events with Meµ > 600 GeV at generator level from the latter. The reduction in the statistical
uncertainty of the background expectation at high Meµ is visible in Fig. 6.2. From Meµ = 100 GeV
to Meµ = 1 TeV, the differential cross section dσtt/dMeµ drops by almost five orders of magnitude.

Figure 6.2: Comparison of the Meµ spectra of reconstructed eµ pairs after the event selection
that have been obtained from the t t bulk sample only (black) and from the combination of all t t
background samples (red). The distributions are scaled to an integrated luminosity of 19.7 fb−1.
The vertical bars on the data points represent the statistical uncertainty.

The pT and η distributions of prompt muons from W boson decays in tt events are shown
in Fig. 6.3 for an inclusive tt sample and the tail sample with its cut on Meµ . The prompt
leptons in tt events are typically produced centrally in the detector and the η distribution peaks
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Figure 6.3: Normalized distributions of kinematic variables of leptons in generated t t events
without pT and η cuts applied to the leptons at parton level. The inclusive sample is shown in
black and the tail sample with a cut of Meµ > 600 GeV is shown in red.

at zero. When requiring high Meµ , more leptons are produced in the forward direction and the
η distribution develops two maxima while the region around η = 0 is depleted. The mass cut
enhances decay topologies in which the two lepton momenta exhibit a back-to-back orientation,
resulting in a growing pseudorapidity gap as shown in Fig. 6.3 (right). The efficiency of the
pseudorapidity cuts on the leptons thus decreases with increasing eµ mass. This behaviour is
opposite to that observed for signal events for which the η distributions become more central with
increasing signal mass and corresponding higher Meµ . The lepton pT spectrum from tt events
(Fig. 6.3 (left)) is much harder after the Meµ cut is applied and its maximum is shifted from about
30 GeV to above 100 GeV, well above the cuts on the transverse momenta of the leptons.

Single-top production

The production of single top quarks proceeds via the electroweak interaction and the vertex
Wtb with CKM matrix element Vtb . The amplitudes contributing to single top production can
be sorted into three different production channels, the t−, s−, and tW−channels. While the
t−channel exchange comes with the largest cross section at the LHC (56 pb for t and 31 pb for
t production [235]), the focus is put on the tW channel in the following because it is the most
relevant for the eµ analysis. In the massless or 5-flavour scheme, in which the b and b quarks
in the initial state are treated as originating from the proton sea, the LO O(ααS) contributions
to the cross section of tW production are represented by the Feynman diagrams in Fig. 6.4, that
also include the decays of the W bosons that lead to the final state of interest.

Due to the b(b)g initial state, the cross sections for tW− and tW+ in pp collisions are the
same and for

√
s = 8 TeV they read at NLO+NNLL accuracy in pQCD [235]:

σtW− = σtW+ = 11.1± 0.3 (scales)± 0.7 (PDF) pb , (6.2)

for mt = 173 GeV. The single top tW process can lead to a prompt eµ pair in the final state
when both W bosons decay leptonically as depicted in Fig. 6.4.

The simulated background samples for tW− and tW+ production are based on events gener-
ated with POWHEG (v. 1.0) [236] at NLO in pQCD using the CTEQ6M [58] PDF set. Next-to-leading
order real corrections to single-top tW− production O(αα2

S) interfere with tt production at LO
with subsequent decay of the top antiquark [237]. Therefore, a separation of the two processes
(here: into two background samples) at NLO accuracy is non-trivial. Two schemes to remove
contributions in the NLO calculation of the tW process have been developed [238] and both are
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Figure 6.4: Leading order diagrams for single-top tW production and subsequent decay into a
final state containing a prompt eµ pair.

implemented in POWHEG [236]. In the diagram removal (DR) scheme, all doubly-resonant diagrams
are excluded from the amplitude, whereas tt contributions are removed at the cross section level
in the diagram subtraction (DS) scheme. The tW background samples used in this analysis em-
ploy the DR scheme. Only events with leptonic decays of the two W bosons in the final state are
produced. The resulting cross section for the tW− →W+W− b → `+ν` `

′−ν `′ b sample reads
1.12 pb, in O(5%) agreement with the resummed cross section (Eqn. 6.2) after correcting for the
branching fraction of the fully leptonic process (1.12 pb / [9× B(W− → `−ν)2] ). For comparison,
the cross section in the DS scheme calculated using the POWHEG implementation is 1.08 pb.

6.1.2 Pair production of pairs of massive gauge bosons

W boson pair production

A W+W− pair can be produced in pp collisions at leading order in perturbation theory O(α2)
via quark/antiquark initial states. The tree LO Feynman diagrams for qq →WW production
at the LHC are depicted in Fig. 6.5. Beyond LO in pQCD, the definition of the WW cross
section is complicated by the interference with single-top tW production (at NLO O(α2αS)) and,
more importantly, tt production (at NNLO O(α2α2

S)). The methods to overcome these conceptual
challenges are discussed for example in Ref. [239]. Calculations of the full NNLO QCD corrections
to the WW cross section have become available after the end of Run 1 of the LHC [239,240].

In this work, the cross section is treated at NLO accuracy in pQCD, such that the sizeable
increase from LO to NLO of more than 30% [239] is covered. The only included contribution
beyond O(α2αS) is the gluon-gluon production channel that arises from the loop-induced diagram
depicted in Fig. 6.6 (left). As a O(α2α2

S) process it is part of the NNLO calculation but it
had already been studied as a separate contribution to the WW cross section [241, 242] before
full NNLO results became available. The gluon box contribution adds about 3% to the NLO
cross section. Gluon-induced W pair production is included in the cross section calculation with
MCFM (v. 6.6) [242–244] that is used for the scaling of the simulated background sample. The MCFM
cross section at NLO+gg accuracy for WW production reads [245]:

σW+W−→ µ
+e−νµν e

= 0.65± 0.02 (scales)± 0.03 (PDF) pb (6.3)

σWW = 54.9± 2.0 (scales)± 2.3 (PDF) pb ,

where the integrated cross section value has been obtained by a simple rescaling with the leptonic
decay branching fraction of the W boson. The result in Eqn. 6.3 agrees with the NLO+gg result in
Ref. [239] at the 1% level. It is noteworthy that the genuine NNLO corrections exceed the gg box
contribution by almost a factor two as pointed out in Ref. [239]. According to this reference, the
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Figure 6.5: The tree level diagrams for the process qq →WW .

Figure 6.6: The box diagram for the processes gg →WW and the LO diagrams for the process
γγ →WW .

additional correction to the NLO+gg result when taking into account the full NNLO corrections
is about +5%. This additional increase in the integrated WW cross section is not accounted for
in this work but it is covered within the systematic uncertainties in the WW cross section that
are discussed in Sec. 8.1.4.

Electroweak corrections to the WW cross section are available at NLO O(α) [246, 247] and
change the integrated LO cross section at the per cent level. Their impact on differential cross
sections grows towards larger values of pW

T and MWW . At MWW ∼ 1 TeV, the EWK corrections
decrease the cross section by about 15% in pp collisions at

√
s = 8 TeV. A sizeable fraction of this

reduction in the differential cross section dσWW/dMWW is compensated by the photon-photon
induced W boson pair production depicted in Fig. 6.6 and by the photon-quark induced processes
that add to the cross section [246, 247]. In this analysis, it is assumed that the total effect of
higher-order EWK contributions to the differential WW cross section dσWW /dMeµ does not ex-
ceed the 10% level at Meµ ∼ 1 TeV and is thus covered within the assigned uncertainties discussed
in Sec. 8.1.4.

In accord with the simulation of the tt and tW backgrounds, the event generation for the WW
background is carried out with POWHEG (v. 1.0) [248] using the CT10 PDF set. The implemented
calculation does not include the gg box contribution. Only the leptonic decays of the two W
bosons have been simulated. The POWHEG cross section reads σWW = 51 pb when corrected for
the branching fractions. For the normalization of the WW samples, an additional k-factor of 1.07
is applied in order to reproduce the cross section calculated with MCFM.

As in the case of the tt background, a high-mass sample with a cut of Meµ > 600 GeV has been
produced for the WW background in the context of this work. It uses the same settings in POWHEG
as in the case of the bulk sample and consists of 52000 W+W− → µ±e∓νν events after applying
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the high-mass filter on the LHE events. These events are processed through hadronization and the
full detector simulation. The resulting Meµ distribution at parton level without acceptance cuts
on the leptons is compared to that of the bulk sample in Fig. 6.7. The differential cross section
dσWW/dMeµ falls by a factor 5× 10−4 between Meµ = 100 GeV and Meµ = 1 TeV. It thus falls
off slower than the tt background.
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Figure 6.7: Comparison of the Meµ spectra of generated eµ pairs in the W W bulk sample only
(black) and from the tail sample with the mass cut Meµ > 600 GeV (red). The distributions are
scaled to an integrated luminosity of 19.7 fb−1. The vertical bars on the data points represent the
statistical uncertainty.
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(a) The pµT distribution.
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(c) The pseudorapidity difference
∆η(e, µ) distribution.

Figure 6.8: Normalized distributions of kinematic variables of leptons in generated W W events
without pT and η cuts on the leptons at parton level. The inclusive sample is shown in black and
the tail sample with a cut of Meµ > 600 GeV is shown in red. The W W tail sample is compared
to the events from the W W bulk samples produced with POWHEG and MadGraph that involve eµ
pairs with an eµ mass above 600 GeV.

The evolution of basic kinematical quantities of the charged leptons in the process
W+W− → µ±e∓νν with increasing Meµ is sketched in Fig. 6.8. Similar to what is observed for
the tt process, a cut of Meµ > 600 GeV results in increased forward production of the leptons.
The pseudorapidity gap between the two leptons is more pronounced than in the case of tt
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production, owing to the importance of the t-channel exchange depicted in Fig. 6.5 (left). The
shape of the muon η distribution for WW events with Meµ > 600 GeV obtained with POWHEG is
confirmed when utilizing the MadGraph generator instead, as shown in Fig. 6.8 (middle, right).
The enhanced forward production of the leptons for high Meµ is also reflected in the muon pT
spectrum in Fig. 6.8 (left); although the spectrum is much harder with the mass cut applied, the
position of its maximum is only shifted from about 30 GeV to 40 GeV.

WZ and ZZ diboson production

The production of WZ and ZZ pairs is less important than the WW process in the eµ resonance
search. One reason is the factor three between the branching fractions of the leptonic decays of
the W and Z bosons. An evaluation of the cross section for the process
pp →W±(W± → `±i ν) + Z/γ∗(Z/γ∗ → `+j `

−
j ) with MCFM (v. 6.6) yields 1.1 pb for M`j`j

above
12 GeV. This is more than a factor five smaller than the cross section for WW production with
subsequent leptonic decays of the W boson. The cross section for Z pair production with a final
state involving four charged leptons is about 0.2 pb.

The simulation of the WZ and ZZ backgrounds starts from the MadGraph (v. 5.1.3.30) generator
and includes a cut on the mass of the dilepton pairs from the Z/γ∗ legs of 12 GeV.

6.2 Backgrounds involving misidentified or non-prompt leptons

6.2.1 Drell-Yan production of a charged lepton pair

The prompt production of opposite-sign, same-flavour lepton pairs via the Drell-Yan (DY) process
pp → Z/γ∗ → `+`− leads to final states with a high-pT electron and muon mainly through the
production of a τ τ pair with subsequent leptonic τ decays; one τ lepton provides a non-prompt
electron and the other τ provides a non-prompt muon. This process is referred to as τeτµ produc-
tion in the following. Apart from τeτµ production, Drell-Yan dielectron and dimuon final states
that include an additional hard jet can result in an eµ pair; this is the case if the jet contains a
lepton from hadron decays or if it is misreconstructed as a lepton.

The Drell-Yan background is obtained from a simulated sample using the MadGraph (v. 5.1.3.30)
generator with a dilepton mass cut of 50 GeV. The emission of additional hard jets (that may
be misidentified as leptons) is included in the event generation at LO up to Njets = 4. The
cross section used for the scaling of the DY background sample to luminosity is obtained from
FEWZ (v. 3.1) [249,250] at NNLO accuracy in pQCD and reads [245]:

σ(pp → Z/γ∗ → `+`−) = 3530 +18
−11 (scales)± 120 (PDF) pb for M

`
+
`
− > 50 GeV . (6.4)

6.2.2 Wγ diboson production

The production of a W boson in association with a high-pT photon can result in a reconstructed
eµ pair that passes the event selection. The dominant mechanisms are photon conversion and the
misidentification of the hard photon as an electron by accidentally matching its ECAL supercluster
with a track of a charged hadron in the inner silicon detector while the W boson decay yields a
prompt muon. This subleading background is obtained from simulated samples that utilize the
MadGraph (v. 5.1.3.30) generator. Three samples are produced for different bins of the generated
photon pT, starting from p

γ
T > 30 GeV, the pseudorapidity of the generated photon is restricted

to |η| < 3.5, and the momenta of the charged lepton and hard photon in the final state have to be
separated by ∆R(`, γ) > 0.5. The cross section provided by MadGraph + PYTHIA for the process
pp →W±(W± → `±i ν) + γ with these cuts on the photon reads 24 pb after correcting for the
efficiency of the matching of matrix element and shower contributions. This falls between the
cross sections at LO and NLO accuracy in pQCD obtained from MCFM (v. 6.6) of 19 pb and 30 pb,
respectively.
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6.2.3 W + jet and QCD multijet backgrounds

The background contribution from W + jet and QCD multijet production is derived from data.
In order to pass the event selection of the eµ search, both processes require that at least one of
the high-pT leptons in the eµ final state is produced by a jet. The two main mechanisms relevant
in the following are the misidentification of a jet as an electron (a fake electron, for example from
π0/charged hadron overlap) and the production of (isolated) leptons within jets, particularly from
heavy-flavour hadron decays and photon conversions. For simplicity, both of these mechanisms of
non-prompt lepton production are bundled under the term jet-to-lepton misidentification.

As will be shown below, W + jet production dominates QCD multijet production when the
eµ selection is applied, although the W production cross section is much smaller than that for
dijet production. The reason is that leptonic decays of the W boson yield one high-pT prompt
lepton and only its partner in the selected dilepton pair has to arise from a jet. The magnitude of
the muon pT and electron ET cuts of 45 GeV and 35 GeV, respectively, is relevant in this context
because the cross section for dijet production that involves isolated leptons decreases steeply as
the transverse momentum cuts on the leptons are tightened.

Monte Carlo samples for the W + jet and QCD multijet processes are used to study the
production of an eµ pair at generator level and to provide a point of reference for the results of
the data-driven approach. W + jet production is simulated with MadGraph at LO accuracy in
pQCD with up to 4 additional jets. Four samples covering different ranges of W boson transverse
momentum are employed. The subleading QCD multijet background sample is obtained from
PYTHIA (v. 6.426) with the requirement that one muon with pT above 15 GeV be present in the
events. Details are given in Tab. C.7 in App. C. According to these simulations, the most important
subprocess for the production of an eµ pair with jet misidentification is pp →W+jet→ µν+jet(e),
where the isolated electron arises from the jet; among the simulated W events that lead to an
eµ pair, about 85% involve a prompt muon from the W decay, with the remaining 15% shared
equally between the leptonic decay modes with electrons and τ leptons. Therefore, the data-driven
method explained in the following is based on a measured jet-to-electron misidentification rate.

Jet-to-electron misidentification rate

The jet-to-(HEEP)electron misidentification rate has not been measured by the author of this
work but by others in the context of Ref. [192]. The following is a short summary of how it is
obtained. Further details can be found in Ref. [251].

The sample from which the jet-to-electron misidentification rate is obtained is based on
prescaled single-photon triggers that require a cluster in the ECAL with different ET require-
ments (corresponding to different prescales) at the HLT level ranging from 30 GeV to 150 GeV.
Events are reweighted by the prescale of the fired trigger with the lowest prescale. Events in the
sample are required to contain electron candidates that fulfill a reduced set of identification crite-
ria that are less strict than those imposed in the HEEP electron identification. This loose electron
selection starts from an ECAL cluster and a corresponding ECAL-seeded GSF track. A minimum
ET of the supercluster of 35 GeV is required as in the case of the HEEP electron selection and the
same definition is used for the electron pseudorapidity and the separation into barrel and endcap
electrons for both selections. The identification criteria of the loose electron selection differ in the
barrel and endcap regions of the ECAL and are summarized in Tab. 6.1.

The sample obtained after the selection of a loose electron candidate contains mainly events
with a jet that passes the loose selection rather than a real electron or photon. The fraction of
such events that also pass the HEEP electron selection is the sought-after jet-to-electron misiden-
tification rate (MR). Contaminations of the jet sample arising from real electrons and photons
have to be subtracted. Otherwise, they would bias the MR measurement towards higher values.
The contamination of Drell-Yan dielectron production is reduced by removing events with an ad-
ditional electron with ET > 10 GeV. The contribution from other processes with real electrons
and photons, that is dominated by W + jet (W → eν) and γ + jet production, are removed by a
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Table 6.1: The identification criteria for loose electron candidates.

Electron identification Cut value
variable Barrel Endcap

σiηiη < 0.013 < 0.034
H/E < 0.15 < 0.10

Number of missing hits ≤ 1 ≤ 1
|dxy| < 0.02 cm < 0.05 cm

subtraction based on simulations. After this cleaning, the MR is given by the ratio of the number
of electron candidates passing the HEEP selection and the number of electrons passing the loose
selection in the sample. It is evaluated separately in the barrel and endcap regions of the ECAL
for different (loose) electron ET ranges as shown in Tab. 6.2. An uncertainty of 30% is assigned
to these values.

Table 6.2: The parameterization of the jet-to-electron misidentification rate derived in the context
of Ref. [192] and documented in Ref. [251].

ECAL region E
e
T range Misidentification rate (%)

Functional form

Barrel 35 ≤ Ee
T / GeV ≤ 98 2.3− 1.5× 10−2 × (Ee

T / GeV)

|ηe | < 1.442 98 < E
e
T / GeV ≤ 192 1.2− 4.0× 10−3 × (Ee

T / GeV)

E
e
T / GeV > 192 0.38

Endcap 35 ≤ Ee
T / GeV ≤ 90 8.2− 5.2× 10−2 × (Ee

T / GeV) + (|ηe | − 1.9)× 6.5

1.56 < |ηe | < 2.5 90 < E
e
T / GeV ≤ 166 4.0− 5.5× 10−3 × (Ee

T / GeV) + (|ηe | − 1.9)× 6.5

E
e
T / GeV > 166 2.9 + 1.3× 10−3 × (Ee

T / GeV) + (|ηe | − 1.9)× 6.5

The misidentification rate in the barrel is approximately independent of ηe and falls from 1.8%
at Ee

T = 35 GeV to a constant value below five per mille for Ee
T & 200 GeV. In the endcaps,

where the cuts of the loose electron selection are different, the misidentification rate is larger than
in the barrel and exhibits a non-negligible ηe dependence. For electrons with Ee

T ∼ 500 GeV that
fall into the very forward region (|ηe | > 2.2), the misidentification rate amounts to more than five
per cent.



6.2. Backgrounds involving misidentified or non-prompt leptons 101

Application of the misidentification rate

The jet-to-electron misidentification rate is applied to the sample of events selected in data that
satisfy the following selection criteria:

• The event passes the single-muon trigger and the muon selection criteria required in the
baseline eµ event selection. It is required to contain exactly one muon.

• The event contains exactly one loose electron candidate as defined in the measurement of
the misidentification rate.

• The event contains no HEEP electron. This means that the selected sample of events and
that defined by the baseline eµ selection cuts are mutually exclusive.

• The event contains no b-tagged PF jet with pjet
T > 35 GeV and |ηjet| < 2.5 that is separated

from the two lepton candidates by ∆R > 0.5.

This set of selection criteria is referred to as the muon+loose electron selection or loose selection
in the following. The veto against additional b-tagged jets that are separated from the selected
leptons is applied in order to reduce the contribution from tt events. According to the simulation,
the impact of this cut on the background estimate for the W + jet and QCD multijet processes
is negligible; less than 3% of such events are rejected by the veto. Importantly, the selection
of a loose electron and veto against HEEP electrons renders this selection very inefficient when
considering the signals in the eµ resonance search, such that a possible signal contamination to
the resulting background estimate would be negligible.

The distributions of the transverse energy and pseudorapidity of the loose electron candidate in
events passing this selection are compared to the simulation in Fig. 6.9. The simulated samples are
normalized to luminosity using the cross sections reported in App. C, Tabs. C.5-C.7. Agreement
between observation and expectation is observed for both kinematic variables. A total of 90562
events are selected in data and 89300±1000 (stat) are expected. According to the simulation, the
composition of the sample by individual SM process reads: 63% W + jet, 15% QCD multijet, 13%
Drell-Yan, and 5% tt, with the remaining 4% shared among other processes. The dominant W+jet
contribution is split in Fig. 6.9 into four subsamples that correspond to different pW

T ranges. Among
them, the subsample of events with p

W
T > 100 GeV yields the largest contribution, although the

differential cross section for W production at the LHC dσW /dp
W
T drops steeply from a maximum

at pW
T ≈ 5 GeV. The enhancement of events with high p

W
T is explained by the additional high-

pT jet needed to yield the loose electron candidate with E
e
T ≥ 35 GeV that recoils against the

transverse momentum of the W boson.
In order to separate the contributions from W + jet production and QCD multijet production,

it is instructive to turn to the transverse mass distribution of the selected muon and /ET. The
transverse mass MT of the two objects is defined as:

MT(µ, /ET) =
√
p
µ
T /ET

(
1− cos

(
∆φ(µ, /ET)

))
. (6.5)

Its distribution in events passing the muon+loose electron selection is depicted in Fig. 6.10. While
the QCD multijet contribution peaks at very low MT, the W + jet process exhibits a Jacobian
peak at MT ≈MW . This structure is found in data and reproduced well by the simulation.

After this successful cross check of the sample’s composition, the sample is corrected for the
presence of contributions from other processes than the sought-after W + jet and QCD multi-
jet processes. This is not achieved by a subtraction of the corresponding histograms because of
unwanted effects from the low number of simulated events in the tails of distributions, such as
negative event yields in some bins. Instead, the simulated E

e
T distribution (Fig. 6.9 (left)) is

divided into bins of variable size. For each bin, the fraction of W + jet and QCD multijet events
Nbin

W+QCD/N
bin
tot is determined. The selected data events are then reweighted by using this ratio

as an event weight. Within the statistical uncertainties in the ratios that range from 3% for the
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Figure 6.9: Kinematics of the loose electron candidate in events passing the loose selection includ-
ing the veto against b-tagged jets. The data is compared to the expectation obtained from simulated
samples. The dominant W + jet contribution is split into four samples corresponding to different
p

W
T ranges.
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Figure 6.10: The distribution of the transverse mass between the muon and /ET, MT(µ, /ET) in
events passing the loose selection including the veto against b-tagged jets. The vertical bars in both
the upper and lower plots represent the statistical uncertainties in the event yields.

bin 35 GeV ≤ Ee
T ≤ 40 GeV to 15% for the highest-Ee

T bin 260 GeV ≤ Ee
T ≤ 340 GeV, the event

weights show no significant dependence on the electron candidate’s ET. The average weight is
78%. The ratio NW+QCD/Ntot is extrapolated beyond E

e
T = 340 GeV, where the simulation runs

out of events. This event-by-event correction based on the electron ET is applied for the W + jet
and QCD multijet estimate in all distributions shown in the following, except for the crucial Meµ
distribution; there the same approach is used but the event weights are determined as a function
of Meµ .

The final step towards the data-driven estimate of the sum of the W + jet and QCD multijet
contributions is the application of the misidentification rate. It is carried out by applying another
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event weight wMR to the data events passing the muon+loose electron selection as a function of
electron ET and η. The event weight is defined as

wMR(Ee
T, η

e) = MR(Ee
T, η

e)
1−MR(Ee

T, η
e)
, (6.6)

where MR(Ee
T, η

e) denotes the misidentification rate shown in Tab. 6.2. The denominator in
Eqn. 6.6 takes into account that a fraction MR of the W+jet and QCD multijet events under study
does not pass the loose selection but the tight, signal-like eµ event selection. Further corrections to
this formula, that arise because the HEEP electron identification efficiency is smaller than unity,
are not applied. Their effect on the resulting background yield is estimated to be 3% to 5% and
therefore much smaller than that of a variation of the misidentification rate within its uncertainty
of 30%.

Data-driven W + jet and QCD multijet background estimate

The Meµ distribution of the data-driven W +jet and QCD multijet background estimate is shown
in Fig. 6.11. A total of 1570± 470 (syst) events is obtained compared to an event yield of
1000± 170 (stat) from simulated samples. The statistical uncertainty in the data-driven back-
ground estimate is small (about 3 per mille on the total yield) due to the large number of events
passing the loose selection to which the misidentification rate is applied. For the same reason, the
background prediction extends to masses of the eµ pair in the 1 TeV range.
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Figure 6.11: The Meµ distribution of the data-driven estimate for W + jet and QCD multijet
background events passing the full eµ event selection. The vertical bars represent the statistical
uncertainty.

The eµ events from W + jet and QCD multijet production feature a higher ratio of same-
charge (e±µ±) to opposite charge (e±µ∓) dilepton pairs than the overall dominant backgrounds
that involve a pair of a prompt electron and prompt muon from leptonic decays of a W+W−

pair. The comparison of the Meµ spectrum of same-charge eµ pairs in data and the background
expectation is therefore used as a cross-check of the W + jet and QCD multijet background
estimate. It is presented in Sec. 9.
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Chapter 7

Events passing the eµ event selection

In this chapter, the level of agreement between observed events that pass the eµ event selection
and the background expectation is discussed. It is structured as follows: First, corrections applied
to the simulated background samples are introduced in Sec. 7.1. The total event yield and the
expected background composition are presented in Sec. 7.2. Finally, data and expectation are
compared in various distributions with a focus on the lepton kinematics in Sec. 7.3 and an emphasis
on the event topology in Sec. 7.4.

Systematic uncertainties are already included in the discussion of the total event yield after
selection and the contribution of the individual backgrounds. They are evaluated below in Sec. 8
with a focus on their dependence on the eµ mass. The Meµ spectrum is covered in a separate
chapter, Sec. 9, because it is of paramount importance for the eµ resonance search.

7.1 Pileup reweighting and efficiency corrections

Before comparing the background expectation to the eµ sample selected in data, corrections
related to the number of pileup interactions and the selection efficiencies of leptons are applied to
the MC samples via reweighting of simulated events.

The simulation of pileup interactions on top of the pp collision with the hard interaction of
interest starts from a carefully engineered distribution of the mean number of interactions per
bunch crossing 〈Ninter〉(MC), from which one value is drawn and stored per simulated event. This
distribution is related to the assumed distribution of average per-bunch instantaneous luminosities
per-lumi section [252] delivered by the LHC via the total inelastic cross section. The latter
has been measured by the TOTEM collaboration for pp collisions at

√
s = 7 TeV [253] and√

s = 8 TeV [127]. The CMS collaboration has provided measurements of inelastic cross sections
at
√
s = 7 TeV in Refs. [254,255]. The total inelastic cross section has been set to 69.4 mb for the

reweighting procedure described in the following. For each lumi section in the analyzed dataset
the measured average per-bunch instantaneous luminosity per-lumi section is stored. With the
inelastic cross section, the distribution of these luminosities is translated into a distribution of
〈Ninter〉(Data). From the comparison of the distributions of the mean number of interactions per
bunch crossing in MC and data, event weights are obtained for each value of 〈Ninter〉(MC). The
distributions of the number of reconstructed vertices Nvtx obtained from data and the simulation
after this pileup reweighting are compared in Fig. 7.1. Good agreement is observed apart from
the region Nvtx < 5 that contains about 1% of all observed events.

The simulated efficiencies for the triggering of muons, and the reconstruction and identification
of electrons and muons are corrected to the measured values via the application of event weights
as outlined in the context of the discussion of the signal efficiency in Sec. 5.3.
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Figure 7.1: The number of reconstructed vertices per event. The simulation is reweighted to the
measured luminosity profile.

7.2 Background composition

In total 28925 observed events pass the event selection. This is compared to the background
expectation in Tab. 7.1 which also contains the individual contributions from the dominant SM
processes. The total background yield reads 29200 events. Processes that involve prompt eµ
production from decays of a pair of W bosons make up about 86% of the total background estimate.
Among these, tt production is the most important background with 69%, followed by direct WW
production with 11% and the single-top tW process with 7%. The second-most important class
of background consists of processes with non-prompt or misidentified leptons: W + jet and QCD
multijet production (estimated from data and referred to by the label Jets in figures and tables),
Drell-Yan production of lepton pairs, and a non-negligible contamination from Wγ events (note
that the HEEP electron ID does not require the track momentum to match the energy of the
supercluster). Together these processes contribute about 10% of the total background. Another
3% arise from WZ and ZZ diboson production.

Data Total bkg Background process
tt WW tW Jets DY WZ/ZZ Wγ

Number of 28925 29200 20100 3150 2000 1570 960 940 480
selected events ±2300 ±1800 ±260 ±160 ±470 ±100 ±80 ±240

Table 7.1: Comparison of observed and expected event yields after the eµ selection. The systematic
uncertainty in the total background expectation does exceed the quadratic sum of the uncertainties
in the individual background contributions due to correlations.

7.3 Lepton kinematics

The pT (ET), η, and φ distributions of the muons and electrons in the selected eµ pairs are
presented in Fig. 7.2. The observed electron ET and muon pT spectra follow the background
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expectation. However, a discrepancy is observed in the tail of the muon pT distribution; above
p
µ
T = 400 GeV 4 events are observed and 10 events are expected. In contrast, 11 events are observed

in the tail of the electron ET distribution above Ee
T = 400 GeV where 10 events are expected. The

poisson probability of observing 4 events when the expectation value is 10 events is 1.9%, i.e. the
deficit observed in the tail of the muon pT spectrum is not statistically significant. However, the
efficient triggering and reconstruction of high-pT muons are of vital importance to this analysis
and therefore some arguments that support the assumption of a statistical fluctuation are briefly
mentioned. First, the CMS searches at

√
s = 8 TeV for new heavy vector bosons that decay into

final states with muons, Z′ → µ+µ− [192] and W′ → µν [256], both utilize the same trigger and
muon identification criteria. They observe (insignificant) excesses, rather than deficits, at high
Mµµ and MT(µ, ν), respectively. Second, a cross check is carried out in the context of this work
based on the single-electron trigger HLT Ele80 CaloIdVT GsfTrkIdT vX that is unprescaled and
involves a cut on the electron ET of 80 GeV at HLT level. No additional events are found in the
region of phase space defined by the cuts Ee

T > 100 GeV and pµT > 400 GeV when the single-muon
trigger of the baseline selection is replaced by this single-electron trigger. Therefore, there is no
indication that the observed deficit at high muon pT is caused by the single-muon trigger. In
addition to this cross-check of the utilized trigger, the impact of removing the individual muon
identification criteria one by one is investigated. The distributions of muon identification variables
to which selection cuts are applied are shown in App. E.4, Fig. E.5 for eµ events with a muon
that satisfies pµT > 200 GeV, fires the single-muon trigger, and passes all muon identification
criteria except for the requirement on the plotted variable (the so-called N − 1 distributions for
the muon selection). The observed N − 1 distributions are all described well by the background
simulation. Removing a single muon identification requirement does not add a single selected
event with p

µ
T > 400 GeV. Hence, this test shows no indication of a problem with the muon

trigger or muon identification cuts (or their implementation in the analysis software) that might
cause the observed deficit of high-pT muons in Fig. 7.2 (top, right).

Most of the selected muons and electrons fall into the barrel region of the detector as shown
in the pseudorapidity distributions in Fig. 7.2. The electron η distribution exhibits pronounced
dips in the overlap region of the barrel and endcap sections of the ECAL. These are a result
of the acceptance cuts on the pseudorapidity of the electron supercluster, |ηe

SC| < 1.442 and
|ηe

SC| > 1.56. The pseudorapidity ηe that is plotted above is evaluated at the interaction vertex.
The most prominent features in the pseudorapidity distribution of the muons are the two dips at
0.2 . |ηµ | . 0.3 mentioned in Sec. 4.5 which are caused by the gaps for cryogenic and electrical
connections (chimneys) close to the transitions between wheel 0 and wheels ±1 of the segmented
barrel muon system.

The W + jet and Wγ processes are the only backgrounds for which a pronounced difference
between the shape of the η distributions for electrons and muons is expected. In both cases, the
muons arise typically from W boson decays and are produced more centrally than the non-prompt
or misidentified electrons. This is already visible in the two η distributions of these processes in
Fig. 7.2 but it becomes more apparent in the corresponding distributions from the subsample of
selected same-sign eµ pairs in App. E.1, Fig. E.1.

7.4 Event topology

In addition to the distributions of kinematical distributions of the individual leptons, the back-
ground description is found to describe the kinematics of the eµ system. Examples are the pT
of the dilepton pair, the differences in the φ and η coordinates, and the muon pT to electron ET
ratio in Fig. 7.3. In a typical background event the electron and the muon are separated in the
φ coordinate by more than 90◦ and carry similar transverse momentum. There is no pronounced
pseudorapidity gap between the leptons in contrast to eµ events with high Meµ (see App. E.5).
This is the case for all the individual background processes, such that the comparison of data and
expectation in these distributions is no powerful test of the assumed background composition.
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This is different for the distributions of the number of jets and b-tagged jets in eµ events shown
in Fig. 7.4 that separate backgrounds with top quarks, in particular the leading tt background,
from the other background contributions. The jet reconstruction, identification, and kinematical
selection is defined by the following criteria:

• The jets are clustered from objects that are reconstructed by the particle-flow algorithm.

• The jet clustering is carried out using the anti-kT clustering algorithm [182] with a distance
parameter R of 0.5 for cones in the space spanned by rapidity y and azimuth φ.

• The jets have to satisfy the loose particle-flow jet identification criteria presented in Sec. 3.4.2.

• Selected jets fall within |η| < 2.4, such that information from the inner silicon tracking
system is available, and have a transverse momentum above 35 GeV.

• In order to avoid double-counting of the selected leptons that are not obtained from the
particle-flow reconstruction, the jets have to be separated from both leptons in the selected
eµ pair by ∆R =

√
(ηjet − η`)2 + (φjet − φ`)2 > 0.5.

The b-tagging of selected jets is based on the CSV algorithm [185] introduced in Sec. 3.4.2. In all
plots that present information related to b-tagged jets (and only these plots), the b-tagging efficien-
cies and misidentification probabilities from simulations are corrected to the values measured in
data as a function of jet pT and η. This is achieved by the application of event weights to simulated
events according to the recommendations by the BTV POG [257]. The input for the calculation
of the event weights wbtag consists of the b-tagging probabilities for three different jet categories
(b jets, c jets, light jets) obtained from the simulated background samples, and corresponding
efficiency scale factors SFbtag = εData

btag /ε
MC
btag. The latter have been determined by members of the

BTV POG on an inclusive multijet sample [186, 257]. Information on b-tagging efficiencies ob-
tained from tt-selected samples is not included. With these inputs, the b-tagging event weight
is defined as the ratio of the probability for obtaining the observed subset of b-tagged jets from
the observed set of selected PF jets with the measured b-tagging efficiencies εData

btag = SFbtagε
MC
btag

to the corresponding probability obtained when using the b-tagging efficiencies from simulations
εMC
btag.

P
(
εMC
btag

)
=

∏
ji∈

b−tagged jets

εMC
btag(ji) ×

∏
jk∈

untagged jets

(
1− εMC

btag(jk)
)

P
(
εData
btag = SFbtag ε

MC
btag

)
=

∏
ji∈

b−tagged jets

SFbtag(ji) εMC
btag(ji) ×

∏
jk∈

untagged jets

(
1− SFbtag(jk) εMC

btag(jk)
)

wbtag =
P (εData

btag )
P (εMC

btag)
, (7.1)

with εMC
btag(j) = εMC

btag ( jet type(j); pT(j), η(j) )
and SFbtag(j) = SFbtag ( jet type(j); pT(j), η(j) ) .

The distributions of the number of selected PF jets and b-tagged jets in eµ events presented
in Fig. 7.4 show agreement between data and expectation within the statistical uncertainties. In
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particular, the expected and observed numbers of events without a selected jet match. Direct W
pair production, the overall second largest background, is the main contributor to this subsample
of events and is separated from the dominant tt process in the Njet and Nbjet distributions. These
distributions thus constitute an important check of the assumed background composition of the
selected eµ sample.

In addition to the Njet and Nbjet distributions, the corresponding jet pT spectra exhibit satis-
factory agreement between data and expectation. They are included in App. E.2, Fig. E.3 together
with the /ET spectrum in Fig. E.2.

With understanding of the main control distributions for both the lepton kinematics and the
event topology established, the focus is shifted towards the Meµ spectrum in the following, starting
with the discussion of the systematic uncertainties in the background estimate as a function of
Meµ .
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(a) The electron ET distribution.
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(b) The muon pT distribution.
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(c) The electron η distribution.
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(d) The muon η distribution.
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(e) The electron φ distribution.
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(f) The muon φ distribution.

Figure 7.2: Distributions of variables describing the basic kinematics of the leptons in events that
pass the selection of an eµ pair. Left: The ET, η, and φ distributions of the electron. Right:
The pT, η, and φ distributions of the muon. For the sake of readability, the distributions are not
binned according to the detector resolution.
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(b) The difference of the pseudorapidities of
the leptons ∆ηeµ .
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(c) The pT of the eµ dilepton system.
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(d) The ratio of muon pT to electron ET.

Figure 7.3: Distributions of variables describing the kinematics of the eµ system. The agreement
between data and expectation in plots (c) and (d) improves further when the top-pT reweighting
described in Sec. 8.1.3 is applied to the t t simulation.
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Figure 7.4: Distributions of the number of jets in selected eµ events. The jet selection is explained
in the text.
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Chapter 8

Systematic uncertainties

8.1 Uncertainties in the background prediction

The description of the systematic uncertainties in the background estimate is divided into three
parts. First, uncertainties affecting all background estimates from simulations are briefly presented
in Sec. 8.1.1. The uncertainties affecting background processes involving non-prompt leptons are
given separately in Sec. 8.1.2. Second, the uncertainties in the cross sections of the dominant
backgrounds, tt and WW production, are discussed in some detail in Secs. 8.1.3 and 8.1.4, and
the PDF uncertainty in the total background estimate is evaluated in Sec. 8.1.5. Finally, the
impact of the individual uncertainties in the background estimate is given and they are combined
into a total background uncertainty for different Meµ ranges in Sec. 8.1.6.

8.1.1 Common uncertainties in the scaling of simulated background yields to
luminosity

• uncertainties in backgrounds obtained from simulations

– Efficiency of the eµ pair selection

The uncertainty in the selection efficiency of the eµ pair depends on the lepton kinemat-
ics, in particular on the transverse momenta and the pseudorapidities of the electron
and muon. Rather than evaluating the impact of uncertainties in the lepton efficien-
cies as a function of these kinematic variables for each background individually, a flat
relative uncertainty of 5% in the selection efficiency of the eµ pair is applied. This
number is based on the impact of the uncertainties in the electron and muon effi-
ciencies on the selection efficiency of the resonance signal, that has been studied in
Sec. 5.3.1, Fig. 5.6 (right). At Meµ = 1 TeV, a fully correlated variation of the un-
certainties in the electron and muon efficiencies yields uncertainties in the selection
efficiency of ε = 0.65+0.03

−0.04, i.e. a relative uncertainty of about 5%. At Meµ = 300 GeV,
this uncertainty is reduced to about 4% and at Meµ = 200 GeV the assigned flat un-
certainty covers the relative difference of 5% between the selection efficiency from MC
simulations and the one after corrections to the measured lepton efficiencies are applied.

– Luminosity

An uncertainty in the luminosity of 2.6% is assigned. This number has been derived in
Ref. [252].

– Background cross sections

The uncertainties in the background cross sections that are used to normalize the event
yields from simulated background samples to the measured luminosity are treated dif-
ferently for the leading contributions from tt and WW production and the other back-
grounds. A mass-dependent uncertainty is derived in the first case (Secs. 8.1.3 and
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8.1.4), while the Meµ dependence of the uncertainty is neglected for the subleading con-
tributions. The PDF uncertainty in the background is treated separately in Sec. 8.1.5,
such that the following numbers represent scale uncertainties associated with the total
cross sections, only.
The cross sections for the diboson production processes WZ and ZZ and their scale
uncertainties are obtained from Ref. [245] where MCFM (v. 6.6) has been utilized. The
scale uncertainties read 4% and 3% for WZ and ZZ production, respectively. For the
single top tW process, the scale uncertainty of 3% from Ref. [258] is used. An uncer-
tainty of 5% is assigned to the normalization of the DY background that is obtained
at LO using MadGraph but scaled to a cross section calculation with NNLO accuracy
in pQCD from FEWZ (v. 3.1) [249,250].

• Uncertainties associated with charged leptons

– Muon pT scale

The muon pT scale uncertainty is taken to be 5% per TeV as suggested by the MUON
POG for high-pT (pT > 200 GeV) muons that fall into the barrel part of the detec-
tor [259]. This number has been obtained from studies of cosmic muons collected
with the CMS detector by applying the so-called cosmic endpoint method described in
Ref. [173]. It is propagated to the simulated samples by shifting the muon pT on an
event-by-event basis by pT → pT × ( 1± 0.05× pT/TeV ).

– Muon pT resolution

A relative uncertainty of 30% is assigned to the muon pT resolution. For example,
the relative muon pT resolution and its uncertainties at pµT ≈ 500 GeV read 6.0± 1.8%.
This uncertainty covers the differences observed between data and simulation at high
muon pT in the measurement of the pT resolution with cosmic muons presented in
Sec. 5.4.2 (Fig. 5.13). It furthermore reproduces the uncertainty in the resolution for
p
µ
T < 100 GeV: For muons from Z decays that fall into the barrel part of the CMS

detector, a muon pT resolution of about 1.5± 0.5% has been obtained [173].
The impact of this uncertainty in the muon resolution on the Meµ spectrum of selected
background events is determined by randomly displacing the inverse muon pT in the
simulated background samples for each event by 1/pT → 1/pT × (1 + ∆(σ(pT)/pT)).
The smearing ∆(σ(pT)/pT) is obtained from a Gaussian pdf with mean zero and width
w(pµT) = 0.3× σ(pµT)/pµT, where the simulated muon pT resolution σ(pµT)/pµT is obtained
from a fit to the corresponding graph in Fig. 5.10 (right).

– Electron energy scale

Uncertainties in the electron energy scale of 0.6% (barrel) and 1.5% (endcap) are applied
to the electron ET by shifting the transverse energy,
ET → ET × ( 1± 0.006(0.015) ) . These uncertainties correspond to the variation of
the electron momentum scale obtained from fits to the Z peak in Z → e+e− events in
different electron pT ranges [151].

8.1.2 Uncertainties in backgrounds with misidentified and non-prompt leptons

• Uncertainty in the misidentification rate

An uncertainty of 40% is taken into account in the jet-to-electron misidentification rate, as
suggested in Ref. [192] from which it is obtained.

• Uncertainty in the Wγ cross section

The Wγ background estimate is obtained from a simulation at LO in pQCD that utilizes
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the MadGraph generator. Its contribution to the eµ final state under study stems from
the process pp →Wγ → µν γ , where the photon is misidentified as an electron. A large
systematic uncertainty of 50% is assigned to the resulting event yield because higher-order
corrections to the cross section are not applied and the photon-to-electron misidentification
rate is taken directly from the simulation and is not determined from data.

8.1.3 Uncertainties in the tt background

The background yield from the dominant tt contribution is obtained from simulated samples. This
approach is chosen over a data-driven background estimate for two reasons. First, the analysis aims
at signal model-independence, i.e. as many signatures as possible that involve an eµ resonance,
possibly among many other particles, shall be covered. This approach calls for a reduced set of
selection cuts that only target the eµ pair in the final state. A data-driven approach to obtain the
tt background would involve additional cuts on the event topology, like the veto of events with
b-tagged jets, to define suitable control regions. Second, this search puts a strong focus on the
high-mass region, Meµ ∼ 1 TeV, where SM backgrounds yield few events. A data-driven approach
to the Meµ spectrum from tt production would involve large statistical uncertainties in this mass
region.

The uncertainties that are assigned to the tt background yield from simulation arise from
different sources. One are corrections to the simulated kinematics of tt production derived from
the comparison of differential tt cross section measurements and predictions from simulation. Such
a procedure will be discussed in the next paragraph. Its application is only justified in regions of
phase space in which a sufficient number of events has been accumulated in data to allow for a
meaningful comparison between measurement and prediction. In order to extend the evaluation of
the tt background uncertainty beyond the region probed by the tt cross section measurements, the
impact of higher-order corrections to differential tt cross sections on the simulated Meµ spectrum
is estimated. The resulting uncertainty estimate from the two approaches is then tested by
comparing the simulated tt background estimate with its uncertainty to data in a tt background-
enriched subset of selected eµ events.

Impact of reweighting the simulated top pT spectrum to measurement

In general, good agreement between the data and predictions from simulated samples has been
observed for different event generators in cross section measurements and other dedicated stud-
ies of tt production in pp collisions at

√
s = 7, 8, and 13 TeV by the CMS TOP PAG [260, 261].

However, measurements of the differential top pair production cross sections by CMS have pointed
to imperfections in the modelling of the top pT spectrum in various combinations of event gener-
ators and parton showers. Discrepancies between the prediction for the differential cross section
dσ/dpt

T and unfolded data such as those depicted in Fig. 8.1 (left, ratio plot) have been found for
different tt decay channels and pp centre-of-mass energies [260–262].

Based on these measurements, a prescription to reweight the pt
T spectrum of the POWHEG+PYTHIA

tt background sample used in this analysis is provided by the TOP PAG [262]. In a first step, an
event weight wi is assigned as a function of the top and antitop pT values at parton level

wi =

√
ea+b×pt

Tea+b×pt
T , (8.1)

with the parameters a = 0.159 and b = −0.00141/GeV obtained from events collected in pp col-
lisions at

√
s = 8 TeV that pass the tt selection in the e/µ+ jets channel [262]. This reweighting

changes both the shape and normalization of the simulated p
t
T spectrum. In a second step, the

original normalization is restored by scaling the cross section of the sample with the inverse of the
mean of the weight distribution 1/〈wi〉.

This reweighting procedure is used to obtain an uncertainty in the Meµ spectrum from the
tt background simulation. The suppression of the tail in the pt

T distribution corresponds to a



116 Chapter 8. Systematic uncertainties

(a) Measurement of the differential tt produc-
tion cross section dσ/dpt

T in pp collisions at√
s = 8 TeV by the CMS collaboration. The

measurement is compared to several theoret-
ical predictions, including that by the POWHEG
generator interfaced with PYTHIA 6 for parton
showering. This latter combination of tools
for event generation is used for the tt back-
ground estimate in this work. The figure has
been taken from Ref. [261].

(b) Scatter plot of the kinematic variables Meµ and pt
T

obtained at parton level from a sample of tt events
generated with the POWHEG generator. No selection
cuts are applied to the leptons.

Figure 8.1: The top pair production cross section as a function of pt
T (left). Correlation between

p
t
T and Meµ in t t events (right).

suppression of the high-mass tail in the Meµ spectrum because the two observables pt
T and Meµ

exhibit a positive correlation. The reweighting thus leads to a one-sided shape uncertainty (−1σ)
in Meµ . The correlation between Meµ and p

t
T is shown in Fig. 8.1 (right) that is obtained from

four million pp → tt → bb e±µ∓νν events generated with the POWHEG event generator.
The pt

T reweighting comes with two caveats that are important when considering its impact
on the Meµ spectrum from the tt simulation. First, the reweighting procedure is based on mea-
surements of the differential top pair production cross section up to pt

T = 400 GeV. As shown in
Fig. 8.1 (right), a significant fraction of the tt events with Meµ & 500 GeV features values of pt

T
that exceed 400 GeV. Secondly, reweighting the pt

T spectrum in the tt background simulation to
the measurement does not necessarily improve the agreement between data and expectation for
the observable of interest, Meµ .

Impact of higher-order corrections to the top pT spectrum

Higher-order corrections to the differential tt cross section dσ/dpt
T in pp collisions at

√
s = 8 TeV

have been calculated in the literature. Approximate NNLO and NNNLO calculations in pQCD
based on soft-gluon resummation are presented in Refs. [263, 264] and the full NNLO calculation
is given in Ref [265]. In the following, the results from the resummed cross section calculation
are used because they are presented in Ref. [264] up to p

t
T = 1 TeV, including the ratio of the

differential cross sections dσ/dpt
T obtained at aNNNLO and from a full NLO calculation. The

cross section is evaluated using fixed renormalization and factorization scales µ2 = m2
t . The

high-pt
T behaviour of the differential cross section ratio (inset plot in Fig. 3 in Ref. [264]) can be
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Figure 8.2: The ratio of event yields in data to the background expectation in events with an
eµ pair and at least one b-tagged jet as a function of Meµ. The grey band represents the 1σ
uncertainty envelope. The vertical bars on the data points represent the statistical uncertainty and
the horizontal bars represent the bin width. The mean value of the simulated Meµ distribution in
each mass bin is chosen as the x coordinate of the corresponding data point.

approximated by a linear function:

(dσ/dpt
T)aNNNLO

(dσ/dpt
T)NLO

= 1 + 1.2× p
t
T − 300 GeV

700 GeV for p
t
T ≥ 300 GeV . (8.2)

In order to estimate the impact of higher order corrections to the top pair cross section on the
Meµ spectrum from the NLO tt sample generated with POWHEG, event weights given by Eqn. 8.2
are applied to the simulation as a function of pt

T evaluated at parton level. This reweighting
procedure enhances the tail of the Meµ distribution from simulated tt events by about 10%
at Meµ = 500 GeV and by 25% at Meµ = 1 TeV. The difference between the reweighted Meµ
distribution and the nominal spectrum obtained from the POWHEG sample is used as a one-sided
shape uncertainty (+1σ) in Meµ .

Cross-check of the uncertainty estimate for the tt background

Since the tt process constitutes the dominant background process in the search for new physics
in the Meµ spectrum it has to be ensured that the uncertainty assigned to the tt background
estimate is appropriate. This is achieved by comparing data and background estimate in the subset
of selected eµ events with at least one b-tagged jet, that is strongly tt-enriched. In data 15007
events fall into this subset and the simulation yields 14800 events, with the tt process contributing
more than 90% of this background estimate. The ratio between data and observation as a function
of Meµ is depicted in Fig. 8.2 together with the 1σ uncertainty band obtained from adding the
uncertainty in the inclusive tt cross section of 5% (scale uncertainties and PDF uncertainties
added in quadrature [266]) and the mass-dependent, one-sided uncertainties from the two p

t
T

reweighting procedures described above. The bin size in Meµ is chosen such that it is not smaller
than ten times the invariant mass resolution for this cross-check that is not intended to reveal any
sought-after structures in the Meµ spectrum. There is no indication for an underestimate of the
uncertainty in the tt background, nor for a substantial overestimate.

8.1.4 Uncertainties in the WW background cross section

The uncertainty in the WW background yield that is obtained from simulated samples using the
POWHEG generator is estimated by studying the renormalization and factorization scale uncertain-
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ties in the cross section of the process pp →W+W− → e±µ∓ + ν + ν . The scale uncertainties
are determined as a function of the observable of interest, the mass of the generated eµ pair in
the final state Meµ . Their evaluation is based on three samples of LHE events produced with the
POWHEG (v. 1.0) event generator. The generator settings are the same as for the fully simulated
WW background sample but only one of the three LHE samples uses the same choice for the
renormalization and factorization scales

µ2 = µ2
R = µ2

F = M2
WW . (8.3)

This scale choice is referred to as the nominal scale choice µ2
nom in this paragraph. For the other

two samples, the scale choices are varied up and down in a fully correlated way as

µ2,up
R = µ2,up

F = 4× µ2
nom and µ2,down

R = µ2,down
F = 0.25× µ2

nom . (8.4)

Each LHE sample contains ten million leptonic W+W− events and the W decays are forced to
result in an e±µ∓ pair in the final state. The scale uncertainty in the total WW production cross
section obtained from the three cross section values provided by the POWHEG generator is 3.7%. It
is in good agreement with the scale uncertainties of 3.6% evaluated in Ref. [245] using the same
scale variations (Eqn. 8.4) but the MCFM (v. 6.6) [242] NLO cross section calculator.

No kinematic cuts are applied to the lepton pair in the final state for this study of scale
uncertainties in the differential WW production cross section dσWW/dMeµ . The symmetrized
scale uncertainty defined as∣∣∣(dσWW/dMeµ

) (
µ2 = 0.25× µ2

nom
)
−
(
dσWW/dMeµ

) (
µ2 = 4× µ2

nom
)∣∣∣

2
(
dσWW/dMeµ

) (
µ2 = µ2

nom
) (8.5)

is depicted in Fig. 8.3. It ranges from 3.5% at Meµ = 100 GeV to about 17% at Meµ = 1.5 TeV.
Since the increase in uncertainty in this mass range is approximately linear in Meµ , the mass-
dependent uncertainty in the WW background yield that is used in this analysis is obtained from
a linear fit to the data points in Fig. 8.3 in the range 100 GeV ≤Meµ ≤ 1.6 TeV.

The study of the WW production cross section at the LHC in Ref. [246] goes beyond the
determination of scale uncertainties at NLO in pQCD by explicitly evaluating additional con-
tributions; corrections to the LO cross section for qq →WW that arise due to the processes
gg →WW and γγ →WW; as well as electroweak and QCD corrections are given as a function
of the cut value on the WW mass, M cut

WW . These results are shown in Fig. 8.4. The electroweak
corrections to the cross section are negative and sizeable for high WW mass, but most of this
correction is cancelled by the contribution from γγ -induced WW production (for pp collisions at√
s = 8 TeV). Therefore, no additional uncertainty associated with these effects is included in the

following. This argument neglects the potentially sizeable uncertainties in the γγ -induced WW
cross section stemming from the uncertainties in the photon PDF of the proton.

8.1.5 PDF uncertainties

The evaluation of PDF uncertainties is based on the PDF4LHC recommendations [267,268]. The
PDF uncertainty in the background yield is evaluated as a function of Meµ based on three NLO
PDF sets by different groups; the CT10 [269], MSTW 2008 NLO [125], and NNPDF2.3 NLO [270]
PDF sets. The PDF uncertainties for each set, that arise from the uncertainties in the measure-
ments used as input to the PDF fits, are evaluated at 68% CL according to the prescriptions of the
individual PDF sets. In addition, the uncertainty associated with the variation of αS is evaluated.
For simplicity, the combination of these two uncertainties is referred to as the PDF uncertainty in
the following, rather than using the term ’PDF+αS uncertainty’ throughout the entire text. The
1σ uncertainty contours obtained for each of the three PDF sets are then combined as suggested
in the PDF4LHC recommendation.
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Figure 8.3: The symmetrized scale uncertainty in the W W production cross section as a function
of Meµ. It is evaluated at NLO in pQCD using LHE samples produced with POWHEG. The black
vertical lines indicate the bin width. The mean values of the W W Meµ spectrum (for the nominal
scale choice) in the chosen mass bins are used as the x-coordinates of the data points. The red
line indicates a linear fit to these data points in the range 100 GeV ≤Meµ ≤ 1.6 TeV. The dashed
blue line represents the symmetrized scale uncertainty in the total cross section obtained from the
generator.

Figure 8.4: Corrections δ to the qq →W W LO cross section due to the processes gg →W W
and γγ →W W , as well as electroweak and QCD higher-order corrections for the

√
s = 8 TeV

LHC. The corrections δ are defined by σqq⊕X = (1 + δX)× σqq . Note that δ is not plotted as a
function of the mass of the W boson pair MWW but as a function of the lower mass threshold
M cut
WW . The figure is obtained from Ref. [246].

The PDF uncertainty only affects the background contribution obtained from simulations and
the data-driven estimate of the W + jet and QCD multijet contributions is therefore excluded
from the definition of the background yield NMC

bkg in the following. The dominant remaining
backgrounds tt, WW, and single-top tW production, that constitute more than 90% of the
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Figure 8.5: The relative uncertainty in the background event yield in seven invariant mass bins
represented by 1σ contours obtained for the individual PDF sets in the PDF4LHC [267, 268]
recommendation.

total background estimate NMC
bkg , are all produced with NLO PDF sets provided by the CTEQ

collaboration (CT10 [269] for tt and WW production, CTEQ6M [58] for the single-top process).
Therefore, the reweighting of the simulated background events to other PDFs is simplified by
choosing the CT10 central PDF as the baseline PDF for all background samples and processing
the entire background expectation obtained from simulations in a single step. The 1σ contours
illustrating the relative PDF uncertainties in the background yield NMC

bkg for the three individual
PDF sets are depicted in Fig. 8.5. These contours are defined by the upper and lower relative
PDF uncertainties in the number of background events in 200 GeV-wide mass bins ∆M i

eµ . The
upper and lower relative PDF uncertainties are given by:

∆+
PDF(∆M i

eµ) =
N

PDF, σ+
bkg (∆M i

eµ)−NMC
bkg (∆M i

eµ)
NMC

bkg (∆M i
eµ)

(8.6)

∆−PDF(∆M i
eµ) =

N
PDF, σ−
bkg (∆M i

eµ)−NMC
bkg (∆M i

eµ)
NMC

bkg (∆M i
eµ)

, (8.7)

where NMC
bkg (∆M i

eµ) is the number of background events in mass bin ∆M i
eµ using the baseline

PDF choice for the background samples and N
PDF, σ+
bkg , NPDF, σ−

bkg are the corresponding event
yields obtained when following the recommendations for the evaluation of the PDF uncertainties
for the individual PDF sets.

Among the three PDF uncertainty contours in Fig. 8.5, the one obtained for the CT10 PDF
set (left) shows the most symmetric behaviour around zero. This is expected because the MC
samples of the dominant background processes are produced with the central PDF member of
the CT10 set. In contrast to the CT10 uncertainty contour, the 1σ bands of the MSTW2008 and
NNPDF2.3 PDF sets exhibit an offset with respect to the CT10 values at low Meµ , i.e. these PDF
sets yield a larger value for the sum of the involved background cross sections. The area of the
uncertainty contour is largest for the CT10 PDF set. In the mass bin Meµ ∈ [1.2 TeV, 1.4 TeV],
the symmetrized PDF uncertainty |∆+

PDF −∆−PDF|/2 reaches about 11% for CT10. At these high
masses, the uncertainties from this individual PDF set define the size of the overall envelope
obtained from the combination of the three different PDF sets according to the PDF4LHC recipe,
as depicted in Fig. 8.6 (left). At lower masses, the differences in the central values obtained for
the three sets also contributes to the envelope.

The treatment of the PDF uncertainty in the statistical interpretation of the experimental
results is simplified by using the symmetrized LHC4PDF uncertainty envelope



8.1. Uncertainties in the background prediction 121

 (GeV)µeM
200 400 600 800 1000 1200 1400

bk
g 

M
C

 ] 
/ N

bk
g 

M
C

 P
D

F
 u

p,
 d

ow
n)

 -
 N

σ(
bk

g 
M

C
[ N

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

CT10

MSTW

NNPDF

envelope

mean

=(up-down)/2δ

(a) The PDF4LHC uncertainty envelope (solid red
lines) and δPDF (dashed blue line).

 (GeV)µeM
0 200 400 600 800 1000 1200 1400

R
el

at
iv

e 
P

D
F

 u
nc

er
ta

in
ty

 b
kg

 y
ie

ld

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

(b) Fit of a second-order polynomial to δPDF(Meµ).

Figure 8.6: The PDF4LHC uncertainty envelope constructed from the three individual PDF un-
certainty contours in Fig. 8.5 and the fit to its symmetrized form δPDF as a function of Meµ.

δPDF ≡ |∆+
comb −∆−comb|/2 (plotted in Fig. 8.6 as a dashed blue line), and fitting the resulting

PDF uncertainty values δPDF(∆M i
eµ) with a second-order polynomial. To this end, the eµ mass

values on the abscissa are chosen as the mean of the Meµ background spectrum in the interval
∆M i

eµ . The result of the fit, that is used to obtain the relative PDF uncertainty in the event yield
from simulated background processes, is depicted in Fig. 8.6 (right) and reads:

δPDF(Meµ) = 4.5× 10−2 + 3.5× 10−5
(
Meµ
GeV

)
+ 1.5× 10−8

(
Meµ
GeV

)2
. (8.8)

8.1.6 Summary of the impact of systematic uncertainties in the background
Meµ spectrum

After introducing the considered sources of systematic uncertainty, their impact on the background
Meµ spectrum is considered next1. The uncertainties in the background yield in various bins of
Meµ are depicted in Fig. 8.7. The plot includes neither the uncertainty stemming from the muon
resolution because they lie well below 1% over the entire mass range nor the uncertainty associated
with the electron energy scale that has a similar impact as that associated with the muon scale.
All uncertainties are symmetrized for this graphical representation, i.e. the absolute value of half
the difference between the ±1σ variations is shown in the case of asymmetric uncertainties. The
presented total systematic uncertainty is the quadratic sum of the individual contributions and
does not include the statistical uncertainty in the background estimate which arises from the finite
number of events in the background samples. This statistical uncertainty is shown separately in
the plot.

The total systematic uncertainty ranges from about 9% at the lower edge of the search re-
gion to 18% at Meµ = 1 TeV. At Meµ = 200 GeV, there is no single dominant uncertainty and
several uncertainties contribute significantly: Both the uncertainty in the selection efficiency and

1In this paragraph, the uncertainties in the total background yield (comprising both the background yields
obtained from simulations and data-driven background estimates) are discussed. Note that the uncertainties in
the event yield from simulated background processes, such as the PDF uncertainty in Eqn. 8.8, do not affect the
data-driven estimate of the W +jet and QCD multijet contributions, such that their impact on the total background
yield is reduced.



122 Chapter 8. Systematic uncertainties

 (GeV)µeM
0 200 400 600 800 1000 1200

R
el

at
iv

e 
un

ce
rt

ai
nt

y 
ba

ck
gr

ou
nd

 y
ie

ld

0

0.05

0.1

0.15

0.2

0.25

319 146 21 4.3 1.4

 bin
 bkgN

Total systematic

 reweighting
T

Top p

 cross sectiontt

WW cross section

 cross sectionγW

εA x 

Luminosity

Muon scale

PDF

Misidentification rate

 

Stat. uncertainty MC

Figure 8.7: The most important uncertainties in the total background yield in bins of Meµ. The
long dashed vertical lines indicate the bin width and the x−coordinate of the data points is evaluated
at the mean of the Meµ background spectrum in each bin. The numbers in the upper part of the
plot indicate the expected number of background events in the five bins of highest eµ mass. The
empty red squares denote the statistical uncertainty in the background expectation from the finite
number of events in the background samples.

PDF yield 5% and those in the scaling and shape of the tt background contribute 4%, each.
The uncertainty in the tt shape from the reweighting of the pt

T distribution is the largest single
contribution to the systematic uncertainty in the total background yield in the mass range from
300 GeV to 1 TeV. Note that this is not due to a rising background fraction of the tt processes
that does in fact fall towards higher masses. The uncertainty from the inclusive tt cross section
used for the scaling of the background yield to luminosity fades as Meµ is increased and diboson
production as well as background processes involving misidentified or non-prompt leptons become
more important. For masses above 1 TeV, the large uncertainties in the misidentification rates
that affect the W + jet, QCD multijet, and Wγ backgrounds contribute significantly to the to-
tal systematic uncertainty. Finally, the statistical uncertainty in the expected background yield
reaches 11% in the Meµ range from 1.1 TeV to 1.3 TeV and surpasses all individual sources of
systematic uncertainty. Given that the number of expected background events in this mass range
is 1.4, this statistical uncertainty is acceptable and does not affect the statistical interpretation of
the results significantly.

8.2 Uncertainties in the signal contribution

The uncertainties in the signal contribution are separated into an uncertainty in the total number
of expected signal events and an uncertainty in the signal pdf. The number of expected signal
events is given by Nsig = σsig · (A× ε)sig · L . Among the three quantities that influence it, the
product of acceptance and efficiency, A× ε, as well as the luminosity are directly related to
the measurement, whereas the signal cross section can be regarded as an external parameter
affected by theory uncertainties such as renormalization and factorization scale uncertainties and
PDF uncertainties in the inclusive signal cross section. Only the uncertainties in the product of
acceptance and efficiency and on the luminosity are included as uncertainties related to the signal
normalization in the statistical interpretation of the experimental findings (the calculation of cross
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section limits and of the significances of observed excesses).

PDF uncertainty in the signal acceptance

In the results section, Sec. 10, exclusion limits will be provided on the product of inclusive signal
production cross section times branching fraction of the decay into the eµ final state. In order to
transform the experimental bound on the number of signal events in the detector into a limit on
an inclusive cross section, a theoretical prediction for the signal acceptance and its uncertainty
are necessary. Thereby, the PDF uncertainty in the signal acceptance, which is a theoretical
uncertainty unrelated to the measurement that is only possible within part of the total phase
space, enters the result. The relative PDF uncertainty in the signal acceptance is again evaluated
for the CT10, MSTW 2008 NLO, and NNPDF2.3 NLO PDF sets, individually. The final result
is obtained from a combination of these results according to the PDF4LHC recommendations
and depicted in Fig. 8.8 for the RPV ν̃τ signal. It drops from 1.6% at Mν̃τ

= 200 GeV to 1% at
Mν̃τ

= 500 GeV and 0.5% at Mν̃τ
= 1.5 TeV. This decline in the uncertainty in the acceptance

is explained by the shrinking of the plateau in the leptons’ η distributions as Mν̃τ
rises and the

eµ pair is produced ever more centrally in the detector. The ν̃τ is produced via annihilation
of a same-flavour valence quark/sea antiquark pair; similar to, albeit not exactly as a Z boson.
The relative uncertainty in the acceptance of 1.6% at Mν̃τ

= 200 GeV lies in the ballpark of the
corresponding values of 1-2% 2 that have been obtained by the CMS collaboration in the Z boson
cross section measurement in pp collisions at

√
s = 8 TeV using lepton pairs [196,271].

Uncertainty in the signal selection efficiency

The uncertainty in the acceptance decreases with increasing signal mass, whereas the uncertainty
in the trigger and lepton identification efficiencies increase. The treatment of the systematic
uncertainty in the total signal selection efficiency A × ε is simplified by assigning a constant
relative uncertainty; based on the uncertainty band in Fig. 5.6 (right) for high mass values, a
relative uncertainty of 5% is assigned.

2The different values for the uncertainty given in Ref. [271] correspond to different choices of the PDF set and
analyzed Z boson decay channel (dimuon and dielectron channels with slightly different kinematic cuts).
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Uncertainty in the luminosity

An uncertainty in the luminosity of 2.5% is assigned. This number has been derived in Ref. [252].

Uncertainty in the signal shape

In the RPV eµ resonance search, the signal shape is a peak in the Meµ distribution that is
modelled with a Gaussian pdf. The uncertainty in the signal shape is obtained by varying the
width σ from the default value obtained for each signal mass hypothesis from Eqn. 5.8 by the
difference ∆σalign found when using different alignment scenarios in the simulation, as described
in Sec. 5.4.1. The uncertainty is parameterized as

∆σalign
σ

= 0.018 , forMres ≤ 700 GeV (8.9)

= −0.12 + 0.21×
(
Mres
TeV

)
− 0.018×

(
Mres
TeV

)2
, forMres > 700 GeV .

In the eµ search for QBHs, a relative uncertainty in the muon pT resolution of 30% is propa-
gated to Meµ by smearing the default pT value of the muon, as described in the treatment of this
uncertainty for background processes in Sec. 8.1.1.
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Chapter 9

Invariant mass of selected eµ pairs

Before turning to the key distribution of the eµ resonance search, the Meµ spectrum binned
according to the Meµ resolution of resonantly produced eµ pairs, further cross checks of the
background estimate are presented. To this end, the selected events are divided into subsamples
that allow to disentangle different background processes and thus test whether the data reflects
the expected background composition.

9.1 Invariant mass spectra split by charge and b-jet multiplicity

Since the tt process yields the dominant background contribution, it is instructive to check the
agreement between data and expectation for both the Meµ spectrum of selected events with a
veto against b-tagged jets, and that of events containing at least one b-tagged jet. Furthermore,
the main source of eµ pairs from SM processes, opposite-sign (OS), prompt dilepton (e±µ∓) pro-
duction via leptonic decays of a W+W− pair, is strongly suppressed when the selected electron
and muon are required to carry the same electric charge. Same-sign (SS) e±µ± pairs are pro-
duced predominantly in processes with non-prompt or misidentified leptons. Therefore, the mass
distribution of SS eµ pairs can be used to test the data-driven estimate of the sum of the W + jet
and QCD multijet backgrounds that has been discussed in Sec. 6.2.3.

The eµ mass distributions of the four subsamples (OS with veto against b-tagged jets, OS with
b-tagged jet, SS with veto against b-tagged jets, SS with b-tagged jet) are presented in Fig. 9.1 and
discussed in the following. Since the focus in this section is put on cross checks of the background
rather than the visualization of the peak from a possible resonant signal contribution, the binning
of the Meµ spectra exceeds the mass resolution by at least a factor 2.5. The Meµ dependence
of the fraction N

eµ
SS /N

eµ
tot is evaluated in Sec. 9.1.3 as a byproduct of the described cross checks.

Note that all results shown in this section that involve a selection of lepton charge represent cross
checks of the background estimate for the baseline eµ selection without charge requirement. They
do not represent complete measurements in their own right, ready for interpretation in terms of
searches for new physics. This would require a careful evaluation of the charge misidentification
probability for high-pT electrons that is not included in this work.

9.1.1 Opposite-charge eµ pairs

Among all selected events observed in data 26840 involve an eµ pair with opposite electric charge
and the background expectation yields 27300± 2200 (syst) events. The Meµ spectrum of OS eµ
pairs with at least one b-tagged jet is depicted in Fig. 9.1 (top right). The background expectation
for this subsample of eµ events is dominated by the tt process with an additional 7% contribution
of single-top tW production. As shown in the ratio plot, there is no evidence of a systematic
shift in the shapes of the distributions obtained from data and simulation, up to the highest eµ
masses where events are observed. There is also no indication for a flaw in the normalization of
the background samples; the difference of 1.5% in the number of expected and observed events is
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covered within the 5% uncertainty in the tt cross section (scale variations and PDF uncertainty)
used for the scaling of the simulated tt sample to luminosity, only.

In the Meµ spectrum of OS eµ pairs with a veto against b-tagged jets shown in Fig. 9.1 (top
left), the tt background still yields the largest contribution of any single background process.
However, the contribution from other background processes is enhanced and contributes half
of the events in this subsample. The WW background yields a fraction of 25%. Again, the
difference in the number of expected and observed events of 3.5% is accommodated within the
systematic uncertainties in the background cross sections. The ratio plot exhibits only a modest
slope between Meµ = 60 GeV and Meµ = 400 GeV of about −2.5± 1.1 (stat)% per 100 GeV, that
is not significant within the statistical uncertainties.
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(a) OS eµ pairs, veto against b-tagged jets.
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(b) OS eµ pairs, ≥ 1 b-tagged jets.
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(c) SS eµ pairs, veto against b-tagged jets.
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(d) SS eµ pairs, ≥ 1 b-tagged jets.

Figure 9.1: The invariant mass of selected opposite charge (top) and same-charge (bottom) eµ
pairs with b-jet veto (left) and selection of at least one b-jet (right). The t t contribution to the
same-charge spectrum obtained from simulation is enhanced by a factor of two as explained in the
text.

9.1.2 Same-charge eµ pairs

The selected data sample of SS eµ pairs comprises 2085 events. Among those, 1782 pass the
veto against b-tagged jets. The Meµ spectrum of these events is compared to the background
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expectation in Fig. 9.1 (bottom left). According to the background expectation, the dominant
contribution to SS eµ events arises from the data-driven estimate of the W +jet and QCD multijet
backgrounds (38%), followed by WZ and ZZ diboson production (26%), and the processes tt,
Wγ , and Drell-Yan dilepton production (about 11%, each). The total expected background yield
amounts to 1800± 300 (syst) events. Overall, data and background expectation are found to be in
good agreement when considering that the dominant background process involves non-prompt or
misidentified leptons and comes with sizeable systematic uncertainties. The ratio plot reveals an
excess of the data over the background in a broad mass range from Meµ = 400 GeV to 600 GeV.
In this interval, 57 events are observed with 37± 10 (syst) expected.

The agreement between observation and expectation in the SS sample with b-jet veto is not
reproduced when same-sign eµ pairs including at least one b-tagged jet are selected. According
to simulations, this class of events is again dominated by tt with negligible contributions from
other processes. However, the expected background yield from tt production only accounts for
about half of the 303 observed events. Apart from charge misidentification in promptly produced
eµ pairs, SS dilepton pairs arise in tt events when electrons and muons from decays of B hadrons
are selected. This imposes additional challenges on the background simulation compared to other
background processes. When the tt background sample is scaled up to match the observed number
of events in this subsample, the distributions for event variables, such as /ET, Njet, and Nb−jet show
good agreement between the tt simulation and the data. The initial discrepancy in the event yield
is therefore interpreted as an under-prediction by the tt background simulation and compensated
for by including an additional factor of two in the normalization of the tt background sample in
the same-sign subsamples. Importantly, this correction is only relevant for the evaluation of the
same-sign fraction NSS/Ntot of selected eµ events, that is discussed in the following paragraph.
It does not effect the result of the eµ resonance search significantly, where no selection of lepton
charge is applied and the application of the additional scaling factor for tt same-sign events
increases the total background prediction by only one per cent. Therefore, no correction of the
tt same-sign event yield is included for the final estimate of the full tt background contribution
from simulation. The additional scaling factor of two is however applied in Figs. 9.1 (bottom, left
and right) and 9.2.

9.1.3 Same-charge fraction of selected eµ pairs

The fraction of same-sign eµ events NSS/Ntot as a function of Meµ can be used to check whether
the share of background processes that contribute to the selected eµ sample mainly via events
with mis-identified or non-prompt leptons is correctly reproduced by the background estimate.
This is particularly important at high Meµ , where these backgrounds contribute up to one third of
the total background estimate. The most relevant processes with non-prompt leptons are W +jet,
Wγ , and QCD multijet, all of which come with sizeable uncertainties.

The fraction NSS/Ntot is shown in Fig. 9.2 (left) as a function of Meµ for the jet background
estimate (W + jet and QCD multijet), Wγ production, and the two overall most important
backgrounds, tt and WW production. For the Wγ process, the same-sign fraction is compatible
with 50% within the statistical uncertainties from the limited number of simulated events. In this
case, an equal amount of OS and SS eµ pairs is expected because the selected electron arises from
photon conversion or photon/charged hadron overlap - in both cases the charge associated with
the selected track is independent of the muon’s charge. In W + jet and QCD multijet events, the
electric charges of the particles that result in the reconstructed leptons of the eµ pair are partly
correlated, enhancing OS eµ production (for example gq-initiated W + jet production or strong
production of a bb pair). Therefore, the same-sign fraction falls below 50%. This is visible in
Fig. 9.2 for the jet background estimate that yields a same-sign fraction of about 42%.

The fraction of same-sign events is much smaller for tt (2-3%) and WW production (1%). The
comparison of the same-sign fractions obtained from data and simulation is shown in Fig. 9.2 (right).
The observed value increases from 4% atMeµ ≈ 50 GeV to 14% in the mass regionMeµ ≥ 400 GeV,
where a total of 72 same-sign events is observed. This is expected because the contribution of the
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W+jet and Wγ processes rises compared to that from other backgrounds as Meµ is increased. For
Meµ .MZ , the same-sign fraction exhibits a bump. According to simulations, this effect is caused
by Z → µ+µ− events, where one of the muons results in a reconstructed electron. No significant
deviations between the measured same-sign fraction and the expectation are observed. There is
no indication that the contribution of backgrounds that yield mainly eµ pairs with misidentified
or non-prompt leptons differs significantly from the expectation.
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Figure 9.2: The fraction of same-charge eµ pairs NSS/Ntot for different backgrounds (left) and
the comparison between data and the full background estimate (right). The vertical bars on the
data points indicate the statistical uncertainty. The t t contribution to the same-charge spectrum
obtained from simulation is enhanced by a factor of two as explained in the text.

9.2 Invariant mass spectrum of all selected events

The Meµ spectrum of all 28925 selected events is shown for different binnings in Figs. 9.3 (left) and
9.4. The latter plot is binned according to the invariant mass resolution of resonantly produced
eµ pairs that is discussed in Sec. 5.4, as is evident from the resolved signal peaks of the RPV ν̃τ
signal for different Mν̃τ

.
The comparison of observed event yields in different Meµ ranges and the corresponding back-

ground expectation per process are shown in Tab. 9.1. The background composition depends
considerably on Meµ : The tt contribution to the total background estimate drops from 69%
in the mass region Meµ < 200 GeV to 25% for masses above 1 TeV. The overall second largest
contribution arises from WW production and increases from 10% below 200 GeV to 25% above
1 TeV. In the same mass interval the relative contribution from backgrounds involving non-prompt
or misidentified leptons (the data-driven jet background estimate and Wγ production) increases
from 7% to 34%.

The Meµ spectrum in Fig. 9.3 (left) and the corresponding cumulative distribution (right)
exhibit two readily visible discrepancies between the data and background expectation for masses
above 500 GeV. Between Meµ = 600 GeV and Meµ = 700 GeV, a slight excess over the back-
ground expectation is observed with 49 data events and 36 ± 5 (syst) expected events. Above
Meµ = 700 GeV, however, the number of observed events is smaller than the expected event yield,
as can be seen in the cumulative Meµ distribution Fig. 9.3 (right); in total 17 events are observed
and 27±4 (syst) are expected. When both systematic and statistical uncertainties are considered,
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the local significances of these discrepancies are below 2σ. Figures that focus on the high-mass re-
gion of the Meµ distribution with systematic uncertainty bands are included in App. E.3, Fig. E.4.
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Figure 9.3: Left: The Meµ distribution of events passing the full event selection not binned ac-
cording to the mass resolution. In the lower ratio plot, the black dots with vertical uncertainty bars
indicate the data to background ratio and its statistical uncertainty. Right: The cumulative Meµ
distribution, where all events above the Meµ value on the abscissa are summed. These figures are
also included in Ref. [30].
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Figure 9.4: The Meµ distribution of selected eµ pairs, binned according to the mass resolu-
tion for a resonantly produced eµ pair. Hypothetical contributions from the RPV ν̃τ signal are
represented by three signal peaks for the points in parameter space Mν̃τ

= 200 GeV, λ = 0.01;
Mν̃τ

= 500 GeV, λ = 0.01; and Mν̃τ
= 1.5 TeV, λ = 0.05, where λ is a placeholder for

λ′311 = λ312 = λ321. The QBH signal is shown for the parameters Mth = 1 TeV and n = 0.
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The highest observed Meµ value is 1046± 20 (δpµT) GeV1. Inspecting the plot of the Meµ
spectrum in Fig. 9.4 visually does not allow for a meaningful assessment of observed excesses
above the background expectation. Significance scans of the Meµ distribution are obtained by
algorithms that are based on the methods of statistical inference presented next.

Meµ ranges in units of GeV

Total < 200 200–400 400–600 600–1000 > 1000

tt 20 100± 1800 15 800± 1400 4050± 450 260± 44 30± 7 0.9± 0.4
WW 3150± 260 2400± 200 670± 64 68± 8 13± 2 0.9± 0.2
tW 2000± 160 1550± 120 430± 40 30± 3 4± 0.5 < 0.2
Jets 1570± 470 1250± 400 280± 83 30± 9 5± 2 0.6± 0.3
DY 960± 100 910± 100 40± 15 5± 5 < 1 < 0.1

WZ/ZZ 940± 80 670± 60 240± 20 27± 3 5± 0.6 0.3± 0.1
Wγ 480± 240 360± 180 100± 50 12± 6 3± 1.5 0.6± 0.3

Total bkg 29 200± 2300 22 900± 1800 5800± 560 430± 53 60± 9 3.5± 0.6
Data 28 925 22 736 5675 448 65 1

Table 9.1: Comparison of observed and expected event yields in five eµ mass ranges and the entire
Meµ spectrum. The systematic uncertainty in the total background expectation can exceed the
quadratic sum of the uncertainties in the individual background contributions due to correlations.
This table is also included in Ref. [30].

1The uncertainty that is assigned to the measured Meµ value is obtained by propagating the uncertainty in the
muon pT from the muon track fit (δpµT/p

µ

T ≈ 4%) to the mass of the eµ pair. This uncertainty is specific for this
event and denoted by the symbol (δpµT).
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Chapter 10

Results of the search for new physics
in the eµ mass spectrum

This section presents the statistical analysis of the measured Meµ spectrum and the resulting
conclusions concerning the signal models under study. This encompasses the following steps:

1. Quantify the significance of observed excesses over the SM background expectation based on
a statistical model for the signal (eµ resonance, peak in the Meµ spectrum) and background
contributions.

2. If a significant excess is found, quantify its compatibility with different signal hypotheses.

3. In the absence of significant deviations, determine limits on the signal model parameters1.

The employed methods of statistical inference are introduced in Sec. 10.1. The results of the
statistical interpretation of the experimental findings in terms of the RPV ν̃τ model (scalar eµ
resonance) are presented in Sec. 10.2 and those for the QBH model are given in Sec. 10.3.

10.1 Methods of statistical inference

This section outlines the statistical methods used in the interpretation of the experimental re-
sults. Since this work deals with searches for physics beyond the SM, the task at hand is that
of testing the data x (the measured invariant mass spectrum dN/dM) against two hypotheses
for the underlying theoretical model. The first model hypothesis is the SM or background-only
hypothesis, referred to as Hbkg in the following. The second model hypothesis is the SM plus a
signal contribution, with the signal either an eµ resonance as in the RPV ν̃τ model or the QBH
signal. It is referred to as Hsig.

The significances and cross section limits presented below are calculated using software tools
developed by others in CMS in the context of searches for the SM Higgs boson, that are based
on the RooStats toolkit [272]. The latter uses several tools provided by the RooFit package, for
example for the generation of pseudo-data or the determination of maximum likelihood parameter
estimates via MINUIT [213]. Some technical detail on the implemented procedure for the computa-
tion of exclusion limits and a brief overview of different statistical approaches to the quantification
of the significance of an excess are provided in Ref. [273]. Among the other references used to com-
pile the summary of statistical methods in this section, Refs. [5, 274, 275] have been particularly
helpful.

1Limits on model parameters may also be set if a significant excess is found (item (2)) but priority would be
given to the interpretation of the excess in this case.
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10.1.1 Signal models and likelihood

The data and both model hypotheses enter the statistical interpretation as binned mass spectra
dN/dM with a binning that is smaller than the mass resolution. The data is represented by the
set of event counts x = {xi}, with i denoting the corresponding mass bin. Neglecting the impact
of nuisance parameters for the moment, the signal and background contributions are modelled as
follows:

• Signal models

Both the resonance and QBH signal hypotheses are functions of two parameters; an assumed
mass parameter Msig and the observable signal event yield s = σsig · (A× ε) · L .
In the RPV ν̃τ model, the mass parameter is given by Msig = Mν̃τ

. The signal shape
in the mass spectrum is a peak at the resonance mass that is modelled as a Gaussian
distribution with a fixed width σeµ(Msig) that is set to the mass resolution determined in
Sec. 5.4. This model for the signal shape implies that the searched for resonance is narrow,
Γres(Msig)� σeµ(Msig).
In the search for QBHs, the signal shape is obtained as the dN/dM spectrum from simulated
samples and the threshold mass for QBH production is chosen as the signal mass parameter,
Msig = Mth.
Since the shapes of the signal contributions to the mass spectrum are fixed for a given mass
hypothesis Msig, the hypothesis for the signal yield s fixes the signal event yields in mass
bin i, si.

• Background model

The background model is obtained directly from the sum of background contributions that
are described in Sec. 6 and depicted (with a broader binning than used in the limit setting)
in Fig. 9.4. The fixed number of expected background events in mass bin i is referred to as
bi.

The chosen parameter of interest in the statistical analysis is not the observable total signal event
yield s but the so-called signal strength modifier µ that modifies the chosen signal cross section
σsig such that the expected number of events per bin reads

ni(µ) = µsi + bi . (10.1)

Likelihood

Both the expected signal contribution and the background expectation are affected by uncertain-
ties and therefore the event yields per bin are functions of corresponding nuisance parameters
ν = {ν1, ..., νm}. With these definitions the likelihood function for the observation x assuming
Hsig is given by

L(x|µ,ν) =
∏
i∈bins

search region

ni (µ, ν)xi
xi!

exp (−ni(µ, ν)) , (10.2)

where the product runs over all mass bins in the search region and the pdfs for the nuisance
parameters that are introduced below in Eqn. 10.5 are suppressed. The corresponding likelihood
for the background-only hypothesis Hbkg is obtained for µ = 0. The search region is a function of
the signal mass hypothesis Msig and is defined differently in the eµ resonance and QBH searches.
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Search regions

For the resonant signal, the considered mass range is

Meµ ∈


[0, Msig + 440 GeV] for Msig ≤ 440 GeV
[Msig ± 440 GeV] for Msig > 440 GeV, 6× σeµ(Msig) < 440 GeV
[Msig ± 6× σeµ(Msig)] for 6× σeµ(Msig) ≥ 440 GeV

, (10.3)

where σeµ denotes the Meµ resolution. The size of the search region of ∆M = 440 GeV is
motivated in Sec. 5.1.1 with a definition of the signal cross section in mind that does not depend
strongly on finite-width effects. This argument does not take into account the detector resolution
as an additional limiting factor; restricting the size of the search region to values below O(5)
times the Meµ resolution would introduce an additional acceptance cut affecting the signal se-
lection efficiency and is unreasonable. Therefore, the definition of the search region is changed
for high signal masses from the theory-inspired choice of ∆M = 440 GeV to the detector-inspired
criterion ∆M(Msig) = 6× σeµ(Msig). Since the relative Meµ resolution is small (less than 5% for
signal masses below 2 TeV), the change in the definition of the search region occurs at high signal
masses, Msig ≈ 1.8 TeV.

In the QBH search, the search region is defined by a one-sided cut below the threshold mass
Mth as

Meµ ∈
[
Mth − 6× σeµ ,

√
s = 8 TeV

]
. (10.4)

10.1.2 Bayesian limit setting

Exclusion limits are calculated based on the Bayesian approach described in Refs. [5, 273]. The
posterior probability distribution for the parameter of interest µ and nuisance parameters ν given
the measurement x, Pν(µ,ν|x), is given by the likelihood (Eqn. 10.2), the prior probability distri-
bution for the signal strength parameter, πµ(µ), and the combined pdf for the nuisance parameters
ρcomb(ν) as

Pν(µ,ν|x) =
L(x|µ,ν)× ρcomb(ν)× πµ(µ)∫

dµ′
∫

dν′L(x|µ′,ν′)× ρcomb(ν′)× πµ(µ′)
. (10.5)

The different sources of uncertainties represented by the nuisance parameters are assumed to be
uncorrelated, such that the combined prior function factorizes, ρcomb(ν) = ∏

j ρj(νj). The prior
probability distribution for the signal strength is taken to be uniform for µ ≥ 0 and zero otherwise.
The treatment of the systematic uncertainties and the assigned pdfs ρj(νj) are described separately
in the following section. Once they are specified, the posterior probability distribution for the
parameter of interest µ given the measurement x, P (µ|x), is obtained by integrating over the
nuisance parameters [273]

P (µ|x) =
∫ ∏

j

dνjPν(µ,ν|x) . (10.6)

This integration is carried out using Markov Chain Monte Carlo techniques (Metropolis-Hastings
algorithm) [276, 277]. The upper bound on the signal strength modifier µCL

up at confidence level
(CL) 1− α is then obtained by solving the equation

∫ µ
CL
up

0
dµP (µ|x) = 1− α = 0.95 (0.90) , (10.7)

where the values on the right define the 95% (90%) CLs that are used in the following (the 90%
CL is evaluated in order to be able to compare to results from indirect searches).
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Treatment of systematic uncertainties

The pdfs ρj(νj) in Eqn. 10.5 constrain the nuisance parameters. In this work, these distributions
are not obtained from auxiliary measurements and rather represent models for the description of
systematic uncertainties.

As described in the context of the estimation of systematic uncertainties in Sec. 8, two types
of uncertainties are distinguished from one another, depending on whether they are assumed to
affect the event yields in all bins in the mass spectrum dN/dM via the same factor (scaling
uncertainties) or in a mass-dependent way (shape uncertainties)2.

The pdfs of nuisance parameters associated with scaling uncertainties are modelled with a
log-normal pdf as described in Ref. [273]. An example is the uncertainty in the luminosity that
affects the background estimates obtained from simulations and the expected signal event yield
by 2.5%, irrespective of the mass value.

The pdfs of nuisance parameters associated with spectral uncertainties are obtained by a
vertical template morphing technique, see Refs. [278,279].

Expected exclusion limits

Expected limits are obtained by generating toy Monte Carlo pseudo-data for the background-
only hypothesis (µ = 0). For each set of pseudo-data xtoy

k , the exclusion limit µCL
up is evaluated

according to Eqns. 10.5-10.7. The expected limit is defined in the following as the median of the
resulting sampling distribution of µCL

up . In addition, the values of µCL
up corresponding to the 68%

and 95% quantiles of the sampling distribution are evaluated.

10.1.3 The profile likelihood ratio and the quantification of an excess

In contrast to the limit setting that is based on Bayesian inference, the quantification of excesses
over the background expectation is carried out in a frequentist context, using the profile likelihood
approach. Again, the calculations are carried out with software tools developed within the CMS
collaboration in the context of searches for the SM Higgs boson. This summary of the underlying
statistical methods is largely based on Ref. [275], in which the formulae for likelihood-based test
statistics are derived that are used in the scan of the Meµ spectrum for signs of localized peaks.

P-value for Hbkg and the significance of an excess

The characterization of an observed deviation from the expected background starts with the eval-
uation of the probability to obtain data with equal or greater incompatibility with the background
expectation under the background-only hypothesis Hbkg. This p-value for Hbkg is denoted p0 and
obtained by evaluating the observed value of a suitable test statistic q0 defined below with pdf
f(q0|Hbkg)

p0 =
∫ ∞
q
obs
0

dq0 f(q0|Hbkg) . (10.8)

Only observed excesses, in contrast to deficits, are regarded as evidence against Hbkg in the
following because in the case at hand there is no interference term between the SM background and
the eµ signal processes that may lead to cancellations in the total cross section. The significance
Z0 (or z-score) of the excess is then defined by interpreting p0 as the one-sided tail probability of
the normal distribution and solving

p0 =
∫ ∞
Z0

dx 1√
2π

exp(−x2/2) ⇒ Z0 = Φ−1(1− p0) , (10.9)

where Φ−1 is the inverse of the cumulative distribution of the standard Gaussian. In high-energy
physics, values of the significance of Z0 = 3 (3σ level) and Z0 = 5 (5σ level) are typically chosen

2The term shape uncertainties is used here for any uncertainty that leads to distortions of the shape of the mass
spectrum 1/Ntot × dN/dM . These distortions may also change the total event yield Ntot.
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as a necessary condition to claim evidence for and the discovery of a new phenomenon beyond the
SM (Hbkg), respectively3.

The profile likelihood test statistic q0

The profile likelihood ratio used to obtain the significance is defined as

λ(µ) = L(x|µ, ˆ̂ν)
L(x|µ̂, ν̂) , (10.10)

where ˆ̂ν denotes the set of nuisance parameters that maximizes the likelihood under the assump-
tion of the signal strength µ and {µ̂, ν̂} is the set of parameters that maximizes the likelihood
when both the parameter of interest and the nuisance parameters are varied. Based on the defi-
nition of the likelihood ratio in Eqn. 10.10 the test statistic q0 for the discovery of a signal with
positive event yield is chosen as [275]

q0 =
{
− 2 lnλ(0) µ̂ ≥ 0
0 µ̂ < 0

. (10.11)

Setting q0 to zero for a negative maximum likelihood estimator of the signal strength µ̂ reflects
the assumption that the signal contribution to the event yield is positive; only positive values of
µ̂ are regarded as evidence against Hbkg.

In the limit of large sample size N →∞ (asymptotic limit), the pdf for q0 under the assumption
of Hbkg, f(q0|Hbkg), is found to be a half chi-square distribution for one degree of freedom [275]
by using the Wald approximation [281]

f(q0|Hbkg) = 1
2δ(q0) + 1

2
1√
2π

1
√
q0

exp(−q0/2) . (10.12)

The p-value for Hbkg evaluated according to Eqn. 10.8 is then given by [275]

p0 = 1− Φ (√q0) (10.13)

and the significance (Eqn. 10.9) takes on the simple form

Z0 = √q0 . (10.14)

The formula for the significance is obtained in the large sample limit but has been shown to
provide satisfactory results in the case of small event counts as well [273]. This is important for
the significance scan in the eµ resonance search presented in the following because event yields at
high Meµ are low.

3These arbitrary thresholds depend on the exact definition of the significance and the search being performed.
In the case of the eµ resonance search, that is performed over a large range of hypothetical signal masses, the
significance should certainly be corrected for the look-elsewhere-effect [280] for a 3σ deviation to be considered as
evidence for a signal.
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10.2 Search for narrow resonances

The presentation of the results starts in Sec. 10.2.1 with a significance scan of the Meµ spectrum.
The assumed signal shape is a Gaussian peak at mass Mres (corresponding to an eµ resonance
model). The signal shape is generic in this case, but the resulting significances may be interpreted
in terms of the RPV ν̃τ signal model.
In a second step, exclusion limits are set on the signal cross section of the RPV ν̃τ model as a
function of the signal mass hypothesis Mν̃τ

in Sec. 10.2.2. These limits are specific to the ν̃τ
model with production coupling λ′311 and the corresponding dd initial state. Finally, mentioned
cross section bounds are re-interpreted in terms of other RPV ν̃τ models that also involve an
eµ resonance in the final state but different RPV Yukawa couplings λ′3jk for its production and,
correspondingly, different initial states.

10.2.1 Local significance for narrow eµ resonance signal model

The significance of excesses over the background expectation evaluated with the likelihood for the
RPV ν̃τ signal model as a function of Mν̃τ

is shown in Fig. 10.1. The hypothetical resonance
mass is incremented in this significance scan in steps that are smaller than the Meµ resolution
evaluated at Mν̃τ

. The maximum significance found over the entire probed mass range is about
2.2σ at Mν̃τ

= 278 GeV. This value represents the local significance, i.e. it is not corrected for
the trial factor that would account for the fact that several signal mass hypotheses with non-
overlapping signal pdfs have been probed when scanning the Meµ spectrum (for details about this
so-called look elsewhere effect see Ref. [280]). Given that the observed maximum local significance
does not indicate evidence for a signal, the significances are not recalculated including the trial
factor.
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Figure 10.1: The significance, or z-score, of excesses over the background expectation observed in
data as a function of the resonance mass hypothesis. These are the local significance values that
are not corrected for the look-elsewhere effect.
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10.2.2 Exclusion limits

With no significant excess observed in data with respect to the background expectation, exclusion
limits are set on the product of signal cross section and branching fraction of the decay into the
eµ final state and exclusion boundaries in the parameter spaces of the considered models of new
physics are derived. The presentation of the results is structured as follows:

First, the cross section limits for narrow scalar resonances are shown in the following paragraph.
These are then translated into bounds in the parameter space of the RPV ν̃τ model with the non-
zero Yukawa couplings λ′311 and λ312 = λ321. Finally, the impact of the experimental findings
on RPV ν̃τ models with a different production mode of the resonance, i.e. a different choice for
the non-zero production coupling λ′3jk, is discussed. All these results are put into context by
comparing them to the outcome of other searches for cLFV involving electrons and muons both
at high-energy colliders and lower-energy facilities.

Before turning to the presentation of the exclusion limits, a clarification concerning the treat-
ment of theoretical uncertainties in the inclusive signal cross sections is in order: As described in
the context of the discussion of the systematic uncertainties in the signal contribution in Sec. 8.2,
the theoretical uncertainties (PDF, renormalization and factorization scale uncertainties) in the
inclusive signal cross section are not included in the calculation of the cross section limits and they
are not included in the cross section curves in figures such as Fig. 10.2, either. These uncertainties
do not affect the excluded signal cross section but merely the translation of cross section limits
into exclusion bounds in the parameter space of a given signal model. This additional uncertainty
in the derivation of the exclusion limits on model parameters is neglected in the following; the
bounds on parameters such as the signal mass presented in the following are obtained assuming
the (exact) cross sections calculated as outlined in Secs. 1.1 and 1.2 and documented for various
choices of model parameters in App. C.

Cross section limits

The observed limits on the product of the narrow resonance signal cross section and the branching
fraction of the decay into the eµ final state at 95% CL are given in Fig. 10.2 (left) in the signal
mass range from 200 GeV to 2 TeV together with the median expected limit and its 1σ and 2σ
uncertainty bands.

The observed upper limits on the signal cross section range from 13 fb at Mν̃τ
= 200 GeV to

0.24 fb at Mν̃τ
= 1.2 TeV. The corresponding median expected limits read 9.0 fb and 0.30 fb,

respectively. For Mν̃τ
≥ 1.2 TeV, the cross section limit varies only very slowly with the slightly

falling signal efficiency towards higher masses, that is discussed in Sec. 5.3. The signal efficiency
is the key parameter in the cross section limit calculation in this high-mass region because the
background expectation in the mass region Mν̃τ

≥ 1.2 TeV is very small (below one event) and
no event is observed in data. The variation of the observed cross section limit as a function of
the probed signal mass is more pronounced at lower masses, where the number of expected and
observed events is sizeable and the detector resolution, that determines the width of the peak of the
hypothetical narrow resonance signal, is small. As the signal mass and with it the Meµ resolution
increase, the number of local extrema of the observed limit curve per mass interval decreases. A
zoom into the low-mass region of the limit plot between Mν̃τ

= 200 GeV and Mν̃τ
= 400 GeV is

shown in Fig. 10.2 (right) in order to illustrate the variations of the observed cross section limit
in this region. The observed limit curve is almost fully contained within the 2σ band around the
median expected limit. A comprehensive compilation of the observed and expected cross section
limits in the signal mass range from Mν̃τ

= 200 GeV to Mν̃τ
= 2 TeV evaluated at both 95% CL

and 90% CL is given in Tab. E.1 App. E. These cross section bounds obtained at
√
s = 8 TeV can

be compared directly to the limits from the ATLAS search for LFV resonances at the same centre-
of-mass energy, reported in Ref. [31]. The signal cross section for the RPV ν̃τ model is included
in Fig 10.2 (left) for λ′311 = λ312 = λ321 = 0.01, yielding a lower bound on Mν̃τ

of 1.28 TeV at
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Figure 10.2: The observed and expected 95% CL exclusion limits on the product of ν̃τ production
cross section and the branching fraction of its decay into the eµ final state as a function of the
signal mass hypothesis.

95% CL. For the Yukawa couplings λ′311 = 0.11 and λ312 = λ321 = 0.07, the observed mass limit
reaches 2.30 TeV and the search by the ATLAS collaboration at

√
s = 8 TeV reports a bound of

2.0 TeV. Lower bounds on Mν̃τ
are set for further values of the involved RPV Yukawa couplings

and documented in Tab. 10.1. A mass limit of 270 GeV, close to the lower edge of the probed
resonance mass interval, is obtained for the coupling choice λ′311 = λ312 = λ321 = 0.002. The total
decay width of the ν̃τ for these model parameters is about 0.1 MeV, such that the eµ pair in the
final state is still produced promptly.

Apart from considering the uncertainty in the expected limit, it is instructive to quantify
the impact of the systematic uncertainties in the observed limit. To this end, the observed
limit is recalculated without the systematic uncertainties in the background and signal contri-
butions and compared to the full limit calculation in Fig. 10.3. The importance of including
the systematic uncertainties is illustrated by the signal cross section curve for the couplings
λ′311 = λ312 = λ321 = 0.003; the mass limit obtained for these parameters lies 100 GeV above
the actual value if the systematic uncertainties are ignored.
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Table 10.1: The 95% CL lower limits on Mν̃τ
for seven choices of the RPV couplings λ′311 and

λ312 = λ321. The median expected limit is shown together with the boundaries of the corresponding
1σ uncertainty band.

RPV coupling strengths 95% CL lower limits on Mν̃τ
(TeV)

Observed Median expected +1σ −1σ

λ′311 = λ312 = λ321 = 0.002 0.27 0.29 0.35 0.23
λ′311 = λ312 = λ321 = 0.005 0.65 0.83 0.93 0.71
λ′311 = λ312 = λ321 = 0.01 1.28 1.24 1.28 1.14
λ′311 = λ312 = λ321 = 0.02 1.61 1.61 1.62 1.56
λ′311 = λ312 = λ321 = 0.05 2.07 2.07 2.07 2.06

λ′311 = 0.1 , λ312 = λ321 = 0.05 2.16 2.16 2.16 2.15
λ′311 = 0.11 , λ312 = λ321 = 0.07 2.30 2.30 2.30 2.30

λ′311 = λ312 = λ321 = 0.1 2.42 2.42 2.42 2.41
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Figure 10.3: The observed 95% CL exclusion limits on the product of ν̃τ production cross section
and the branching fraction of its decay into the eµ final state calculated with (black solid line) and
without (light blue dashed line) systematic uncertainties.
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Exclusion boundaries in the parameter space of the RPV ν̃τ model

Using the narrow width approximation formula of the RPV signal cross section, the cross section
limit is translated into exclusion bounds in the (Mν̃τ

, λ′311) plane of the parameter space of the RPV
model for fixed values of the couplings responsible for the ν̃τ decay into an eµ pair, λfix

312 = λfix
321.

As discussed in Sec. 1.1.2, the NWA of the signal cross section can be factorized into a term that
only depends on the ν̃τ mass and a term that reflects the dependence on the coupling parameters:

(σ · B)NWA = k(Mν̃τ
)

(
λ′311

)2
[(
λfix

312
)2

+
(
λfix

321
)2
]

3
(
λ′311

)2
+
[(
λfix

312
)2

+
(
λfix

321
)2
] (10.15)
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2 k(Mν̃τ
)
(
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312
)2
/ 3 ≡ (σ · B)max

(
Mν̃τ

, λfix
312
)
. (10.17)

If the observed cross section limit (σ · B)obs lies above the cross section (σ · B)max for a given pa-
rameter pair (Mν̃τ

, λfix
312), no limit on λ′311 can be set for that point in parameter space. Otherwise,

the observed limit on λ′311 is given by

λ′311 =

√√√√√√ 2 (σ · B)obs
(
λfix

312
)2

2 k(Mν̃τ
)
(
λfix

312
)2
− 3 (σ · B)obs

, (10.18)

according to Eqn. 10.16. The resulting 95% CL exclusion boundaries in the (Mν̃τ
, λ′311) plane

are shown in Fig. 10.4 with a comparison to the corresponding limits from CMS dijet searches.
The dijet signal in the chosen RPV ν̃τ model is represented by the Feynman diagram in Fig. 10.5
that, in contrast to the eµ signal, only involves the Yukawa coupling λ′311. The other non-zero
couplings in the model, λ312 and λ321, enter the dijet cross section of the ν̃τ model via the total
decay width of the ν̃τ . Replacing the branching fraction B(ν̃τ → eµ) in Eqn. 10.15 with the
branching fraction of the ν̃τ decay into the dijet final state yields the dijet cross section in the
narrow width approximation:

(σ · B)dijet
NWA = k(Mν̃τ

)
3
(
λ′311

)4

3
(
λ′311

)2
+
[(
λfix

312
)2

+
(
λfix

321
)2
] . (10.19)

The searches for dijet resonances carried out with the CMS experiment at the LHC at
√
s = 8 TeV

[95,282] and
√
s = 13 TeV [96] in the running periods in 2012 and 2015, respectively, do not include

an interpretation in terms of the RPV model discussed here. The results are however presented
with a level of detail that allows for a reinterpretation in terms of other models. The following
reinterpretation is based on the two searches at

√
s = 8 TeV; the baseline search for dijet reso-

nances using the full CMS data format and focussing on high dijet masses (Mres ≥ 1.2 TeV) [95],
and a search extending to lower masses (Mres ≥ 0.5 TeV) by utilizing the technique of data scout-
ing [282]. The cross section exclusion limits are given in both cases at 95% CL on σ × B ×A,
the product of resonance production cross section, branching fraction into the dijet final state,
and acceptance of the dijet pair at parton level. They are furthermore provided for different
two-parton final states, and, in the case of the high-mass search, for different decay widths of the
resonance. In the following, the limits for narrow quark-(anti)quark resonances are used. In order
to compare them to the limits derived above on σ × B, the acceptance A of the RPV ν̃τ model
in the dijet search is estimated by applying the dijet selection cuts to the two final state leptons
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Figure 10.4: The 95% observed limit boundaries in the (Mν̃τ
, λ′311) plane of the RPV model for

four fixed values of the third parameter λ312 = λ321: 0.007, 0.01, 0.05, and 0.07. These bounds are
compared to the results from a reinterpretation of dijet searches by the CMS collaboration [95,282]
that are represented by the two curves with markers. The areas in parameter space above the
curves are excluded, as exemplified by the shaded regions.
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τLν~
λ'311 λ'311
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Figure 10.5: Feynman graph for resonant tau sneutrino production in dd annihilation and subse-
quent decay into a dd pair.

in the eµ resonance signal samples at parton level. The following cuts are applied: In both dijet
searches, the two jets in the final state are required to have a pseudorapidity of |η| < 2.5 and a
transverse momentum of pT > 30 GeV. The separation in pseudorapidity of the two jets |∆ηjj |
has to be less than 1.3 in both cases. According to Ref. [282], the effect of the cut on the dijet
mass at 390 GeV is already taken into account in the limits provided by the search with data
scouting, and is therefore not included when calculating the corresponding acceptance. In the
case of the high-mass search, the mass cut at 890 GeV is included in the acceptance calculation.
The resulting acceptances range from 56% at Mν̃τ

= 0.5 TeV to 57% at Mν̃τ
= 1.2 TeV for the

low-mass search, and remain at 57% for masses above Mν̃τ
= 1.2 TeV for the high-mass search.

These numbers are in satisfactory agreement with an acceptance of about 60% that is stated for
isotropic decays of resonances, such as in the case of the scalar ν̃τ in the model under study,
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in Ref. [95]. With these acceptances, the limits from the dijet searches on the product of cross
section and branching ratio, (σ · B)dijet

obs , are obtained and the bound on λ′311 is calculated using
Eqn. 10.19 as:

λ′311 =

√√√√√√
2 (σ · B)dijet
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3k(Mν̃τ

)
(
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312
)2

+

(σ · B)dijet
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2k(Mν̃τ
)

2


1
2

+ (σ · B)dijet
obs

2k(Mν̃τ
) . (10.20)

As is apparent from this formula, the dependence of the dijet exclusion boundary in the (Mν̃τ
, λ′311)

plane on the coupling λfix
312 is small for λfix

312 � 1. For the exclusion curve in Fig. 10.4 the value
λfix

312 = 0.007 is chosen, but it is accurate for all choices of λfix
312 in the legend and for vanishing

λfix
312. In the mass range 500 GeV ≤Mν̃τ

≤ 2.2 TeV the 95% CL upper bounds on λ′311 obtained
from the reinterpretation of the dijet search lie between 0.12 and 0.60. Under the condition
λ′311 � λ312, these coupling values correspond to a relative decay with Γν̃τ /Mν̃τ

of 9 · 10−4 and
2 · 10−2, respectively. Since the latter case does not represent a narrow resonance anymore, the
coupling limit is recalculated for Mν̃τ

= 2 TeV with the cross section limit for quark-(anti)quark
resonances with a decay width of 1.5% given in Ref. [95]. The result differs by only about 4%
from the coupling bound obtained in the narrow resonance case that is shown in Fig. 10.4.

The comparison of the limit boundaries obtained in the eµ search and from the reinterpre-
tation of the dijet search in Fig. 10.4 exemplifies the importance of dilepton resonance searches
with their relatively small background contamination in the LHC environment. While the dijet
search does not constrain the RPV ν̃τ model for resonance masses below 500 GeV or couplings
below λ′ ∼ 0.1, couplings in the per mille range are probed in the eµ search for Mν̃τ

. 500 GeV.

After the comparison of the obtained limits in the parameter space of the ν̃τ model with the
results of other direct resonance searches at the LHC, the bounds from indirect searches for cLFV
effects of new physics at the TeV scale at lower-energy facilities are considered. Some of these
indirect searches have been introduced in Sec. 1.1.3. For Mν̃τ

= 1 TeV, the exclusion boundary of
the eµ resonance search in the (λ′311 , λ312 = λ321) plane is compared to the limits obtained from
searches for µ-e conversion in heavy nuclei and for muonium conversion in Fig. 10.6.

The direct search for the ν̃τ sets more restrictive limits than the search for muonium conver-
sion as long as the coupling of the production vertex λ′311 is larger than 4.5 · 10−3. It does not
improve the bounds obtained from µ-e conversion searches but it confirms this indirect search at
a lower energy scale by probing the TeV scale directly for eµ resonances. Under the assumption
λ′311 = λ312 = λ321 and for Mν̃τ

= 1 TeV, the bound on the coupling product at 90% CL obtained
in the eµ resonance search reads |λ′311λ312| < 4.1 · 10−5. This can be compared to the bound
of |λ′311λ312| < 3.3 · 10−7 [65] from the search for µ-e conversion with the SINDRUM II experi-
ment. Note that signal models of new physics with an eµ resonance signature that do evade the
µ-e conversion searches but might be detected at the LHC can be constructed, as discussed for
example in Ref. [283]. Direct searches for eµ resonances at the LHC are valuable because they
provide a complementary approach to indirect searches for cLFV effects between the first and
second generation of leptons. For example, results of searches for resonant production of an eµ
pair at the LHC (with high integrated luminosity) would be valuable to differentiate between BSM
physics scenarios if evidence for cLFV between the first and second generation were discovered at
the next generation of µ-e conversion experiments, as pointed out in Ref. [65].

Probing different Yukawa couplings for ν̃τ production

The cross section bounds for a narrow scalar eµ resonance produced via dd annihilation presented
in Sec. 10.2.2 can be reinterpreted in terms of different ν̃τ signal models with a different production
mode of the ν̃τ . These models can be obtained from the reference model with its three non-zero,
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Figure 10.6: The exclusion boundaries in the (λ′311 , λ312 = λ321) plane of the parameter space
of the ν̃τ model obtained for Mν̃τ

= 1 TeV at 90% CL from the eµ resonance search (black line).
They are compared to those derived from searches for µ-e conversion [65] (90% CL, yellow area),
from searches for muonium conversion [69] (90% CL, red line), and from the CMS search for
dijet resonances using data scouting [282] (95% CL, blue line). Which area in parameter space is
excluded is indicated by the shaded regions.

independent coupling parameters λ′311, λ312, and λ321 by setting λ′311 to zero and assigning a finite
value to one of the other 8 production couplings λ′3jk. For the purpose of interpreting the eµ
resonance search, the models defined by the production couplings λ′3jk and λ′3kj with k 6= j are
equivalent. Therefore, five additional signal models are discussed in the following that share the
decay couplings λ312 and λ321 with the reference model but involve one of the non-zero couplings
λ′322, λ′333, λ′312, λ′313, or λ′323. These couplings correspond to the ν̃τ (ν̃∗τ ) production modes via
ss (ss), bb (bb), sd (ds), bd (db), and bs (sb) annihilation, respectively. As above, the assumption
λ312 = λ321 is made in the derivation of all the presented results in order to simplify the parameter
space. For convenience, the different models are referred to according to the involved λ′3jk coupling
in the following, e.g. the reference model is also called the λ′311 model.

The experimental signature of these different ν̃τ resonance models is a narrow peak in the
eµ mass spectrum, irrespective of the chosen production coupling. However, there are two major
differences due to the different production modes. First, the inclusive cross section for ν̃τ /ν̃∗τ pro-
duction can differ by orders of magnitude as shown in Fig. 1.3 in Sec. 1.1.2 because of the different
parton luminosities for the different quark-antiquark combinations. Second, the kinematics of the
processes differ depending on the balance of fractional proton momenta between the two partons
in the initial state. In particular, this leads to different boosts of the dilepton pair in the final
state along the beam axis and thus different η and pT distributions of the produced leptons. Since
the inclusive signal cross sections have been evaluated above, the focus is put in the following on
the effect of the differences in the kinematics on the signal efficiency that directly enters the cross
section limits.
To the end of comparing the signal selection efficiencies of the ν̃τ models with different partonic
initial states, LHE events are generated for the five additional ν̃τ models using the CalcHEP
event generator (v. 3.6.23) with the inputs and settings described in Sec. 5.1.1. The CTEQ6L [58]
central PDF set is used in the event generation. Per initial state, 19 samples are generated for
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(a) The ratio of the signal acceptances obtained for
the ν̃τ model with production coupling λ′311 and
for different production couplings λ′3jk.
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(b) The ratio of the signal efficiencies within the ac-
ceptance obtained for the ν̃τ model with produc-
tion coupling λ

′
311 and for different production

couplings λ′3jk.

Figure 10.7: Ratios of acceptances (left) and efficiencies (right) obtained for the ν̃τ model with
production coupling λ′311 and for different production couplings λ′3jk. In the references model
with a non-zero value of λ′311, the ν̃τ is produced via dd annihilation, while other choices of the
production coupling correspond to the initial states indicated in the legend.

masses ranging from Mν̃τ
= 200 GeV to Mν̃τ

= 2 TeV with 20000 events, each. The generated
events allow for the determination of the signal acceptance at parton level of the different ν̃τ mod-
els, denoted Aλ′3jk

. This acceptance is defined as before as the fraction of events passing the cuts
on η and pT of the two leptons in the final state. The resulting ratios Aλ′311

/Aλ′3jk
are depicted

in Fig. 10.7 (left). The ν̃τ signals can be grouped according to two different kinematic scenarios,
depending on whether the initial state for ν̃τ /ν̃∗τ production contains a down quark or not. If
this is the case, then either the ν̃τ or the ν̃∗τ is predominantly produced in the annihilation of a
valence down quark with a sea antiquark. If not, both the quark and the antiquark originate from
the sea. On average, the fractions of the proton momenta carried by the quark and antiquark
are more balanced in the second case, resulting in a more central production of the dilepton pair
in the detector and higher acceptances. The reference model with its production coupling λ′311
contains a down quark in the initial state and falls in the category with smaller acceptance to-
gether with the λ′312 and λ′313 models. The difference in acceptance between the two kinematic
scenarios falls with increasing signal mass from about 20% at Mν̃τ

= 200 GeV to below 1% at
Mν̃τ

= 2 TeV. This is explained by the shrinking of the rapidity plateau in the η distributions of
the produced leptons with increasing

√
ŝ that results in acceptances close to one for signal masses

in the multi-TeV range in both cases. Note that while the signal acceptances of the λ′311 and λ′322
models for example become more similar with increasing signal mass, the corresponding inclusive
signal cross section grow further apart; they differ by roughly a factor five at Mν̃τ

= 200 GeV but
by more than a factor 30 at Mν̃τ

= 2 TeV.
In addition to the differences in the signal acceptances of the λ′3jk models, the impact of the

different signal kinematics on the selection efficiency of signal events falling into the acceptance
is evaluated. This is achieved by reweighting the generated events according to the muon trig-
ger, muon identification, and electron identification efficiencies that have been measured by the
corresponding POGs in CMS and have been presented in Sec. 4.5. A one-dimensional parameter-
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ization is chosen for the muon efficiencies εµtrig(ηµ) and εµID(ηµ), that captures the η dependence of
these efficiencies. The electron identification efficiency is included as a function of electron pT for
electrons in the barrel part of the detector and electrons in the endcaps, separately, because the
electron identification criteria differ between these two regions. The resulting ratios of the selec-
tion efficiencies for the λ′311 model and other models λ′3jk are shown in Fig. 10.7 (right) and range
from 0.98 to 1.01. As expected, the differences between the λ′3jk models in the selection efficiency
of events falling into the acceptance are much smaller than the differences in the acceptance itself.

For simplicity, only the acceptance ratios in Fig. 10.7 (left) are considered for the translation
of the eµ resonance cross section limits of the λ′311 ν̃τ model in Fig. 10.2 into the corresponding
limits of the λ′3jk models. Parameterizations of the acceptances of the individual models as a
function of Mν̃τ

, Aλ′3jk(Mν̃τ
), are obtained by applying fits, as described in detail for the λ′311

signal model in Sec. 5.3.1. The upper cross section limit for the λ′3jk model as a function of the
signal mass hypothesis, (σ × B)limit

λ
′
3jk

(Mν̃τ
), is then obtained as

(σ × B)limit
λ
′
3jk

(Mν̃τ
) =

Aλ′311
(Mν̃τ

)
Aλ′3jk

(Mν̃τ
)(σ × B)limit

λ
′
311

(Mν̃τ
) . (10.21)

They are translated into limits in the parameter spaces of the different ν̃τ models by replacing
the production coupling (λ′311 → λ′3jk), the cross section limit (Eqn. 10.21), and the coupling-
independent factor entering the signal cross section in Eqn. 10.18 (k(Mν̃τ

)→ kλ′3jk
(Mν̃τ

)), accord-
ingly. The factors kλ′3jk(Mν̃τ

) contain the convolution of the PDFs for the quark/antiquark pair in
the initial state and they thus differ significantly for the different considered production couplings.
The resulting 95% CL exclusion boundaries in the (Mν̃τ

, λ′3jk) planes in these different parameter
spaces for decay couplings λ312 = λ321 = 0.05 are overlayed in Fig. 10.8. The size of the excluded
area in the parameter planes increases with the signal cross section of the corresponding λ′3jk
model. It is largest for the λ′311 coupling with its dd initial state and decreases with the parton
luminosities of the other initial states for ν̃τ (ν̃∗τ ) production in the order: sd (ds), bd (db),
ss (ss), bs (sb), and bb (bb).

Two types of indirect searches for BSM physics are relevant for the comparison of the obtained
bounds in RPV parameter space with the existing bounds in the literature. On the one hand,
there are limits from the aforementioned searches for µ-e conversion in heavy nuclei, on the other
hand searches for LFV decays of neutral mesons into an eµ pair play an important role. These
results from searches for processes at lower energy scales that are forbidden or extremely rare in
the SM are typically presented as limits on coupling products |λ′3jkλ312| at 90% CL. All RPV
SUSY-induced contributions to the rates of rare processes that are considered in the following
occur at tree level and therefore the dependence of the coupling bounds on Mν̃τ

is given by
|λ′3jkλ312| ∼ (Mν̃τ

/1 TeV)2 at LO.
The comparison of the limits obtained in the eµ resonance search to the existing bounds is

simplified by assuming Mν̃τ
= 1 TeV and λ′3jk = λ312 = λ321. With these choices, the 90% CL

cross section limits from Tab. E.1 and Eqn. 10.21 can be translated into a bound on |λ′3jkλ312|:

|λ′3jkλ312|
limit = 5

2 ×
(σ × B)limit

λ
′
3jk

(
Mν̃τ

= 1 TeV
)

kλ′3jk

(
Mν̃τ

= 1 TeV
) . (10.22)

The results are compared to the existing bounds in Tab. 10.2. Since the published bounds on
|λ′3jjλ312| that stem from the interpretation of searches for µ-e conversion are stronger than those
obtained in this work, the discussion will focus on the bounds on |λ′3jkλ312| (j 6= k) from searches
for exotic meson decays in the following. Details about their calculation are summarized in
App. E.7. The indirect bounds on |λ′312λ312| from searches for the rare kaon decay K0

L → eµ with
the BNL E871 experiment [20] are very constraining and surpass the limit obtained in this work
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Figure 10.8: Exclusion boundaries in the (Mν̃τ
, λ′3jk) plane of the RPV model at 95% CL for

different choices of the production coupling λ′3jk. In all cases, the value of the decay couplings is
λ312 = λ321 = 0.05. The areas in parameter space above the curves are excluded, as exemplified by
the shaded region above the 95% CL exclusion boundary for the bb initial state.

by more than two orders of magnitude. However, the direct limits are much more competitive for
the λ′313 and λ′323 models where the ν̃τ is produced via annihilation of a light quark and a b-quark.
The corresponding coupling products |λ′313λ312| and |λ′323λ312| are constrained by searches for the
decays B0

d → e±µ∓ and B0
s → e±µ∓ at hadron colliders. The previously strongest upper bounds

on the branching ratios of these decays set by the CDF collaboration [284] have been improved by
about a factor 20 by the LHCb collaboration [21] in 2013 based on 1.0 fb−1 of data collected in pp
collisions at

√
s = 7 TeV, yielding B(B0

d → e±µ∓) < 2.8× 10−9 and B(B0
s → e±µ∓) < 1.1× 10−8

at 90% CL. For Mν̃τ
= 1 TeV, the limit on |λ′313λ312| from the interpretation of the LHCb search

(App. E.7) is more restrictive than the limits from the direct search obtained in this work by about
a factor two. However, the direct limit is stronger than the bound set by the CDF collaboration.
The limits on |λ′323λ312| for Mν̃τ

= 1 TeV from the direct search and the LHCb search differ by
almost an order of magnitude.

The results reported in Tab. 10.2 are the most stringent bounds on the individual ν̃τ models
from direct searches at high-energy colliders at the time of writing.

In summary, the λ′313 model with its bd (db) initial state for ν̃τ (ν̃∗τ ) production has been
identified as the eµ resonance ν̃τ model for which the direct search is most competitive compared
to existing indirect constraints. For every probed combination of RPV couplings an indirect
search has been identified that sets a more stringent limit than the direct search for eµ resonances
carried out in this work. Still, the results in Tab. 10.2 and Fig. 10.8 illustrate the power of direct
searches at the LHC with its range of partonic initial states and broadband coverage of partonic
centre-of-mass energy: A wealth of models of new physics can be probed directly over a wide
range of possible BSM mass scales with a single signature in the detector, a narrow peak in the
mass spectrum of selected eµ pairs.
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Table 10.2: The 90% CL upper bounds on the coupling products |λ′3jkλ312| evaluated for
Mν̃τ

= 1 TeV and λ′3jk = λ312 = λ321. Each bound corresponds to an individual model with its
own production mode of the ν̃τ in pp collisions that is given in the first column. The results from
the eµ resonance search are compared to indirect limits reported in the literature.

Initital state Coupling Upper bound Upper bound Experiment Probed
ν̃τ
(
ν̃∗τ
)

prod. product CMS (90% CL) literature (90% CL) process

dd (dd) |λ′311λ312| 4.1 · 10−5 3.3 · 10−7 [65] µ-e

ss (ss) |λ′322λ312| 7.0 · 10−4 6.3 · 10−7 [64] SINDRUM II [19] conversion

bb (bb) |λ′333λ312| 5.9 · 10−3 8.5 · 10−5 [66] in nuclei

sd (ds) |λ′312λ312| 1.2 · 10−4 4.2 · 10−7 BNL E871 [20] K0
L → e±µ∓

bd (db) |λ′313λ312| 3.2 · 10−4 1.4 · 10−4 LHCb [21] B0
d → e±µ∓6.9 · 10−4 CDF [284]

bs (sb) |λ′323λ312| 2.0 · 10−3 2.9 · 10−4 LHCb [21] B0
s → e±µ∓1.2 · 10−3 CDF [284]

10.3 Search for quantum black holes

The Meµ distribution of the QBH signal is not as localized as that of the RPV ν̃τ narrow resonance
signal, as has been shown in Fig. 5.3. Therefore, the Meµ signal shape is not parameterized as a
function of the signal mass but obtained directly from the simulated MC samples with a spacing of
100 GeV in the threshold mass parameter Mth. The signal selection efficiency is also obtained from
simulation. Since all QBH Meµ distributions share the feature of a sharp turn-on at Mth and a
long tail towards higher masses, events entering the likelihood function for statistical interpretation
are required to fall within the search region Meµ ∈ [Mth − 6σM ,∞), where σM denotes the Meµ
resolution. Except for the different Meµ signal shape and the changed definition of the search
region, the limit setting procedure and treatment of the systematic uncertainties is the same as
in the narrow resonance search.

The 95% CL limit on the product of QBH signal cross section and branching fraction into the
eµ final state, that are obtained using the QBH Meµ distributions for the model without extra
dimensions (n = 0), are displayed in Fig. 10.9. The observed cross section limit falls slightly
from 0.55 fb at Mth = 500 GeV to 0.24 fb at Mth = 1.2 TeV and remains approximately constant
towards higher signal masses.

It is instructive to compare the QBH cross section limits with those for the narrow resonance
signal in Fig. 10.2. Both limit plots share the almost constant value of 0.24 fb at high signal masses
where the background expectation is negligible and no event is observed in data. This is due to the
acceptances and selection efficiencies of the two signals being very similar at high mass; the relative
difference for signal masses of 2 TeV is one to two per cent. At lower masses, however, the shape
of the signals’ eµ mass spectra is relevant for the discrimination against the sizeable background,
and two obvious differences arise in the limit plots for the QBH and the narrow resonance signals.
First, for Mth = Mν̃τ

the QBH cross section limits are smaller than the resonance limits. This
is explained by the long tail of the QBH eµ mass distribution extending towards masses well
above the mass threshold Mth where the backgrounds are lower than at Mth = Mν̃τ

. To illustrate
this difference, the QBH cross section bounds are shown in Fig. 10.10 (left) as a function of
different definitions of the QBH signal mass; the threshold mass Mth, the mean of the QBH Meµ
distribution, and its 25% and 50% quantiles. Each point on the graphs in different shades of red
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Figure 10.9: The observed and expected 95% CL exclusion limits on the product of the QBH
production cross section and the branching fraction of its decay into the eµ final state as a function
of the threshold mass. The signal cross sections are shown in the PDG convention for n = 0 to
n = 6 extra dimensions and in the RS convention for n = 1. This figure is also included in
Ref. [30].

corresponds to one QBH signal generated for the parameters Mth and n = 0, which is assigned
one cross section limit. For n = 0, the median of the QBH eµ mass distributions lies hundreds
of GeV above Mth. For comparison, the cross section limits for the narrow resonance signal are
also shown. Furthermore, the observed limit lies always below the median expected limit for
the QBH signal, between the 1σ and 2σ uncertainty band around the expectation, while for the
narrow resonance signal it oscillates around the median expected limit (see Figs. 10.9 and 10.2).
The latter behaviour is expected due to statistical fluctuations. The behaviour of the observed
cross section limit of the QBH signal is again explained by its tail towards high masses: For the
threshold masses Mth between 500 GeV and about 1.3 TeV, a significant fraction of the QBH
signal events falls in the Meµ range between 700 GeV and 1.3 TeV, where a deficit is observed in
data with respect to the background expectation, as shown in Figs. 9.3 (right) and E.4. These
expected signal events at higher masses where backgrounds are lower have a large impact on the
cross section limit, such that the observed bound falls below the expectation.

The curves in Fig. 10.9 represent the product of QBH signal cross section and branching frac-
tion for different numbers of extra dimensions. All cross sections are given in the PDG convention,
only for n = 1 both the PDG convention and the RS case are considered. The lower bounds on
Mth = MD fall in the multi-TeV range for all n and are summarized in Tab. 10.3. Note that in
contrast to the RPV ν̃τ signal there are no potentially small coupling parameters present in the
QBH cross section formula Eqn. 1.32, yielding comparatively large cross sections. Moreover, all
quark-antiquark combinations, including quark flavour violating ones, couple to the QBH with
equal strength in the model considered here. The background yield in the mass region where the
different types of QBHs (different n) are excluded is negligible and the signal efficiencies are very
similar, as shown in Tab. 5.2. Therefore, only the observed and expected limit curves calculated
for the n = 0 QBH signal are included in Fig. 10.9. For threshold masses below 1 TeV however,
the different shapes of the Meµ distributions obtained for QBH signals with different n lead to
different cross section limits. This is shown in Fig. 10.10 (right). The QBH signal is most localized
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Figure 10.10: The expected 95% CL exclusion limits on the product of signal production cross
section and branching fraction of the decay into the eµ final state for different number of extra
dimensions n and different mass definitions Mdef .

at Mth, and thus most similar to a resonance peak at Mres = Mth, for high n (Fig. 5.3). This is
reflected in the cross section limits in Fig. 10.10; the bound obtained with the Meµ signal shape
of the QBH model with n = 6 is close to that obtained for the narrow resonance signal.

The results in Tab. 10.3 were the first bounds on QBHs decaying to an eµ pair when published
in Ref. [30, 38]. They have been surpassed after the arrival of the first few fb−1 of data recorded
in pp collisions at

√
s = 13 TeV at the LHC in 2015 as documented in Refs. [32, 285].

Table 10.3: The 95% CL lower limits on the QBH threshold mass Mth = MD in the PDG con-
vention for different choices of the number of extra dimensions n. For n = 1 the results are given
in both the PDG and RS conventions.

95% CL lower limits on Mth (TeV)
n Observed Median expected

0 1.99 1.99
1 (PDG) 2.36 2.36
1 (RS) 2.81 2.81
2 3.15 3.15
3 3.34 3.34
4 3.46 3.46
5 3.55 3.55
6 3.63 3.63
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In contrast to the RPV ν̃τ search, more stringent bounds from direct searches in other final
states exists in the case of the QBH signal. Quantum black holes are expected to couple to
lepton and quark pairs with the same strength. There are however more flavor combinations that
lead to quark/(anti)quark final states and they come with additional color factors. Therefore the
branching fraction of the QBH decay into a dijet pair is much higher than that of the decay into
an eµ pair in typical QBH models (see Ref. [84] for an overview). For example, the search for
QBHs in the dijet mass spectrum obtained from 15.7 fb−1 of pp collision data at

√
s = 13 TeV by

the ATLAS [286] collaboration excludes at 95% CL QBHs with n = 6 for Mth ≤ 8.7 TeV.

10.4 High-mass eµ searches at the LHC at
√
s = 8 and 13 TeV

A comparison between the
√
s = 8 TeV results reported in this thesis and (partly) in Ref. [30], that

are based on a dataset corresponding to an integrated luminosity of 19.7 fb−1, and the abovemen-
tioned

√
s = 13 TeV LHC results (Refs. [32, 285]) with higher centre-of-mass energy but smaller

integrated luminosity of 2.7 fb−1 (CMS 13 TeV) and 3.2 fb−1 (ATLAS 13 TeV) is instructive. In
the case of the QBH signal, the

√
s = 13 TeV results supersede those obtained at

√
s = 8 TeV; for

n = 6 extra dimensions the limits on the threshold mass Mth read 4.5 TeV (CMS 13 TeV), 4.5 TeV
(ATLAS 13 TeV), and 3.63 TeV (CMS 8 TeV) at 95% CL. The underlying reason is once more
the absence of potentially small coupling parameters in the signal cross section, because of which
the lower bounds on the signal mass fall into the multi-TeV region. The parton luminosity for the
production of a heavy particle with a mass of 3 TeV in quark/antiquark annihilation increases by
about a factor of 20, when increasing the pp centre-of-mass energy from 8 TeV to 13 TeV [126],
more than compensating for the smaller integrated luminosities used in the

√
s = 13 TeV searches.

The corresponding enhancement of the quark/antiquark parton luminosity at a mass of 1 TeV is
only a factor of three. Therefore, the outcome of the comparison between the published 8 TeV
and 13 TeV searches in the case of the RPV ν̃τ signal depends on the size of the participating
Yukawa couplings.

The publications by the CMS and ATLAS collaborations on high-mass eµ searches use the
RPV ν̃τ model with non-zero production coupling λ′311 and dd initial state as a proxy for models in-
volving a scalar narrow resonance. For small values of the couplings λ′311 = λ312 = λ321 = 0.01, the
search presented in this work yields a lower bound on the ν̃τ mass of 1.28 TeV at 95% CL, whereas
the corresponding result obtained by the CMS collaboration at

√
s = 13 TeV reads 1.0 TeV. When

the coupling values are increased, the signal cross sections rise, as do the lower bounds on the
ν̃τ mass. For the Yukawa couplings λ′311 = 0.11 and λ312 = λ321 = 0.07, both the 8 TeV CMS
search and the 13 TeV ATLAS search obtain a lower bound on the ν̃τ mass of 2.3 TeV at 95% CL.
At a mass of 2 TeV, the ratio of the quark/antiquark parton luminosities for

√
s = 13 TeV and√

s = 8 TeV approximately corresponds to the ratio of the integrated luminosities used in the
8 TeV CMS and 13 TeV ATLAS searches [126]. If the couplings are increased further, the searches
at higher pp centre-of-mass energy yield the stronger bounds on the ν̃τ mass. In summary, the
8 TeV searches with high integrated luminosity have the edge over the 13 TeV updates with data
recorded in 2015 for coupling values λ′311 = λ312 = λ321 . 0.1, whereas the latter yield the more
restrictive bounds for larger coupling values.

Although the choice of the dd production mode within the wider class of RPV ν̃τ models (λ′3jk
models) yields the largest signal cross section, the indirect bounds from low-energy experiments
are particularly restrictive in this case as documented in Tab. 10.2. In all other λ′3jk models
discussed in Sec. 10.2.2, the signal cross section is smaller than in the λ′311 case for a fixed value
of the production coupling, because of smaller parton luminosities of the associated initial states.
The lower bounds on Mν̃τ

for the other λ′3jk signal models take on smaller values than those
reported for the λ′311 model in Tab. 10.1. This enhances the reach of the 8 TeV searches with high
integrated luminosity compared to their 13 TeV counterparts with lower integrated luminosity.
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A search for decays of heavy
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pp collisions at
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Chapter 11

From the eµ search to a search for
resonances decaying to µτ e

In the search for new physics discussed above, models with charged lepton flavour violating in-
teractions between the first and the second generation have been examined. In the following, the
search in eµ final states is extended to cover cLFV interactions involving charged leptons of the
second and third generation, muons and τ leptons, using the decay of the τ lepton into an electron
and neutrinos, τ− → e−ντ ν e . The resulting search for high-mass µτ pairs is referred to either as
the µτ search or as the µτ e search depending on the context; the first term puts emphasis on the
type of cLFV interaction under study, whereas the second term highlights the experimental final
state. When comparing the µτ e search to the eµ search, it ought to be kept in mind that the
branching fraction of the considered τ decay is given by B(τ− → e−ντ ν e) = 17.83± 0.04% [5] and
that only this fraction of the (hypothetical) µτ signal events is utilized. However, it will be shown
that the search is very competitive when compared to other existing searches. In contrast to the
eµ search with its inclusive event selection, the µτ search is designed with the resonant production
of the µτ pair in mind. Again, an RPV SUSY model with ν̃τ LSP is used as a proxy for the wider
class of BSM models involving heavy resonances that decay into a µτ pair. As pointed out in
Sec. 1.1, the RPV ν̃τ model considered in the search for eµ resonances can be modified to lead to
the resonant production of a prompt µτ pair by assuming the couplings λ312 and λ321 to be zero
and the coupling λ323 to be non-zero. in the following, dd annihilation via the coupling λ′311 is
assumed to be the only resonant production mode of the ν̃τ LSP at hadron colliders and all other
couplings λ′ijk are assumed to vanish.

The presentation of the µτ search is organized as follows: First, the reconstruction of τ lepton
candidates with leptonic decays at high τ pT is reviewed based on MC simulated signal samples.
In this context it will be shown that key elements of the eµ resonance search can be adopted with
small modifications when the search for µτ resonances is restricted to the leptonic decay mode
of the τ to an electron and neutrinos. Afterwards, the event selection is discussed and the signal
efficiency and mass resolution are determined analogous to the eµ resonance search. Finally, the
statistical analysis of the experimental findings is presented. The results are interpreted in terms
of the RPV ν̃τ model and put into context with other searches for new physics in µτ final states
at hadron colliders and lower-energy facilities. The presentation of the µτ search concludes with
a reinterpretation of the µτ resonance search in terms of a two-Higgs-doublet model with cLFV
decay of a heavy Higgs boson. This model introduces a different kind of production mode of the
heavy scalar resonance, the gluon-gluon fusion via a top-quark loop.

The presentation of the µτ e search is more compact than the detailed account on the eµ search
because the two analyses share many features, as described in the following.
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11.1 Kinematics of scalar µτ resonances with leptonic τ decay

In this section, the kinematics of the µτ e final state are studied based on simulated RPV ν̃τ signal
samples. These studies justify the choice of the selection cuts and the key observable of the search,
the collinear mass of the µτ e pair, M coll

µτ .

11.1.1 Simulation of signal samples for the µτ resonance search

As in the search for eµ resonances, the CALCHEP event generator (v. 3.4.1) is utilized to generate
the resonant ν̃τ production and its LFV decay to the prompt lepton pair in the final state with
the generator settings summarized in Sec. 5.1.1. The PDF set CTEQ6L is used. In contrast to
the eµ search, PYTHIA 8 (v. 8.185) [287] with the underlying event tune 4C [288] is employed for
hadronization and τ decays rather than PYTHIA 6. Information on the τ lepton decay models
implemented in PYTHIA 8 is given in Ref. [289]. The signal simulation starts from the LHE event
files produced with CALCHEP that are then forwarded to a full simulation of the CMS detector
based on GEANT4 within the CMSSW software framework. In the simulated signal samples, the
passage of the τ lepton through the inner tracking detectors before its decay, its energy depositions
and the curvature of its trajectory in the magnetic field are included by invoking GEANT4. More
details on the simulated µτ signal samples, including the signal model parameters, are given in
App. C.2.

11.1.2 Leptonic decays of τ leptons with high pT

As a preparation of the discussion of the signal acceptance and efficiency to follow in Sec. 11.3.1,
the lepton kinematics in the µτ e final state are briefly reviewed. The muon kinematics correspond
to those in the eµ resonance search described above. The η distribution of the electrons from
τ decays is presented in Fig. 11.1. For resonance masses above 200 GeV, that are considered in
the following, the geometric acceptance of the non-prompt electrons, defined as the fraction of
electrons that fall within the boundary of the silicon strip tracker at |η| = 2.5, remains similar
to that of the non-prompt muons. The transverse momentum distribution of the electrons from
τ decays however is significantly shifted towards lower pT compared to that of the τ leptons as
shown in Fig. 11.2 (left). The signal selection efficiency would benefit from a threshold on the
transverse momentum of the electron that is significantly lower than the ET requirement in the
eµ resonance search of 35 GeV, in particular for resonance masses between 200 GeV and 500 GeV.
However, this would also result in larger backgrounds and require the analysis to be split into a
search in the mass range between 200 GeV and 500 GeV, and a high mass search with different
electron selections. In order to minimize the effort in converting the search for eµ resonances in
final states with an electron and a muon into the search for µτ e resonances, the HEEP electron
selection, that is employed in the eµ search, is retained and the cut on the electron ET is set to
30 GeV.
The pT of the sum of the neutrino momenta from the τ decay (the source of true missing transverse
energy in the µτ e signal events) that is depicted in Fig. 11.2 (right) exhibits a broad distribution
with a maximum well above zero. The missing transverse energy is required to exceed 25 GeV in
the event selection.

Collinear approximation of highly boosted leptonic τ decays

Searches for objects decaying to high-mass ditau pairs, such as Z′ → τ+τ−, suffer from the impos-
sibility to reconstruct or at least deduce the full four-momentum of the decay products because
the produced neutrinos escape undetected along the momentum vectors of both tau leptons in
the final state. In these searches, spectra of the total transverse mass M tot

T [290] or other effec-
tive mass variables [291] are investigated for contributions from BSM physics. In searches for
high-mass µτ resonances only one of the promptly produced final state leptons decays within
the detector, leading to one or more neutrinos. For the search region covered in this analysis,
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Figure 11.1: The η distributions of electrons from the leptonic τ decays obtained from simulated
signal samples with Mν̃τ

= 200 GeV, Mν̃τ
= 500 GeV, and Mν̃τ

= 1 TeV at generator level.
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ated electrons from τ decays.
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Figure 11.2: The pT distributions of the electron and the sum of the two neutrino momenta from
the τ decay obtained from simulated signal samples with Mν̃τ

= 200 GeV, Mν̃τ
= 500 GeV, and

Mν̃τ
= 1 TeV at generator level. The muon and electron in the µτ e final state are required to fall

into the geometrical acceptance of the muon system and the tracker, respectively.

Mν̃τ
≥ 200 GeV, decays of τ leptons produced at the Jacobian edge come with a relativistic boost

of γ = Eτ/mτ & 50 along the axis of the τ lepton’s momentum. In these strongly boosted decays,
the decay products are collimated and the direction of the momenta of neutrinos from the τ decay
can be approximated by that of the momentum of the visible decay products. Furthermore, the
neutrinos from the τ decay are the only source of /ET at parton level. It is therefore possible to
infer the full four-momentum of the τ lepton by reconstructing the visible decay products, the
missing transverse momentum 6~ET, and using the collinear approximation of the boosted τ decay.
Before reviewing the accuracy of the collinear approximation, the details of the implementation
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Figure 11.3: Comparison of distributions of different mass observables M at parton level for a
simulated ν̃τ → µτ e signal sample with Mν̃τ

= 1 TeV. The visible mass Mvis, defined as the
mass of the eµ pair, the total transverse mass M tot

T , and the µτ mass resulting from the collinear
approximation of the leptonic τ decay M coll

µτ are introduced in the text.

are given for the τ decay mode of interest, namely τ− → e−νeντ . This decay is abbreviated to
τ e in the following. The four-momentum of the τ lepton is defined by the mass of the τ lepton
mτ , the amplitude of its transverse momentum p

τ
T, and the directional quantities ητ and φτ . The

two parameters defined in the plane perpendicular to the beam axis, pτT and φτ , are determined
from the vector sum of the electron’s transverse momentum ~p eT and the missing transverse mo-
mentum as ~p τT = ~p eT + 6~ET . The pseudorapidity of the τ candidate is approximated using the
directional information with respect to the beam axis of the electron, i.e. ητ ≡ ηe. The accuracy
in the determination of the mass of the µτ pair that can be obtained using this approximation
is studied on the simulated ν̃τ signal samples at generator level. The true mass Mgen

µτ is com-
pared to the mass M coll

µτ that results from the collinear approximation applied to the generated
electron and neutrinos from the τ decay. The approximation introduces no substantial bias in
the mass determination and the RMS of the relative difference between the two masses is only
1.3% at Mν̃τ

= 200 GeV and below 0.5% for Mν̃τ
& 800 GeV. As will be shown in Sec. 11.3.2,

this inaccuracy introduced by the approximation at generator level is subleading to the detector
resolution in the reconstructed µτ mass. The comparison of mass distributions obtained from sim-
ulated signal events with Mν̃τ

= 1 TeV for different definitions of the mass observable in Fig. 11.3
shows how the collinear approximation of the τ restores the resonance peak, and results in a
signal shape that is better localized around Mν̃τ

than the distribution of the total transverse mass

M tot
T =

√
M2

T(µ, e) +M2
T(µ, /ET) +M2

T(e, /ET).
These initial considerations suffice to outline a strategy of how to extend the search for eµ

resonances to a search of µτ e resonances in events with an electron and a muon. The muon selec-
tion does not require modification. Starting from the electron selection, τ lepton candidates are
formed by asking for significant /ET in the event that is roughly aligned with the electron in φ, and
combining the electron and /ET via the collinear approximation. Additional cuts are then applied
to the µτ e system and vetoes against additional objects in the event are required. The modelling
of the background is migrated from the eµ resonance search with little additional effort. However,
additional systematic uncertainties have to be considered because the usage of /ET in the analysis
requires a description of the entire event and in particular the evaluation of uncertainties associ-
ated with the jet energy scale and resolution. Due to the accuracy of the collinear approximation
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at high p
τ
T, the modelling of the resonance signal shape and the statistical interpretation can be

carried out in a similar fashion as described in detail in the eµ search.

Reconstruction of electrons from boosted τ decays

It remains to be shown whether the set of electron identification criteria described in Sec. 4.3, which
defines the HEEP electron selection and is optimized for promptly produced electrons, is suitable
for the selection of non-prompt electrons from τ decays. It is first checked that the reconstruction
efficiency of GSF tracks for generated electrons in the acceptance does not differ from that of
promptly produced electrons using the simulated signal samples. The identification efficiency of
electrons from τ decays, defined as the ratio of events that pass the full electron selection to those
with a GSF electron candidate that passes the ET and η requirements and that can be matched
to a generated electron within a cone of size ∆R = 0.1, is shown in Fig 11.4 (left). For electron
transverse momenta only slightly above the selection cut of 30 GeV, the electron identification
efficiency drops as the τ pT rises to values well above the electron pT. This can be explained as a
result of kinks in the trajectory formed by the two charged particles in the τ decay, the τ lepton
itself and the electron from its decay, that lead to larger transverse impact parameters |dxy| of
the electron track compared to prompt electrons. Since the cut values on |dxy| differ between
0.02 cm for electrons in the barrel and 0.05 cm for those in the endcaps, electrons from τ decays
are effected differently by this cut in these two regions of the detector. This is reflected by the
difference of the electron identification efficiencies of electrons from τ decays (taken from the µτ
RPV ν̃τ signal simulation) and of promptly produced electrons (taken from the eµ RPV ν̃τ signal
simulation) in Fig. 11.4 (right), which is negative for electrons with pgen

T . 500 GeV in the barrel
but compatible with zero over the entire probed pT range for electrons in the endcaps.
In conclusion, the µτ e resonance search could benefit from a re-optimization of the transverse
impact parameter cut for electrons in the barrel region. However, this would necessitate several
changes to the analysis, in particular a re-evaluation of the jet-to-electron misidentification rate.
Given that the electron identification efficiency is only impaired at low electron pT, and that
the loss in efficiency does not exceed O(10%) in this region, the HEEP electron selection can be
employed without spoiling the sensitivity of the µτ e analysis.
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11.2 Event selection and control distributions

The event selection is divided into two parts. First the µτ e pair is selected, then additional cuts
are applied on the event topology to further suppress background. The selection criteria are given
below in the form of bullet points referring back to the introductory chapter on physics object
reconstruction, Sec. 3, and the event selection of the eµ search, Sec. 4.

Trigger

The HLT path HLT Mu22 Photon22 is used. It writes to the MuEG primary dataset and requires a
global muon candidate with pT > 22 GeV and a cluster in the ECAL with ET > 22 GeV. No cuts
on the isolation or the pseudorapidity are imposed on the trigger objects. Using this two-object
trigger allows for reduced pT thresholds at trigger level compared to the single-object triggers.
Originally, this trigger path has been chosen in order to perform two searches, the presented µτ e
search and a search for eτ µ resonances, starting from the same primary dataset. However, the
eτ µ search has not been completed.

Selection of the µτ e pair

Details about the muon and electron identification criteria have been presented in Secs. 4.2 and
4.3. The terminology used to describe the /ET selection has been introduced in Sec. 3.4.3.

• Muon selection

– p
µ
T ≥ 45 GeV

– |ηµ | ≤ 2.4

– High-pT muon selection

– Tune P momentum assignment

• Electron selection

– E
e
T ≥ 30 GeV

– |ηe | ≤ 1.442 (barrel) or 1.56 ≤ |ηe | ≤ 2.5 (endcap)

– HEEP electron selection

• Missing transverse energy selection
The missing transverse energy is obtained from the particle-flow (PF) description of the
entire event. It is corrected for the difference between the muon momentum obtained from
the global muon track, which is invoked in the PF algorithm, and the Tune P momentum
assignment used in this analysis.

– /ET ≥ 25 GeV

– /ET event filters are applied

– Jet energy and pileup corrections are applied to /ET

– /ET is corrected for the φ modulation

• τ e selection
τ e candidates are formed from selected electrons and /ET using the collinear approximation
described in Sec. 11.1.2.

– ∆φ(e, /ET) < 1.0

– p
τ
T ≥ 50 GeV
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Selection cuts on the event topology

After the selection of the µτ e pair, additional cuts are applied to the event topology in the following
order.

1. ∆φ(µ, τ e) ≥ 2.5

2. pµT ≥ E
e
T

3. Veto against b-tagged jets with pjet
T > 35 GeV and |ηjet| < 2.4

4. M coll
µ, /ET

≥ 100 GeV
The mass observable M coll

µ, /ET
is defined as M coll

µ, /ET
= [(pµ + pcoll

Σν )α(pµ + pcoll
Σν )α]1/2, where pµ

denotes the four-momentum of the muon and pcoll
Σν denotes a (pseudo-)four-momentum rep-

resenting the neutrinos from the τ decay in the collinear approximation. The latter is con-
structed by setting the associated transverse momentum equal to /ET, using the φ coordinate
of 6 ~ET and the pseudorapidity of the electron, and assuming the mass [(pcoll

Σν )α(pcoll
Σν )α]1/2 to

be zero. The mass observable M coll
µ, /ET

allows for a better separation between the signal and
background in this analysis than the more commonly used transverse mass MT(µ, /ET).

11.2.1 Background studies in control distributions

Study of the tt background in control distributions with b-tagged jets

As pointed out in the context of the eµ resonance search, events containing an eµ pair and b-
tagged jets constitute clean control samples of tt events with an additional component of single-top
production in the tW channel that accounts for about 7% of these events, according to simula-
tions. In the µτ resonance search, such a control sample is selected by inverting the veto against
b-tagged jets that is part of the event selection. After the selection of the µτ e pair, the thus de-
fined top control sample consists of 4279 events. In Fig. 11.5 (left), the observed M coll

µτ distribution
is compared to the sum of the simulated mass spectra of the tt and single-top tW backgrounds,
which yields a total of 4400± 480 (syst) expected events. The systematic uncertainties in the
background expectation, that have not been introduced yet, are already included in the text and
plots in this paragraph and will be discussed in detail in Sec. 12.2. The b-tagging efficiency in the
simulation has been corrected to that measured in data by reweighting the events as described
in Sec. 7.4. The reweighting of the top pT in the simulated tt background sample mentioned in
Sec. 8.1.3 is not applied. The discrepancies between the M coll

µτ spectra obtained from data and
simulation are covered within the statistical uncertainties over the entire mass range. At high
M coll
µτ , where the number of observed events per bin is low, the comparison between data and

simulation is facilitated by the cumulative M coll
µτ distribution in Fig. 11.5 (right). No significant

difference between data and expectation is observed in the shape of the two distributions or the
overall event yield. In addition to the distribution in M coll

µτ , the central observable in the µτ res-
onance search, the spectra of observables describing the muon and τ e kinematics are investigated
for discrepancies between data and simulation, such as the pτT spectrum shown in Fig. 11.6 (left).
No indications for a gross mis-modelling of these distributions by the simulation are found.
After these initial tests of the simulation at the level of the µτ e pair selection, the distributions of
the observables associated with the cuts on the event topology are investigated cut stage by cut
stage in Figs. 11.6 (right), 11.7 (left), and 11.7 (right). The observed spectra are described well
by the simulation in all three cases. Among the events in the top control sample with a selected
µτ e pair, 44% pass the cut ∆φ(µ, τ ) ≥ 2.5, and 64% of the remaining events feature a ratio of
p
µ
T/E

e
T above one. Of the remaining events, 97% feature M coll

µ, /ET
in excess of 100 GeV.

After the full event selection 1161 events remain. Their M coll
µτ distribution is presented in Fig. 11.8

together with the corresponding cumulative distribution. The most prominent discrepancy be-
tween data and expectation is found in the number of events above M coll

µτ = 800 GeV. The event
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Figure 11.5: The M coll
µτ distribution of events containing a b-tagged jet after the selection of a

µτ e pair. The observed spectra are compared to the sum of the simulated mass spectra of the
t t and single-top tW backgrounds. The shaded band in the ratio plot represents the systematic
uncertainty in the background estimate.
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Figure 11.6: The cumulative /ET distribution and the p
τ
T distribution of events containing a b-

tagged jet after the selection of a µτ e pair. The observed spectra are compared to the sum of the
simulated spectra of the t t and single-top tW backgrounds.

yield obtained from the background simulation is 6.9± 2.3 (syst), and three events are observed in
data. Given that these numbers agree within the 2σ-level when considering the statistical uncer-
tainty only, and that the agreement between data and simulation is even better at lower masses,
this test in the top control region supports the usage of the simulation for the tt and single-top
tW backgrounds in the analysis.

Study of backgrounds at low Mcoll
µτ

Searches for µτ resonances with resonance masses below 200 GeV have been carried out by the
CMS collaboration, probing the data for signs of LFV Higgs decays [26]. No significant ex-
cess is observed. The µτ search presented in this work therefore targets the signal mass range
Mres ≥ 200 GeV. The sample of events passing the event selection with M coll

µτ < 200 GeV− 3σM ,
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Figure 11.7: The distribution of ∆φ(µ, τ e), the ratio of muon pT to electron ET, and the M coll
µ, /ET

distribution of events containing a b-tagged jet. The observed spectra are compared to the sum of
the simulated spectra of the t t and single-top tW backgrounds. The distributions are obtained at
different stages of the event selection, that are specified in the individual captions.
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Figure 11.8: The M coll
µτ distribution of events in data containing a b-tagged jet after the full event

selection. The observed spectra are compared to the sum of the simulated mass spectra of the
t t and single-top tW backgrounds. The shaded band in the ratio plot represents the systematic
uncertainty in the background estimate.

where σM denotes the M coll
µτ resolution, can be considered to be essentially free of contributions

from signal events and can serve as a control region for the high-mass search. As will be shown
in Sec. 11.3.2, the relative M coll

µτ resolution for a resonance mass of 200 GeV is about 8%, and
the low-mass control region is therefore defined by the cut M coll

µτ < 150 GeV. At lower masses,
the Drell-Yan production of τ pairs is enhanced relative to other background processes, and the
normalization of the corresponding simulated background sample can thus be tested in the low-
mass control region. Figure 11.9 shows the distribution of the number of selected particle-flow
jets and that of the number of b-tagged jets obtained from events in the low-mass control region
that pass the µτ e pair selection, as well as the cuts on ∆φ(µ, τ) and on the muon pT to electron
ET ratio. In both distributions, data and simulation agree within the uncertainties. The leading
background in the subset of events without selected jets is the Drell-Yan production of τ pairs,
followed by the diboson WW background and the estimate of the W + jet and QCD multijet
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Figure 11.10: The M coll
µ, /ET

distribution obtained from events in the low-mass control region
(M coll

µτ < 150 GeV) that pass the µτ e pair selection, as well as the cuts on ∆φ(µ, τ) and on the
muon pT to electron ET ratio. Only the statistical uncertainties are shown.

background. The systematic uncertainty of about 15% in the expected event yield in the Njet = 0
bin arises mainly from the sizeable statistical uncertainty in the simulated Drell-Yan background
and the uncertainty in the misidentification rate, that contribute uncertainties of 11% and 5%,
respectively. The M coll

µ, /ET
distribution of the same subset of events in the low-mass control region

is depicted in Fig. 11.10. Due to the small remaining number of selected events in the Drell-Yan
background sample, the systematic uncertainties cannot be evaluated reliably and are therefore
omitted in Fig. 11.10. The background estimate provides a satisfactory representation of the data
within the statistical uncertainties.
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11.3 Signal properties

11.3.1 Signal efficiency of the event selection

The signal efficiency evaluated at several stages of the event selection is presented in Figs. 11.11
and 11.12 as a function of the τ sneutrino mass. The overall fraction of resonantly produced µτ
pairs that pass the event selection is shown in Fig. 11.11 (right). It is given by the product of
the branching fraction B(τ− → e−νeντ ); the acceptance of the visible decay products, muon and
electron; and the efficiency of the selection cuts. It exhibits a steep rise with the resonance mass
from 2.3% at Mν̃τ

= 200 GeV to 9.5% at about Mν̃τ
= 1 TeV, and eventually reaches just below

11% at Mν̃τ
= 2.6 TeV. The turn-on of the full selection efficiency extends over a mass range of

several hundred GeV, that is much wider than in the eµ resonance search (Fig. 5.6). This be-
haviour is already present in the signal acceptance of the visible decay products in Fig. 11.11 (left),
where the acceptance is defined by the cuts on pseudorapidity and transverse momentum of the
muon and electron at generator level. It is a result of the three-body decay of the τ lepton, in
which the τ momentum is shared among the decay products. The selection efficiencies for all
consecutive steps of the event selection, defined relative to the set of events passing the previous
cuts, are presented in Fig. 11.12. The fraction of eµ pairs in the acceptance that pass the lepton
reconstruction and identification criteria as well as the trigger requirement reaches a plateau of
about 70% at Mν̃τ

≈ 400 GeV. All additional cuts reach values above 95% at high resonance
masses but exhibit different turn-on curves. The reconstruction efficiency of the τ lepton using
the collinear approximation rises steeply below Mν̃τ

= 500 GeV mainly because it includes the /ET
cut that introduces an inefficiency at low resonance mass. Over the entire resonance mass range
probed, the requirement in |∆φ| between the muon and the τ candidate is over 90% efficient and
its efficiency rises further as the relativistic boost of the ν̃τ in the transverse plane decreases at
high Mν̃τ

. All other selection efficiencies lie above 95% for signal masses above 200 GeV. The only
cut that comes with a decreasing efficiency at higher Mν̃τ

is the veto of b-tagged jets, which is not
directly linked to the ν̃τ production and decay kinematics. This decrease is due to the increase of
the fraction of signal events that include light jets (u, d, s, g) with high pT for rising

√
ŝ, and the

increase in the b-tag misidentification rate of light jets for high jet pT.

11.3.2 Collinear mass resolution

To the end of parameterizing the M coll
µτ distribution of the signal as a function of the resonance

mass, the signal resolution is studied on selected µτ e events from simulated signal samples.
Double-sided Crystal ball fits and constrained Gaussian fits are applied to the distributions of
the relative residual Rcoll

res = (M coll, reco
µτ −Mgen

µτ )/Mgen
µτ obtained for different choices of Mν̃τ

, as
described in the context of the eµ search in Sec. 5.4. The fit results for Mν̃τ

= 0.2, 0.5 and 2 TeV
are presented in Fig. 11.13. The Gaussian model describes the distribution better than in the case
of the eµ resonance (Fig. 5.9), and is only marginally improved by the CB model.
Figure 11.14 (left) displays the Gaussian core resolution of the µτ e mass as a function of the
resonance mass. In contrast to the Meµ resolution in Fig. 5.10, the resolution of M coll

µτ does
not rise monotonously with the resonance mass, but exhibits a minimum of 5.8% at around
Mν̃τ

= 500 GeV. Towards lower values of the resonance mass, the resolution is impaired by the
missing transverse energy resolution at low /ET, that is affected by the underlying event and pileup
interactions. It reaches 8.3% at Mν̃τ

= 0.2 TeV. Above Mν̃τ
= 500 GeV, the M coll

µτ resolution rises
because the muon transverse momentum resolution worsens, which influences both reconstructed
leptons in the final state: the muon pT measurement is affected directly, and the muon ~pT en-
ters the 6 ~ET calculation and thus the transverse momentum assigned to the τ e candidate via the
collinear approximation. As a result, the relative M coll

µτ resolution at Mν̃τ
= 1.7 TeV is similar to

that at Mν̃τ
= 0.2 TeV. Care has to be taken to correct the default PF /ET that uses the muon pT

from the global muon fit to the Tune P pT assignment. As illustrated in Fig. 11.14 (right) by the
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comparison between the RMS of the Rcoll
res distributions obtained with and without this correction,

the usage of the default PF /ET widens the tails of the resonance peak in M coll
µτ for large resonance

masses and correspondingly high muon pT.
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Figure 11.13: Distributions of the relative residual Rcoll
res obtained from events passing the event

selection in simulated signal samples for different Mν̃τ
. Two different fits are applied to the
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account in the fits. Since the signal efficiency of the event selection is significantly lower for
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corresponding distribution.
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Chapter 12

Comparing observation and
expectation for selected µτ e events

12.1 Description of the selected event sample

12.1.1 Cutflow µτ selection

Apart from the changes concerning the trigger requirement and a slight reduction of the electron
ET cut from 35 GeV to 30 GeV, the selections of muons and electrons in the µτ resonance search
are the same as in the eµ resonance search. Since the background estimation, the resulting
background composition, and the level of agreement between background estimate and data have
been discussed in detail in the context of the eµ resonance search, the preselection of eµ pairs
serves as a starting point for this overview of the individual stages of the µτ e event selection. In the
following paragraph, all distributions of observables to which selection cuts are applied are shown
and the impact of the individual cuts on the background expectation is briefly discussed. The
efficiencies of the selection cuts for the individual background processes and the total background
expectation are summarized in Tab. 12.1. The systematic uncertainties assigned to the background
yields given in the text, tables and figures in this paragraph will be discussed in detail in Sec. 12.2.
As in the notation used in the presentation of the eµ search, the label Jets in the figures and tables
refers to the data-driven background estimate of the W + jet and QCD multijet processes.

First, the initial steps of the τ e selection that involve the missing transverse energy are ex-
plained. After selecting events that fulfill the trigger requirement, contain at least one isolated
muon and one isolated electron and pass all /ET event filters listed in Sec. 3.4.3, 35470 events are
observed in data. The /ET event filters remove 249 of the events with a selected eµ pair, corre-
sponding to a rejection probability of seven per mille. The CSC beam halo filter is the reason for
rejecting the event in 130 of the 249 cases. The /ET distribution of the selected 35470 events is
shown in Fig. 12.1 (left). The highest missing transverse energy observed has a value of 554 GeV.
In the tail of the distribution above 400 GeV, 12 events are found in data matching the expecta-
tion of 15± 3.6 (syst) events. As pointed out in Sec. 11.1.2, a significant fraction of signal events
feature a missing transverse energy below 50 GeV for resonance masses below 500 GeV. The low
/ET cut at 25 GeV yields a signal efficiency above 90% for a resonance mass of 300 GeV while only
about 50% of the Drell-Yan background events pass this requirement.
According to the simulation, the subsequent cut on ∆φ(e, /ET) rejects about 75% of the total
background, as can be seen in Fig. 12.1 (middle). The cut is particularly efficient at rejecting
W + jet events, in which the most typical event topology involves a W decaying into a muon
and corresponding neutrino that results in missing transverse energy, and a recoiling jet that
is misidentified as an electron. Only 15% of the events in the data-driven W + jet and QCD
multijet background estimate pass the ∆φ(e, /ET) requirement. It only rejects about a third of
Z/γ → τ eτ µ background events because the τ leptons are typically boosted in these events and
the neutrinos from the τ decays tend to fall into the direction of the produced charged leptons.
The signal efficiency of the ∆φ(e, /ET) cut is 95% for a resonance mass of 200 GeV and it rises
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Table 12.1: The efficiency of each cut in the event selection of the µτ e search for the total back-
ground estimate and the individual background processes in percent. The efficiency of the /ET cut
is defined relative to the number of events passing the selection of an eµ pair, including the trigger
requirement. The efficiencies of the subsequent cuts are defined relative to the number of events
passing all previous requirements. The last row gives the total selection efficiency for events with
an eµ pair. The efficiencies are evaluated at an accuracy of two significant digits.

Selection cut Cut efficiency (%) Cut efficiency individual background processes (%)

total background tt WW tW Jets DY WZ ZZ Wγ

A) /ET ≥ 25 GeV 85 90 79 89 69 52 79 39 71

B) ∆φ(e, /ET) < 1.0 28 28 20 26 15 67 26 34 24

C) p
τ
T ≥ 50 GeV 100 100 100 100 93 100 100 100 100

D) ∆φ(µ, τ) ≥ 2.5 47 45 74 51 68 33 51 55 47

E) p
µ
T ≥ E

e
T 70 65 84 70 91 92 74 69 86

F) b-jet veto 56 36 100 57 100 100 99 98 100

G) M coll
µ, /ET

≥ 100 GeV 89 98 88 97 70 63 91 81 79

All cuts 3.8 2.6 8.6 4.4 4.3 6.7 7.0 3.9 5.3

further towards higher masses.
After requiring the electron ET and missing transverse energy to be larger than 30 GeV and

25 GeV, respectively, and selecting events in which these two object are close in φ, the pT cut at
50 GeV on the τ e candidate obtained from the collinear approximation rejects only few events.
The tau pT distribution after the selection of the µτ e pair (after cut C in Tab. 12.1) is depicted
in Fig. 12.1 (right). The τ e candidate with the highest observed transverse momentum reaches
p
τ
T = 1006 GeV and is built from an electron with E

e
T = 675 GeV and missing transverse energy

of /ET = 356 GeV. The observed event counts after the selection of the µτ e pair in four bins of
M coll
µτ and in total are compared to the background expectation in Tab. 12.2 that also includes

a breakdown of the background composition. Within the uncertainties the number of selected
events in data and the background expectation are compatible at this stage of the event selection.
The selection of the τ e candidate has reduced the number of expected events by more than a
factor four compared to the number of initially selected events containing an eµ pair.

The distributions of observables on which the additional selection cuts are applied after the
µτ e pair has been selected are shown in Fig. 12.2 as obtained at the stage of the event selection
before the respective cut. Requiring the muon and the τ e candidate to be separated in the
transverse plane by ∆φ(µ, τ) > 2.5 removes about half of the remaining background events and
is particularly efficient against the Drell-Yan background, of which 67% are rejected. Since the
muon pT requirement is more restrictive than the cut on the electron ET, the cut on the ratio
of pµT/E

e
T > 1 removes only 30% of the total background. The veto against b-tagged jets mainly

rejects tt and single-top tW events with cut efficiencies of 36% and 57%, respectively, while
leaving the remaining backgrounds almost unaffected. After this cut, tt events remain the leading
background component but contribute less than 50% to the total number of expected events. The
final selection requirement on the collinear mass of the muon and the missing transverse energy,
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(c) The pτT distribution after the selection of a µτ e
pair (cut stage C in Tab. 12.1).

Figure 12.1: Distributions of observables related to the selection of a µτ e pair obtained at different
stages of the event selection, that are given in the captions of the individual figures.
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the individual plots.
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Table 12.2: The total expected and observed event yields after selection of the µτ e pair (after
cut C in Tab. 12.1) and the corresponding number of events in four bins of M coll

µτ . Systematic
uncertainties in the background estimates include the statistical uncertainty arising from limited
numbers of simulated events. It is added to the other uncertainties in quadrature. Due to correla-
tions between the uncertainties in the individual backgrounds, their quadratic sum is smaller than
the uncertainty in the total background estimate.

Sample Total M coll
µτ ranges in units of GeV

event yield
< 200 200–500 500–1000 > 1000

tt 5985± 737 2648± 448 3146± 337 187± 29 3.6± 1.2

WW 598± 60 258± 37 306± 30 32± 4.1 1.5± 0.36

tW 540± 40 215± 17 302± 24 22± 2.2 0.62± 0.09

Jets 174± 52 122± 37 48± 15 3.1± 1 0.16± 0.09

DY 541± 99 491± 93 45± 17 4.9± 5.5 < 0.1

WZ 193± 15 87± 8.1 94± 7.8 11± 1.1 0.61± 0.11

ZZ 28± 2.9 16± 1.9 11± 1.1 0.85± 0.11 < 0.1

Wγ 104± 53 72± 37 30± 16 1.6± 1.1 < 0.1

Total bkg 8161± 847 3908± 510 3982± 388 264± 35 6.5± 1.3

Data 7651 3694 3680 268 9

M coll
µ, /ET

≥ 100 GeV, only removes 11% of the total expected event yield but about one third of the
Drell-Yan background. According to the background estimate, 96.2% of the background events
passing the initial eµ selection are rejected in the course of the subsequent event selection. The
corresponding reduction of the event count observed in data amounts to 96.4%.

The observed and expected event yields after the full event selection are presented in Tab. 12.3
together with the systematic uncertainty in the background estimate. Of the 1275 observed events
131 contain an eµ (τ eµ) pair in which the leptons carry the same electric charge in agreement with
the background prediction of 113± 16 (syst) events. The leading backgrounds are tt production
that accounts for 46% of the total background estimate and WW production with 24%, followed by
single-top tW production and the Drell-Yan background that contribute about 8%, each. Before
turning to the observable of interestM coll

µτ , the agreement between the background estimate and the
data is checked in distributions of observables that separate the tt process from other backgrounds
but do not separate background and signal well, and would only deviate significantly from the
background only hypothesis in case of a very large number of signal events. The distribution of the
number of selected jets depicted in Fig. 12.3 (left) provides a handle to test the tt component of
the background composition. For Njets ≥ 1, the tt process is expected to dominate, and requiring
at least two jets results in a tt sample of high purity. The agreement between the background
expectation and the data in these bins provides an additional check of the leading background
process. The signal distributions in the plot for Mν̃τ

= 200 GeV and Mν̃τ
= 1 TeV explain why no

veto against jets in the event is applied: Even for the smallest signal mass considered the fraction
of events with at least one selected jet is 12%, and this fraction increases with resonance mass, or
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Figure 12.3: The Njets and pτT distributions of events passing the full event selection.

Table 12.3: The total expected and observed event yields after the full event selection and the
corresponding number of events in four bins of M coll

µτ . Systematic uncertainties in the background
estimates include the statistical uncertainty arising from limited numbers of simulated events. It
is added to the other uncertainties in quadrature.

Sample Total M coll
µτ ranges in units of GeV

event yield
< 200 200–500 500–1000 > 1000

tt 620± 82 103± 22 475± 63 40± 6.3 1.4± 0.64

WW 326± 29 87± 8.6 213± 21 26± 3.5 1.3± 0.34

tW 104± 8.4 19± 1.7 77± 6.7 7.5± 0.8 0.21± 0.05

Jets 76± 23 44± 13 30± 9.2 0.95± 0.32 < 0.1

DY 104± 27 70± 21 29± 13 4.9± 5.5 < 0.1

WZ 65± 5 15± 1.3 43± 3.6 7.1± 0.75 0.38± 0.09

ZZ 8.3± 0.71 2.6± 0.23 5.1± 0.49 0.51± 0.07 < 0.1

Wγ 33± 17 17± 9.2 15± 8.1 0.94± 0.89 < 0.1

Total bkg 1337± 124 358± 41 887± 90 88± 12 3.4± 0.8

Data 1275 359 837 76 3

√
ŝ. The pτT distribution of events passing the event selection is given in Fig. 12.3 (right). Within

the uncertainties the background expectation and the data agree. A slight deficit with respect to
the background expectation is observed for pτT ≥ 200 GeV, where 142 events pass the selection in
data and the background estimate yields 170± 20 (syst) events. One event with pτT ≥ 500 GeV is
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observed at pτT = 576 GeV, matching the expectation of 1.6± 0.7 (syst) events in this region. In
summary, there is no indication of a significant deviation from the expectation in the tail of the
p
τ
T distribution.

12.1.2 M coll
µτ spectrum of events passing the event selection

The overall agreement between the background expectation and the observation in several-hundred-
GeV-wide slices of the M coll

µτ distribution is documented in Tab. 12.3. The M coll
µτ spectrum of

events passing the event selection is shown in Fig. 12.5 with a binning according to the M coll
µτ

resolution. In addition to the expectation from SM processes, two possible signal contributions
are stacked on top of the background in the figure for the signal parameters Mν̃τ

= 200 GeV and
λ′311 = λ323 = 0.015; and Mν̃τ

= 1 TeV and λ′311 = λ323 = 0.04, respectively. As can be seen in
the ratio plot, the data agrees better with the background only hypothesis than with the sum
of background and signal for these signal contributions. The corresponding cumulative distribu-
tion is presented in Fig. 12.6. Neither the spectrum binned according to the detector resolution
nor the integral of the events in the high-mass tail exhibit a significant excess when taking the
uncertainties into account.

The most striking feature of the M coll
µτ distribution is a single observed event with a mass of

the µτ e pair of 1679± 220 (δpµT) GeV1. The corresponding event displays in the transverse plane
r-φ and in the ρ-z plane are shown in Fig. 12.4.

(a) View of the M
coll
µτ = 1679 GeV event in the

transverse plane.
(b) View of the Mcoll

µτ = 1679 GeV event in the ρ-z
plane.

Figure 12.4: Event displays of the event with the highest collinear µτ e mass that passes the
event selection. The muon track is shown in red, the red calorimeter towers represent clusters of
calorimeter cells in the ECAL that together with the blue track in the inner tracking detectors are
reconstructed as an electron. The arrow points into the direction of the missing transverse energy.

In the transverse plane, the event topology meets the requirements of a signal event. The
missing transverse energy falls into the direction of the reconstructed electron with a distance
in azimuthal angle of ∆φ(e, /ET) = 0.27. The τ e candidate resulting from the collinear approxi-
mation has a transverse momentum of pτT = 313± 40 (δpµT) GeV to which both the electron with
E

e
T = 110 GeV and the missing transverse energy of /ET = 206± 40 (δpµT) GeV contribute signifi-

cantly. The muon with p
µ
T = 316± 40 (δpµT) GeV is separated from the τ e candidate in azimuth

by ∆φ(µ, τ e) = 3.07. Apart from the electron and the muon no further high-pT objects are re-
constructed, and the highest pT recorded among the additional jet candidates is below 30 GeV.

1The uncertainty that is assigned to the measured Mcoll
µτ value is obtained by propagating the uncertainty in the

muon pT from the muon track fit (δpµT/p
µ

T ≈ 13%) to the missing transverse energy and thereby to the τ e candidate.
This uncertainty is specific for this event and denoted by the symbol (δpµT) in this paragraph.
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As depicted in the ρ-z view of the event, the muon lies close to the edge of the geometrical ac-
ceptance of the muon system with pseudorapidity of ηµ = −2.30. The total muon momentum is
pµ = 1589± 210 (δpµT) GeV and the momentum of the τ e candidate is pτ = 475± 60 (δpµT) GeV.
According to simulations, events with such a small pτ /pµ ratio of 0.3 or below account for 2% of
the total background yield after event selection, and 1% of signal events with Mν̃τ

= 1.6 TeV.
In order to put the impact of this single high-mass event on the results into perspective,

it is noted that the M coll
µτ resolution at M coll

µτ = 1.6 TeV is 8%, and 1 event is observed above
M coll
µτ = 1.2 TeV, where 0.9± 0.2 (syst) background events are expected.
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12.2 Systematic uncertainties

12.2.1 Systematic uncertainties in the background estimate

As described in the search for eµ resonances, the uncertainties in the background can be divided
into two categories; one comprises uncertainties that vary significantly as a function of M coll

µτ

(shape uncertainties) and the other comprises systematic uncertainties that do not change with
M coll
µτ or can be assumed to be flat over the entire mass range without significantly changing the

results (scaling uncertainties).
In the following all quantities that are varied within their uncertainties in order to determine

the uncertainty estimate on the background yield in the µτ resonance search are listed. The
uncertainties that are also relevant in the eµ resonance search are evaluated as explained in Sec. 8.
The treatment of the uncertainties in the jet energy scale and resolution, the unclustered energy,
and the b-tagging efficiency are described below. The missing transverse energy is recalculated
in the evaluation of the uncertainties that affect it, such as the energy/momentum scales of the
involved physics objects and the corresponding resolutions, according to the formula

6~E±T =6~ET + ~pT,X − ~p
±
T,X , (12.1)

where ~pT,X denotes the transverse momentum vector of the object X and ~p±T,X is the vector
resulting after the shift by ±1σ in the uncertainty under study.

• Uncertainties associated with charged leptons

– Muon pT scale

– Muon pT resolution

– Electron energy scale

• Uncertainties associated with jets and unclustered energy

As mentioned in the context of the /ET corrections in Sec. 3.4.3, the treatment of PF jets with
pT ≥ 10 GeV (clustered energy) differs from that of PF jets with smaller pT values (unclus-
tered energy). This distinction is adopted in the treatment of the systematic uncertainties
in /ET.

– Jet energy scale
Uncertainties associated with the JEC described in Sec. 3.4.2 are provided by the
JetMET group as a function of jet pT and η. The individual sources of uncertainty
and their combination are outlined in Ref. [155]. The combination of individual sources
of uncertainty referred to as Total in this reference is used to obtain the (relative) 1σ
variations in the JEC, σJEC, with typical values of 1-3%. This uncertainty is applied
to the pT values of all PF jets in a given event according to the formula:

p±T, jet = [ 1± σJEC(pT, jet, ηjet) ]× pT, jet . (12.2)

The uncertainty in the JEC is propagated to 6~ET by summing the variations in the jet
transverse momentum vectors of all jets with pT ≥ 10 GeV in a fully correlated way:

6~E±T, JEC = 6~ET ∓
∑
i∈ jets

pT≥10 GeV

σJEC(pT, i, ηi)× ~pT, i . (12.3)

– Jet energy resolution
The uncertainty in the jet energy resolution is only included via its impact on 6~ET. The
variation in 6 ~ET is obtained from the /ET uncertainty tool developed in the JetMET
group [292].
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– Unclustered energy
An uncertainty of 10% is applied to the transverse momenta of PF objects other than
leptons, photons, or PF jets with pT ≥ 10 GeV.

– B-tagging efficiency
Uncertainties in the data-to-simulation scale factors for the b-tagging efficiency intro-
duced in Eqn. 7.1 are provided by the BTV group [257].

• Uncertainties in background yields obtained from simulations

– Efficiency of the eµ pair selection

– Luminosity

– PDF uncertainty

– Inclusive background cross sections

– tt process: top-pT reweighting

– WW process: Variation of renormalization and factorization scales

• Uncertainties in background contributions obtained from data

– W + jet and QCD multijet processes: Jet-to-electron mis-identification rate

The background uncertainties are evaluated at each stage of the event selection for the /ET, pτT,
and M coll

µτ distributions. The following presentation of the uncertainties is restricted to the M coll
µτ

distribution and two stages of the event selection: the initial selection of a µτ e pair (Tab. 12.5)
and the full event selection (Tab. 12.4). The uncertainties in the event yield in three mass bins are
given. These mass bins are centered at M coll

µτ = 200 GeV, M coll
µτ = 500 GeV and M coll

µτ = 1 TeV,
respectively, and have a width of ±3σM , where σM is the M coll

µτ mass resolution evaluated at the
center of the bin. For the sake of readability of the tables, asymmetric uncertainties in the event
yield are symmetrized; the relative uncertainties in the event yield N reported in the tables are
calculated as σN = |N(σup

X )−N(σdown
X ) | / (2N).

12.2.2 Systematic uncertainties in the signal contribution

The uncertainties in the signal contribution are treated in a similar way as in the eµ search
by separating them into an uncertainty in the total number of expected signal events and an
uncertainty in the signal pdf. Only the uncertainties in the product of acceptance and efficiency
and on the luminosity are included as uncertainties related to the signal normalization in the
statistical interpretation of the experimental findings. The PDF and scale uncertainties that affect
the inclusive signal cross section are not included in the calculation of the observed significances
and cross section limits.

The total uncertainty in A×ε is obtained as a function of the signal mass Mν̃τ
by treating the

dominant contributions from individual sources of uncertainty as uncorrelated and adding them
in quadrature. The result is depicted in Fig. 12.7. At high signal masses, the uncertainty in the
efficiency of the visible decay products, namely the muon and electron, dominate, whereas all
considered sources of systematic uncertainty are of similar importance at Mν̃τ

= 200 GeV. The
impact of the electron energy scale uncertainty at low signal masses is due to the shape of the
ET distribution of the electron from the τ decay with its maximum close to the cut value, see
Fig. 11.2. The muon momentum scale uncertainty has an effect on both the muon pT distribution
and the /ET distribution, and impacts the fraction of signal events that pass the /ET requirement.
The total systematic uncertainty in the product of signal acceptance and efficiency ranges from
3.8% at Mν̃τ

= 200 GeV to about 5.5% for signal masses above Mν̃τ
= 600 GeV. The uncertainty
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in the luminosity of 2.6% is the other uncertainty affecting the expected number of signal events
that is taken into account. The shape uncertainty in the signal pdf is estimated by assigning
a systematic uncertainty of 30% in the collinear mass resolution obtained from simulated signal
samples.
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Figure 12.7: Individual uncertainties in the product of acceptance and efficiency and the resulting
total uncertainty obtained by summing them in quadrature. The size of the individual uncertainties
is reflected in the order in which they appear in the legend.
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Chapter 13

Statistical analysis and physics
interpretation of the µτ e search

13.1 Implications of the µτ e resonance search for the RPV ν̃τ
model

The statistical interpretation of the µτ collinear mass spectrum depicted in Fig. 12.5 in terms
of a resonant signal contribution on top of the background expectation is carried out using the
methods and tools described in Sec. 10.1. In particular, software tools developed within the CMS
collaboration in the context of searches for the SM Higgs boson are again utilized for the evaluation
of significances and exclusion limits on cross sections.

The signal efficiency and Gaussian pdf to model the signal shape that enter the binned like-
lihood function are obtained for all tested signal mass hypotheses from the parameterizations of
the efficiency and detector resolution described in Secs. 11.3.1 and 11.3.2, respectively. The back-
ground model is obtained directly from the simulated background samples as a histogram with a
binning smaller than the detector resolution. The search region from which events are included
in the likelihood function is chosen as defined in Eqn. 10.3.

The presentation of the statistical interpretation of the findings in the µτ collinear mass
spectrum is structured as follows: First, the local significance of observed excesses above the
background expectation is quantified in Sec. 13.1.1. Then, upper bounds on the product of signal
cross section and branching fraction for narrow µτ resonances are derived in Sec. 13.1.2. Finally,
these bounds are translated into exclusion boundaries in the parameter space of the RPV ν̃τ signal
model and compared to those obtained from other searches at high-energy colliders and indirect
bounds from low-energy experiments.

13.1.1 Local significance of excesses

The significance calculation of excesses above the background expectation is based on the profile
likelihood test statistic q0 and the approximation of its pdf under the background-only hypothesis
as a half chi-square distribution for one degree of freedom (Sec. 10.1.3). The local significance
of observed upward deviations from the background as a function of the signal mass hypothe-
sis Mν̃τ

is depicted in Fig. 13.1. With a z-score of 1.6σ, the most significant excess is found
between Mν̃τ

= 1.6 TeV and Mν̃τ
= 1.7 TeV. It is associated with the single observed event at

M coll
µτ = 1679 GeV. All the other observed upward deviations have significances below 1σ. With

no significant excess above the background observed, exclusion limits are set as discussed next.
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Figure 13.1: The significance, or z-score, of excesses over the background expectation observed in
data as a function of the µτ resonance mass hypothesis. These are the local significance values
that are not corrected for the look-elsewhere effect.

13.1.2 Exclusion limits

Cross section limits

The 95% CL upper limits on the product of signal cross section and branching fraction of the
decay into the µτ final state1 for narrow resonances are presented in Fig. 13.2 as a function of the
signal mass hypothesisMν̃τ

. In the shown mass region fromMν̃τ
= 200 GeV toMν̃τ

= 2.2 TeV, the
median expected cross section limit at 95% CL ranges from 129 fb to 1.5 fb, while the corresponding
observed limit decreases from 105 fb to 1.5 fb. A summary of the observed and expected limits
at several mass points is given together with the total signal selection efficiency and the signal
acceptance in Tab. F.1 in App. F.

The RPV ν̃τ signal with µτ decay is excluded at 95% CL below Mν̃τ
= 370 GeV for RPV

couplings λ′311 = λ323 = 0.01. The observed lower bound on the resonance mass increases for cou-
plings λ′311 = λ323 = 0.1 to Mν̃τ

= 1.73 TeV. Further observed mass limits and the corresponding
expected bounds are given in Tab. 13.1.

Before taking the interpretation of the results further, the impact of both the systematic uncer-
tainties and the simplification of choosing a Gaussian pdf to model the collinear mass distribution
of the signal on the observed cross section limit is evaluated. The observed limit calculated with-
out taking systematic uncertainties into account is compared to the full calculation in Fig. 13.3.
For the smallest probed signal masses, the background expectation is sizeable and the systematic
uncertainties on the background yield are in excess of 10%. In this region the impact of the sys-
tematic uncertainties on the extracted lower bound on the signal mass is relevant. For example,
the limit on the RPV µτ resonance model with couplings λ′311 = λ323 = 0.01 calculated without
systematic uncertainties is Mν̃τ

= 440 GeV, and thus 70 GeV above the result including system-
atic uncertainties. For the signal with couplings λ′311 = λ323 = 0.02, the difference between the two
mass limits is reduced to 30 GeV, and for λ′311 = λ323 = 0.05 the mass limit reads Mν̃τ

= 1.42 TeV
in both cases.

The bias introduced in the determination of the cross section limits by using a Gaussian pdf to
1For clarity it is emphasized that this is the branching fraction of the resonance decay into a µτ pair without

the subsequent leptonic decay of the τ lepton into an electron and neutrinos.
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Figure 13.2: The observed and expected 95% CL exclusion limits on the product of ν̃τ production
cross section and the branching fraction of its decay into the µτ final state as a function of the
signal mass hypothesis. Curves representing the signal cross section evaluated at NLO in pQCD
are shown for RPV couplings ranging from λ′311 = λ323 = 0.01 to λ′311 = λ323 = 0.1.

Table 13.1: The 95% CL lower limits on Mν̃τ
for four choices of the RPV couplings λ′311 and

λ323. The median expected limit is shown together with the boundaries of the corresponding 1σ
uncertainty band. The chosen RPV coupling values are the same as in Fig. 13.2.

RPV coupling strength 95% CL lower limits on Mν̃τ
(GeV)

λ′311 = λ323 Observed Median expected +1σ −1σ

0.01 370 410 510 310
0.02 850 850 950 760
0.05 1420 1470 1490 1360
0.1 1730 1840 1840 1740

model the collinear mass distribution of the signal rather than simulating a sufficient number of
signal events for each mass hypothesis is estimated by comparing the cross section limits presented
above to those obtained with the fully simulated M coll

µτ distribution for mass points for which the
simulated signal samples are available. The relative difference between the two lies within ±3%
for the 13 mass points probed in the range from Mν̃τ

= 200 GeV to Mν̃τ
= 2.2 TeV, which is small

compared to the uncertainty in the expected limit in Fig. 13.2.

Exclusion boundaries in the parameter space of the RPV ν̃τ model

Using the narrow width approximation formula of the RPV signal cross section, the cross section
limit is translated into exclusion bounds in the (Mν̃τ

, λ′311) plane of the parameter space of the
RPV model for fixed values of the coupling responsible for the ν̃τ decay into a µτ pair, λfix

323. As
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Figure 13.3: The observed 95% CL exclusion limits on the product of ν̃τ production cross section
and the branching fraction of its decay into the µτ final state calculated with (black solid line) and
without (red dashed line) the systematic uncertainties in the background and signal contributions.
Curves representing the signal cross section evaluated at NLO in pQCD are shown for RPV
couplings ranging from λ′311 = λ323 = 0.01 to λ′311 = λ323 = 0.1.

discussed in Sec. 1.1.4, the signal cross section can be factorized in the narrow width approximation
as

σ · B = k(Mν̃τ
)

(
λ′311

)2 (
λfix

323
)2(

3
(
λ′311

)2
+
(
λfix

323
)2
) (13.1)

→
λ
′
311�λ

fix
323

k(Mν̃τ
)
(
λfix

323
)2
/ 3 ≡ σ · Bmax

(
Mν̃τ

, λfix
323
)
. (13.2)

If the observed cross section limit σ ·Bobs lies above the cross section σ ·Bmax for a given parameter
pair (Mν̃τ

, λfix
323), no limit on λ′311 can be set for that point in parameter space. Otherwise, the

observed limit on λ′311 is given by

λ′311 =

√√√√√√ σ · Bobs
(
λfix

323
)2

k(Mν̃τ
)
(
λfix

323
)2
− 3σ · Bobs

. (13.3)

The resulting 95% CL exclusion boundaries in the (Mν̃τ
, λ′311) plane are shown in Fig. 13.4 with

a comparison to the corresponding limits from CMS dijet searches that have been discussed in
Sec. 10.2.2. The recast of the dijet searches in terms of the µτ RPV ν̃τ model is carried out
in analogy to the procedure that is detailed in the context of the eµ search. After accounting
for the signal acceptance, the observed 95% CL limits on the product of signal cross section and
branching fraction σ · Bdijet

obs from the dijet searches can be transformed into bounds on the Yukawa
coupling λ′311 according to

λ′311 =

√√√√√√
σ · Bdijet

obs
3k(Mν̃τ

)
(
λfix

323
)2

+

σ · Bdijet
obs

2k(Mν̃τ
)

2


1
2

+ σ · Bdijet
obs

2k(Mν̃τ
) . (13.4)

The comparison of the limit boundaries obtained in the µτ search and from the reinterpretation
of the dijet search in Fig. 13.4 exemplifies the importance of dilepton resonance searches with their



13.1. Implications of the µτ e resonance search for the RPV ν̃τ model 185

 (GeV)
τν∼M

200 400 600 800 1000 1200 1400 1600 1800 2000 2200

31
1

'λ

3−10

2−10

1−10

=0.1323λ95% CL limit  
=0.05323λ95% CL limit  
=0.02323λ95% CL limit  
=0.01323λ95% CL limit  

95% CL limits dijet searches
CMS 8 TeV dijet high mass
CMS 8 TeV dijet data scouting

 (8 TeV)-119.7 fb

=0.1323λ95% CL limit  
=0.05323λ95% CL limit  
=0.02323λ95% CL limit  
=0.01323λ95% CL limit  

95% CL limits dijet searches
CMS 8 TeV dijet high mass
CMS 8 TeV dijet data scouting

Figure 13.4: The 95% observed limit boundaries in the (Mν̃τ
, λ′311) plane of the RPV model for

four fixed values of the third parameter λ323: 0.01, 0.02, 0.05 and 0.1. The regions of parameter
space above the curves are excluded at a confidence level exceeding 95%. The results obtained from
the analysis of the µτ final state are represented by the curves without markers. For λ323 = 0.02,
these results are compared to the excluded regions obtained from the reinterpretation of the CMS
dijet resonance searches at high dijet masses [95] (Mν̃τ

≥ 1200 GeV) and at lower masses using
the data scouting technique [282] (500 GeV ≤Mν̃τ

≤ 1200 GeV). The bounds from dijet resonance
searches are shown as curves with markers.

relatively small background contamination in the LHC environment. While the dijet search does
not constrain the RPV ν̃τ model for resonance masses below 500 GeV or couplings below λ′ ∼ 0.1,
couplings of the size λ′311 = λ323 ∼ 0.01 are probed in the µτ search for Mν̃τ

. 500 GeV. As the ν̃τ
production coupling λ′311 rises relative to λ323 and the ν̃τ mass increases, the regions of parameter
space that are excluded by both searches overlap before the sensitivity of the µτ search vanishes
and the dijet search provides the only bounds at λ′311 � λ323.

As discussed already in the context of the eµ resonance search, bounds on models of new
physics with charged lepton flavour violation at the TeV scale from low-energy experiments con-
stitute a strong competition for the direct searches at the LHC. In the case of the RPV ν̃τ model
with decay into a µτ pair, the most stringent of these exclusion limits stem from a search for the
decay τ → µη by the BELLE collaboration [70,72] that has been introduced in Sec. 1.1.5:

|λ′311λ323| < 2.0 · 10−3
(
Mν̃τ

/TeV
)2

(90% CL) . (13.5)

To the end of comparing with this bound, the observed cross section limit from the µτ resonance
search is recalculated at 90% CL. The results are presented side by side the 95% CL bounds in
Tab. F.1 in App. F. From these numbers, limits on the product of the two RPV couplings of

|λ′311λ323| < 5.5 · 10−4 (90% CL) (13.6)
|λ′311λ323| < 6.7 · 10−4 (95% CL) (13.7)

are obtained for Mν̃τ
= 1 TeV under the assumption λ′311 = λ323. In contrast to the eµ search,

where the indirect bounds on the RPV ν̃τ model are not surpassed, the bounds from low-energy
experiments can be improved in the µτ resonance search.
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The results are further compared to the direct search for µτ resonances by the ATLAS collabora-
tion in the µτ had channel in pp collisions at the LHC at

√
s = 8 TeV [31]. In the ATLAS search,

the same RPV signal model is used and the limits on the product of ν̃τ production cross section
and its branching fraction into the µτ final state are set at 95% CL. The analysis is carried out
for signal masses Mν̃τ

≥ 0.5 TeV and the cross section bounds are documented in a plot from
which the following numbers have been obtained: At Mν̃τ

= 0.5 TeV, the observed exclusion limit
on σ · B(ν̃τ → µτ ) obtained in the ATLAS search is 60 fb (17 fb in the CMS µτ e analysis), at
Mν̃τ

= 1 TeV it is 9 fb (3.7 fb in the CMS µτ e analysis) and the expected limit is 5 fb, and at
Mν̃τ

= 2 TeV both the observed and expected limit read 2 fb (2.0 fb in the CMS µτ e analysis).
At signal masses below O(1 TeV), the ATLAS search in the µτ had channel comes with a much
larger background than the search in the µτ e channel presented in this work, mainly because of
a larger contribution from W + jet events. In the ATLAS search, 4200± 400 events are expected
for dilepton masses M(µ, τ had) > 200 GeV [31], while 980± 90 events are expected in the µτ e
analysis for M coll

µτ > 200 GeV. Further differences between the two analyses include different mass
resolutions, selection efficiencies, and a different approach to the statistical analysis 2. For a signal
mass of 2 TeV the observed limits in the two searches coincide because no events are observed at
such high masses in either analysis, the background expectation has dropped to negligible levels,
and the total signal selection efficiencies for µτ pairs (including the branching fraction of the τ
lepton into the final state under investigation) are similar (ATLAS: A× ε× B = 10% [31], this
work: A× ε× B(τ− → e−ντ ν e) = 10.5%, Fig. 11.11).
In Fig. 13.5, the exclusion contours in the (λ′311, λ323) parameter plane of the RPV ν̃τ model
derived from the µτ e search are compared to those obtained from the other searches mentioned
above for a resonance mass of 1 TeV. This search extends the existing bounds in the region where
the RPV coupling necessary for the production of the τ sneutrino, λ′311, and that responsible for
the decay to a µτ pair, λ323, are of similar size.

2ATLAS uses a single-bin counting limit in a signal region around the resonance mass according to Ref. [293].
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Figure 13.5: The limit boundaries in the (λ′311, λ323) RPV coupling plane for Mν̃τ
= 1 TeV ob-

tained in this work compared to the ATLAS search for µτ resonances [31], the CMS dijet resonance
search using the data scouting technique [282], and a search for the decay τ → µη by the BELLE
collaboration [70, 72]. The limits of the CMS dijet search and the ATLAS search in the µτ fi-
nal state are calculated at 95% CL whereas those by the BELLE collaboration are calculated at
90% CL. In order to allow for a comparison in both cases, the exclusion boundaries obtained from
the µτ analysis in this work at 95% CL and 90% CL are shown.
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13.2 Recasting the µτ search in the context of 2HDMs

The interpretation of the search for µτ resonances in terms of the RPV ν̃τ model is only one of
several options of exploiting the potential for constraining BSM physics contained in the cross
section bounds in Fig. 13.2. Although the signal selection efficiency has been calculated for a
scalar resonance produced in a dd initial state, the cross section limits can be used to obtain an
estimate of the bounds on signal models with a different production mechanism when corrected
for the ratio of the two different signal acceptances. The acceptance in the µτ resonance search
is defined in the following as the fraction of simulated µτ e signal events passing the selection cuts
on the muon, the τ lepton and the electron from the τ decay (see Sec. 11.2). All cuts are applied
at parton level. This definition comprises the pT and η cuts on the leptons, the cut on ∆φ(µ, τ ),
and the requirement pµT ≥ p

e
T.

In the following, a reinterpretation of the µτ resonance cross section bounds in terms of a
signal model with a heavy Higgs boson H0 is presented. In order to allow for such reinterpreta-
tions, detailed information on the cross section limits, signal efficiencies, and acceptances is given
in Tab. F.1 in App. F.

13.2.1 A 2HDM with lepton flavour violation

It has been pointed out in the literature (see for example Refs. [294,295]) that an observed excess
above the background expectation in searches for the LFV Higgs decay h0(125 GeV)→ µτ by
both the CMS (2.4σ) [26] and ATLAS collaborations [27] may find an explanation in models with
two Higgs doublets (2HDMs). In the following, selected features of 2HDMs are discussed based
on Ref. [294], that inspired this reinterpretation of the ν̃τ cross section limits and contains the
description of the model under study 3, with the purpose of introducing the model parameters and
formulae that are most important in the context of this analysis. A more complete introduction of
the used 2HDM is presented in App. F.2 including the exact definition of all model parameters, a
justification for the chosen values of the parameters in the Higgs potential, and consistency checks
of the chosen region in parameter space. More detailed information about 2HDMs is contained
(for example) in the articles Refs. [296,297].

The two Higgs doublets Φ1 and Φ2 can be expressed in the so-called Higgs basis, in which only
one of them has a vacuum expectation value, v = 246 GeV, as

Φ1 =

 G+

1√
2

(
v + h0

1 + iG0
)
 and Φ2 =

 H+

1√
2

(
h0

2 + ih0
3
)
 , (13.8)

with the Goldstone bosons G+ and G0, the charged Higgs boson H+, and the three neutral Higgs
bosons h0

1, h0
2, h0

3. Assuming CP conservation, the neutral Higgs bosons come with definite CP
parity: there is one CP-odd scalar A0 = h0

3, accompanied by two CP-even Higgs fields, h0
1 and h0

2.
A mixing of the latter results in the mass eigenstates h0 and H0

h
0

H0

 =

 cosα sinα

− sinα cosα


h

0
1

h0
2

 , (13.9)

with the mixing angle α and the mass relation M
h

0 ≤M
H

0 . The light Higgs boson h0 is identified
with the SM Higgs-like particle discovered by the ATLAS and CMS collaboration in 2012 [36,37],
whose mass is measured to be M

h
0 = 125.09± 0.21 (stat)± 0.11 (syst) GeV [298].

3There is one difference in the choice of the key model parameters: While Ref. [294] assumesM
H

0 = M
A

0 = M
H

+ ,
the relation between the Higgs masses chosen in this work is M

A
0 = M

H
+ = M

H
0 + 80 GeV for reasons discussed

below. This in turn leads to a different choice of the Higgs potential parameters λ2 and λ3.
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In the most general types of 2HDMs, the Yukawa matrices describing the couplings of the Higgs
fields to fermions can include lepton flavour violating elements, allowing for the production of µτ
resonances at the LHC in the processes pp → h0, H0, A0 → µ±τ∓. Here, the focus will be put
on the production of a heavy neutral Higgs boson H0 via gluon-gluon fusion and its subsequent
decay into a µτ pair. For the production of a neutral, CP-even Higgs boson in pp collisions, only
the couplings to quarks are considered:

L ⊃ −yij
u,h

0 ū
i
Lu

j
Rh

0 − yij
u,H

0 ū
i
Lu

j
RH

0 − yij
d,h

0 d̄
i
Ld

j
Rh

0 − yij
d,H

0 d̄
i
Ld

j
RH

0 + h.c. , (13.10)

with generation indices i, j, the Yukawa couplings of the light Higgs boson y
u,h

0 and y
d,h

0 to
the up-type and down-type quarks, respectively, and the corresponding Yukawa couplings of the
heavy Higgs boson y

u,H
0 and y

d,H
0 . The structures of the Yukawa couplings to up-type quarks

are given by (see App. F.2):

yij
u,h

0 =
mui

v
δij cosα+

ηiju,2√
2

sinα , (13.11)

yij
u,H

0 = −
mui

v
δij sinα+

ηiju,2√
2

cosα , (13.12)

where ηiju,2 denotes the elements of the coupling matrix that connects the quark weak isospin dou-
blet, the up-type quark weak isospin singlet, and the Higgs doublet field Φ2: L ⊃ −i Q̄0

Lσ2Φ∗2ηu,2U0
R

(an exact definition of ηu,2 including the differentiation between the weak eigenstates and the mass
eigenstates of the quarks is given in App. F.2). In the alignment limit sinα→ 0, the SM couplings
of the light Higgs boson are recovered. To simplify the discussion, the parameter space of type III
2HDMs is significantly reduced by only allowing a sizeable value of ηttu,2 and assuming all other
couplings ηiju,2 and ηijd,2 to be negligible. As suggested in Ref. [294], the H0 production cross section
is approximated by replacing the top Yukawa coupling in the SM Higgs production cross section
formula by ytt

u,H
0 , resulting in the relation

σ
(
pp → H0

)
≈
(

sinα− ηttu,2 cosα v√
2mt

)2

× σgg
(
pp → h0

)∣∣∣SM

M
h

0=M
H

0
, (13.13)

where σgg
(
pp → h0

)∣∣∣SM

M
h

0=M
H

0
indicates the SM Higgs production cross section via gluon-gluon

fusion at the LHC evaluated at the mass of the heavy Higgs boson.4
The decays of the CP-even Higgs bosons to the µτ final state are considered next. The

interaction of charged leptons with the Higgs bosons is given by the Lagrangian (see App. F.2)

L` = −¯̀i
L`
j
R

h0

m`i

v
δij cosα+

ηij`,2√
2

sinα

+H0

−m`i

v
δij sinα+

ηij`,2√
2

cosα

+h.c. , (13.14)

with generation indices i, j. All elements ηij`,2 are set to zero in the following, except for those
leading to decays into a µτ pair, ηµτ`,2 and ητµ`,2. The parameter space is further simplified by
assuming |ηµτ`,2| = |ητµ`,2|, as demanded by CP conservation [300]. The decay widths of the Higgs
bosons’ decays to the µτ final state are then given by [294]:

Γ
(
H0 → µτ

)
≡ Γ

(
H0 → µ+τ−

)
+ Γ

(
H0 → µ−τ+

)
= 1

16πMH
0 cos2 α · 2 |ηµτ`,2|

2(13.15)

Γ
(
h0 → µτ

)
≡ Γ

(
h0 → µ+τ−

)
+ Γ

(
h0 → µ−τ+

)
= 1

16πMh
0 sin2 α · 2 |ηµτ`,2|

2 . (13.16)

4Caveats of this approach are pointed out in Ref. [299].
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While small values of the mixing angle α suppress the LFV decay of the light Higgs boson h0, they
enhance the decay to a µτ pair of the heavy Higgs boson H0. According to Ref. [294], the CMS
search for the process pp → h0(125 GeV)→ µτ constrains the parameter product sinα · |ηµτ`,2| to
values below 0.005/

√
2 at 95% CL.

13.2.2 Recasting the µτ resonance cross section limits

With the fundamentals of a 2HDM signal for the process pp → H0 → µτ introduced, the choice
of the key model parameters and the reinterpretation of the cross section bounds in Fig. 13.2 is
discussed next.

In order to allow for a large decay width of the heavy Higgs boson H0 to a µτ pair, the
mixing angle is assumed to be small, sinα = 0.01. According to Eqn. 13.13, the absolute value
of the parameter ηttu,2 then has to be sizeable to obtain a production cross section of the heavy
Higgs boson that would allow for its observation at the LHC. For a value of ηttu,2 = 0.2, the H0

production cross section is only about 4% of the SM Higgs production cross section via gluon-gluon
fusion at the LHC evaluated at M

H
0 . The SM Higgs production cross sections in pp collisions

at
√
s = 8 TeV are given in Ref. [144] for various masses, where the gluon fusion cross section

is evaluated at NNLO in pQCD with next-to-next-to leading log (NNLL) QCD and NLO EWK
corrections applied.

The choices for the relation between the Higgs boson massesM
H

0 , M
A

0 , M
H

+ , and the values of
the parameters in the 2HDM Higgs potential V (Φ1,Φ2) differ from those in Ref. [294]. In order to
separate the two peaks in the M coll

µτ spectrum that are caused by the processes pp → H0 → µ±τ∓

and pp → A0 → µ±τ∓, the mass relation M
A

0 = M
H

+ = M
H

0 + 80 GeV is assumed. This choice
ensures that the two peaks are separated by at least three times the invariant mass resolution,
expressed in Gaussian standard deviations, in the entire mass range considered for the heavy
neutral CP-even Higgs, M

H
0 ∈ [200 GeV, 500 GeV]. Thus, there is no significant overlap between

the two M coll
µτ distributions and the assumption of a narrow resonance signal in the derivation

of the cross section limits in Fig. 13.2 holds. As described in App F.2.2, the mass splitting
between the heavy CP-even and CP-odd neutral Higgs bosons has consequences for two of the
seven parameters λ1−7 in the Higgs potential and leads to the choice λ2 = λ3 = 2, λ7 = 0 that
ensures vacuum stability.

With the 2HDM signal model defined, the reinterpretation of the µτ narrow resonance cross
section bounds in Fig. 13.2 is described next. First, it is shown that a simple rescaling of the
limits by the ratio of the acceptances obtained for the two signal models, Aν̃τ /AH0 , is a good
approximation of the bound obtained when reiterating the entire analysis starting from a complete
description of the new signal process pp → H0 → µτ with a full detector simulation. The process
to be simulated is depicted in Fig. 13.6. LHE files with parton level events from this process
are obtained by using the SM implementation provided in the MadGraph5 aMC@NLO (v.
2.4.2) event generator [301]. In a first step, the gluon fusion Higgs production with subsequent
decay into a pair of τ leptons is generated, with the SM Higgs boson mass evaluated at the
desired value of M

H
0 . The exact value of the Higgs boson decay width that is used in the event

generation is not of interest for this study, as long as it leads to a narrow resonance, which is
the case for the values of the coupling parameters considered in the following (see App. F.2.2).
Therefore, it is fixed at Γ

h
0 = 6.4 MeV, the default value provided for the SM Higgs boson in

the utilized SM implementation. In a second step, one of the two final state τ leptons is chosen
randomly and replaced by a muon of the corresponding electric charge. The momentum of the
originally generated τ lepton is passed on to the muon, whereas mass and energy of the muon are
adapted. For the three signal masses 200 GeV, 350 GeV, and 500 GeV, the resulting events are
passed through the entire chain of software tools for parton showering, hadronization and detector
simulation that has been described in Sec. 11.1.1. In particular, the FullSim detector simulation
is used for these signal samples. They are used to reiterate the entire analysis and obtain the
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Figure 13.6: The production of a heavy Higgs boson H0 via gluon fusion and a top-quark loop,
and its subsequent LFV decay into a µτ pair.

resulting cross section limits. These can then be used to test the accuracy of a simple rescaling of
the ν̃τ cross section bounds by the acceptance ratio of the two signals for these three signal masses.
For all other mass hypotheses, the LHE events are hadronised with PYTHIA 8 (v. 8.185) [287],
that also provides the τ decays and the FastSim detector simulation is employed. This kind
of signal production suffices to determine the signal acceptance A

H
0 . Each sample consists of

5000 generated events in which the decay of the τ lepton is forced to decay into an electron and
neutrinos.

The key numbers for the reinterpretation are summarized in Tab. F.2 in App. F.2.3 and a
summary for the signal mass points for which FullSim H0 samples have been produced is given in
Tab. 13.2. For the three signal masses considered therein, the acceptances of the H0 and ν̃τ signals
differ by 13% to 15%. The different signal acceptances are a result of the different production
mechanisms of the H0 and ν̃τ resonances via gluon-gluon fusion with a heavy quark loop and via
dd annihilation, respectively. The differences in the full selection efficiency range from 12% to
23%. Most of this discrepancy is due to the change in acceptance. Therefore the most important
difference between the two resonance signals for the purpose of extracting the cross section limit is
accounted for by rescaling the ν̃τ bound with the ratio of the signal acceptances. For a resonance
mass of 500 GeV, the observed 95% CL cross section bound for the ν̃τ signal is 16.8 fb, and the
limit obtained from repeating the entire analysis with the heavy Higgs signal is 20.3 fb. This
relative difference of about 17% is reduced to 7% when correcting the result for the ν̃τ signal with
the ratio of the two signal acceptances. It can be decreased further to about 1% by rescaling with
the ratio of the full selection efficiencies instead, but this approach does require a full detector
simulation, which is part of the CMSSW software framework and is not available to scientists
outside of the CMS collaboration. This remaining discrepancy of 1% lies within the inaccuracy
introduced by choosing a Gaussian pdf to describe the resonance shape of the ν̃τ signal in the
limit setting, as described in Sec. 13.1.2 (for the heavy Higgs signal, the shape is taken directly
from the simulated samples).

For the signal masses Mres = 200 GeV and Mres = 350 GeV, the accuracy of the estimate of the
H0 cross section limit obtained by rescaling the ν̃τ limits according to the different acceptances
is about 6% and 4%, respectively. In summary, an estimate of the observed cross section limit for
the process pp → H0 → µτ with an accuracy better than 10% can be obtained by rescaling the
cross section limit for the RPV ν̃τ model with the ratio of the two signal acceptances Aν̃τ /AH0 .

The 95% CL H0 cross section bounds resulting from this procedure are presented in Fig. 13.7
for signal mass hypotheses from 200 GeV to 500 GeV. The observed bounds on the product
of the heavy Higgs production cross section and the branching fraction of its decay into a µτ
pair range from 119 fb at M

H
0 = 200 GeV to 18.9 fb at M

H
0 = 500 GeV. For compari-

son, the SM Higgs production cross sections via gluon fusion for these two Higgs masses are
7080+6.0%

−6.8% (scales)+7.4%
−7.7% (PDF) fb and 1280+5.8%

−5.1% (scales)+9.1%
−8.5% (PDF) fb, respectively, as stated in

Ref. [144]. According to Eqn. 13.13, the excluded region in the parameter space of the heavy Higgs
model is therefore restricted to parameter points with sizeable values of the top quark Yukawa
coupling to the second Higgs doublet Φ2, |ηttu,2| & 0.13, in the alignment limit sinα → 0. This
holds true even if the heavy Higgs boson decays exclusively into the µτ final state. The discussion
of the exclusion boundaries in the 2HDM parameter space follows in the next paragraph.
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Table 13.2: The key values for the comparison between the cross section bounds obtained by running
the full analysis with the heavy Higgs signal and by rescaling the results for the ν̃τ signal. The
acceptance (A) and full selection efficiency (Aε) are defined on the samples of produced µτ e
events, i.e. the branching fraction of the leptonic τ decay is not included in these numbers. The
last three columns contain the observed limits at 95% CL on the product of resonance production
cross section and branching fraction into a µτ pair, B. Among these three columns, the first
contains the cross section limit obtained by running the full analysis with the heavy Higgs signal
simulation, and the other two columns give the limits obtained by rescaling the ν̃τ cross section
bounds with the indicated efficiency ratios.

95% CL cross section limit (fb)
Mres H0 ν̃τ (Aε)ν̃τ

(Aε)
H

0

Aν̃τ
A
H

0(GeV) A Aε A Aε (σ × B)obs
H

0 (σ × B)obs
ν̃τ
×

in % in % (Aε)ν̃τ /(Aε)H0 Aν̃τ /AH0

200 24.0 11.4 27.3 12.9 1.12 1.14 112 118 119
350 42.8 24.7 49.2 30.5 1.23 1.15 42.8 44.3 41.3
500 54.2 33.0 61.0 39.9 1.21 1.13 20.3 20.2 18.9
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Figure 13.7: The 95% CL limits on the product of cross section and branching ratio for the process
pp → H0 → µτ . The black solid curve represents the observed limit obtained from a rescaling of
the RPV ν̃τ cross section limit in Fig. 13.2 with the ratio of the acceptances of the two signals
Aν̃τ /AH0. The red dots show the observed cross section limit obtained when re-running the limit
calculation from scratch with input from fully simulated pp → H0 → µτ samples. The heavy Higgs
production cross section (Eqn. 13.13) is shown for three different values of ηttu,2 and sinα = 0.01.
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13.2.3 Bounds in 2HDM parameter space

In order to derive the exclusion boundaries in the parameter space of the heavy Higgs signal
model, the dependence of the branching fraction of the H0 decay into the µτ final state on the
model parameters has to be studied. The 2HDMC (v. 1.7.0) program [300] is utilized to calculate
the H0 decay widths. In addition to the direct heavy Higgs decays into fermion and boson pairs, it
also includes decay channels that involve loops, such as H0 → gg, γγ, Zγ. As explained in detail
in App. F.2.2, the number of free parameters has been reduced to three by imposing conditions
that relate the masses of the physical Higgs states and fixing the remaining free parameters in the
Higgs potential. These remaining three parameters are the sine of the mixing angle, sinα, and
the non-negligible Yukawa couplings to the second Higgs doublet Φ2, ηttu,2, and ηµτ`,2 = ητµ`,2. The
dependence of the total decay width Γ

H
0 on these parameters is summarized in App. F.2.2.

For the choice of parameters sinα = 0.01, ηttu,2 = 0.2, and ηµτ`,2 = ητµ`,2 = 0.1, the branching frac-
tions of the dominant H0 decay modes are depicted in Fig. 13.8 (left). Below the mass threshold
for top-pair production the branching fraction of the decay into the µτ final state exceeds 95%.
This is due to the suppression of the decays into diboson final states - the corresponding branching
fractions scale with sin2 α ≡ 10−4. Above the tt threshold, the branching fraction of the decay
into the tt final state exhibits a steep turn-on that levels out towards higher masses and surpasses
the branching fraction of the µτ decay at M

H
0 ≈ 400 GeV. At M

H
0 = 500 GeV, the top-pair

channel is the dominant decay mode with a branching fraction of over 60%.
Since the branching fractions into the difermion final states scale with the square of the re-

spective Yukawa couplings this picture changes significantly when the µτ Yukawa coupling ηµτ`,2 is
decreased relative to ηttu,2 . This is exemplified in Fig. 13.8 (right) for the parameters sinα = 0.01,
ηttu,2 = 0.2, and ηµτ`,2 = ητµ`,2 = 0.01. At M

H
0 = 200 GeV, the heavy Higgs decay into a µτ pair is

dominant with a branching fraction of 80%. Towards the top-pair production threshold, this
branching fraction falls to about 20%, and once the threshold is reached it exhibits a steep drop.
Between about 280 GeV and 350 GeV the H0 decay to a pair of light Higgs bosons is the dominant
decay channel for this choice of the Yukawa couplings. More generally, the H0h0h0 coupling in-

 (GeV)0H
M

200 250 300 350 400 450 500

 X
)

→ 0
 (

H
Β

-310

-210

-110

1

τµ
tt

0h0h
WW
ZZ
gg

 = 0.01αsin 

 = 23λ = 2λ

 = 07λ

 = 0.1
 l,2

µτ η = 
 l,2

τµ η

 = 0.2
 u,2
 ttη

(a) Branching fractions of the H0 decay modes for
η
µτ
`,2 = η

τµ
`,2 = 0.1 and η

tt
u,2 = 0.2.

 (GeV)0H
M

200 250 300 350 400 450 500

 X
)

→ 0
 (

H
Β

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
τµ

tt
0h0h

WW
ZZ
gg

 = 0.01αsin 

 = 23λ = 2λ

 = 0
7

λ

 = 0.01
 l,2

µτ η = 
 l,2

τµ η

 = 0.2
 u,2
 ttη

(b) Branching fractions of the H0 decay modes for
η
µτ
`,2 = η

τµ
`,2 = 0.01 and η

tt
u,2 = 0.2.

Figure 13.8: Branching fractions of the leading H0 decay modes obtained with the 2HDMC pro-
gram [300] for two different choices of the parameters ηµτ`,2 = ητµ`,2 and ηttu,2. In both cases, the
alignment limit is considered by fixing the sine of the mixing angle at sinα = 0.01.
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troduces a dependence of the branching fraction of the decay into the µτ final state on the choice
of the Higgs potential parameters λ3 and λ7 in the mass range 2M

h
0 .M

H
0 . 2mt when small

values of the µτ Yukawa coupling ηµτ`,2 ∼ sinα are considered. The dependence of the decay width
Γ
H

0→h0
h

0 on the λ parameters in the Higgs potential is given in Ref. [294].
In order to arrive at a large enough production cross section of the heavy Higgs boson, the

Yukawa coupling of the top quark must be of the order ηttu,2 & 0.13, as mentioned above. Taking
into account the bound on the parameter product sinα · |ηµτ`,2| from the CMS search for µτ decays
of the light Higgs boson, this means that the tt final state will account for a significant part of
the H0 decay width for masses M

H
0 � 2mt , favouring the search for the heavy Higgs boson

in resonant tt production. Therefore, the mass range is restricted to M
H

0 ≤ 500 GeV in this
interpretation of the search for µτ resonances.

The 95% CL exclusion bounds in the parameter space of the studied 2HDM are presented
as contours in the (M

H
0 , |ηµτ`,2| = |η

τµ
`,2|) plane for several values of the Yukawa coupling ηttu,2 and

sinα = 0.01 in Fig. 13.9. They are obtained in two steps. First the excluded branching fraction
B excl
H

0→µτ is determined by comparing the observed cross section bounds in Fig. 13.7 at a given mass
to the corresponding heavy Higgs production cross section from Eqn. 13.13. Then, the excluded
Yukawa coupling is obtained using the formula for the decay width of the heavy Higgs decay into
a µτ pair in Eqn. 13.15 as

|ηµτ`,2|
excl =

√√√√√ 8πΓ��µτ
H

0B excl
H

0→µτ

M
H

0 cos2 α
(
1− B excl

H
0→µτ

) , (13.17)

where Γ��µτ
H

0 denotes the sum over all H0 decay widths excluding the µτ decay width, which depends
on ηµτ`,2. All decay widths in Γ��µτ

H
0 are again evaluated using the 2HDMC code.

The 95% CL exclusion boundaries in the (M
H

0 , |ηµτ`,2| = |η
τµ
`,2|) plane in Fig. 13.9 for ηttu,2 = 0.13

exhibits a very different shape compared to those for ηttu,2 = 0.2 and ηttu,2 = 0.3. The reason is
that for this smallest choice of the top-quark Yukawa coupling the observed cross section limit is
close to the heavy Higgs production cross section over the entire range of probed signal masses.
For ηttu,2 = 0.13 and M

H
0 = 200 GeV, the H0 production cross section is 103 fb while the 95% CL

cross section bound is 120 fb. Since even the production cross section is not excluded at the
required confidence level no limit can be set on the Yukawa coupling ηµτ`,2, which only affects
the decay of the heavy Higgs boson but not its production at the LHC. When the observed
cross section limit lies below the corresponding H0 production cross section, as is the case for
M
H

0 = 240 GeV, an observed 95% CL bound on the branching fraction of the decay into a µτ
pair can be set, and the resulting limit on |ηµτ`,2| is as small as 0.02; all other allowed decay channels
at this Higgs mass are strongly suppressed by the assumption sinα = 0.01. The exclusion contour
for ηttu,2 = 0.13 in Fig. 13.9 is very sensitive to fluctuations within the uncertainties on the cross
section limit because the H0 production cross section lies within the 1σ-band around the median
expected limit in Fig. 13.7 for this choice of the top quark Yukawa coupling. This is not the
case for the two other exclusion boundaries for ηttu,2 = 0.2 and ηttu,2 = 0.3. Here, the bound on
|ηµτ`,2| weakens slowly with increasing M

H
0 due to the rising branching fractions of the diboson

final states, see Fig. 13.8 (right). When the light Higgs pair production threshold is reached, the
exclusion boundary of the µτ Yukawa coupling starts to rise, and once the top-pair production
threshold is passed and the decay into the tt final state sets in, the excluded value of |ηµτ`,2|
increases significantly. At M

H
0 = 350 GeV, the 95% CL limits on the µτ Yukawa coupling to

the Higgs doublet Φ2 read |ηµτ`,2| = 2.3 · 10−2 and |ηµτ`,2| = 1.8 · 10−2, for ηttu,2 = 0.2 and ηttu,2 = 0.3,
respectively, and sinα = 0.01. Coupling values in the per mille range are excluded if M

H
0 is below

250 GeV. In particular, the bound on |ηµτ`,2| in this mass region falls below the Cheng-Sher-type
ansatz [302] for the FCNC-inducing Yukawa couplings, |ηµτ`,2| =

√2mµmτ/v, when ηttu,2 =
√

2mt/v
is assumed. These bounds are more restrictive than the corresponding signal-mass-independent
limit of |ηµτ`,2| ≤ 0.5/

√
2 resulting from the search for the decay of the light Higgs boson h0 into a
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Figure 13.9: The 95% CL exclusion boundaries in the (M
H

0 , ηµτ`,2) plane of the 2HDM parameter
space for three values of the parameter ηttu,2. It is assumed that ηµτ`,2 = ητµ`,2 and sinα = 0.01.
The areas above the curves are excluded. The gray shaded area represents the bound on the
product of sinα and the LFV Yukawa coupling ηµτ`,2 from the 8 TeV CMS search for the decay
h0(125 GeV)→ µτ derived in Ref. [294].

µτ pair.
In summary, stringent bounds on 2HDMs with cLFV between the second and third genera-

tion can be obtained from the presented search for narrow µτ resonances in the alignment limit
assuming a sizeable Yukawa coupling of the top quark to the Higgs doublet Φ2. In particular,
the cross section limits in Fig. 13.7 cover the mass range for heavy neutral Higgs bosons between
200 GeV and the top-pair production threshold. Thereby, they close a gap between the searches
for Higgs decays to a µτ pair around 125 GeV by the CMS and ATLAS collaborations [26,27] and
searches for high-mass µτ resonances above 400 GeV by the ATLAS collaboration [31,63] carried
out with data from Run I at the LHC.
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Conclusion

In this thesis, two searches for physics beyond the Standard Model of particles physics (BSM
physics) are described that look for signs of heavy states mediating charged lepton flavour violating
(cLFV) interactions between the first and second generation (e ↔ µ) and the second and third
generation (µ ↔ τ ), respectively. The analyses use data samples of proton-proton (pp) collisions
at
√
s = 8 TeV recorded with the CMS detector at the LHC that correspond to an integrated

luminosity of 19.7 fb−1. Both searches are performed in experimental final states including an
electron/muon pair, i.e. in the µτ analyses the leptonic decay of the τ lepton τ− → e−ντ ν e is
considered. The eµ and µτ e dilepton mass spectra are examined for contributions from BSM
physics, in particular narrow peaks and excesses over the Standard Model expectation in the
high-mass tails of the distributions. No evidence for BSM physics is found and upper bounds
on signal cross sections are obtained at 95% confidence level (CL) and 90% CL for various BSM
signal models that share the common experimental signature of a pronounced peak in the analyzed
dilepton mass spectra. The tested signal models involve different types of heavy resonances or
quantum black holes (QBHs) that mediate cLFV interactions. The cross section limits for these
models are then translated into bounds on the corresponding model parameters.

In the eµ search, limits are set on the resonant production of a tau sneutrino (ν̃τ ) lightest super-
symmetric particle in R-parity violating (RPV) Supersymmetry (SUSY) and on the production of
quantum black holes that decay into the eµ final state. The lower exclusion bounds on the thresh-
old mass Mth for QBH production at 95% CL range from 1.99 TeV (n = 0) to 3.63 TeV (n = 6),
depending on the assumed number of extra dimensions n. Published in the journal paper Ref. [30]
(and previously in Ref. [38]) by the CMS collaboration, this has been the first search for QBHs de-
caying into the eµ final state at a high-energy collider. This type of search has since been repeated
by the CMS collaboration in Ref. [285] and introduced by the ATLAS collaboration in Ref. [32],
in both cases using data samples of pp collisions at

√
s = 13 TeV recorded in the initial stages of

Run 2 of the LHC after its first long shutdown that allowed for upgrades, additional tests, and
ultimately running at a higher centre-of-mass energy as of 2015. The 13 TeV searches yield more
stringent mass bounds on QBHs. In the case of the resonant production of a ν̃τ in RPV SUSY via
coupling to the dd initial state, the eµ search presented in this work yields the strongest bounds
obtained by direct searches at high-energy colliders for coupling values λ′311 = λ312 = λ321 . 0.1.
For the coupling values λ′311 = λ312 = λ321 = 0.1, a lower bound on the ν̃τ mass of 2.42 TeV is ob-
tained at 95% CL and the limit for λ′311 = λ312 = λ321 = 0.01 reads 1.28 TeV. The RPV ν̃τ search
is extended to cover other initial states than the baseline choice dd and thus probes all 18 products
of RPV Yukawa couplings of the forms |λ′3jk λ312| and |λ′3jk λ321|. The bounds on the couplings
products range from |λ′311 λ312| < 4.1× 10−5 (ν̃τ production via dd) to |λ′333 λ312| < 5.9× 10−3

(ν̃τ production via bb) at 90% CL, assuming Mν̃τ
= 1 TeV and λ′3jk = λ312 = λ321. Presented in

this form, the bounds can readily be compared to results from lower-energy experiments. The
extension of the physics interpretation of the eµ resonance search via a simple reinterpretation of
the results obtained for the dd initial state is an example of how different BSM models can be
tested with a single search at the LHC due to the various partonic initial states it provides.

The constraints from different indirect searches for cLFV at lower-energy facilities are very
constrictive for BSM models involving resonant production of an eµ pair in quark/antiquark anni-
hilation at the LHC. A comparison of the bounds obtained for the different ν̃τ models with limits
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by various indirect searches for cLFV at lower energy facilities reveals that the presented search
for eµ resonances is most competitive when considering the non-zero production coupling λ′313.
In the corresponding model, the ν̃τ is produced in bd annihilation rather than dd annihilation,
which has been the choice in the RPV ν̃τ models tested in publications by experiments at the
Tevatron [59,60] and the LHC [30–32,285].

Two considerations ought to be kept in mind when assessing the value of searches for eµ
resonances at high-energy colliders in the light of the restrictive constraints from indirect searches
for cLFV between the first and second generation at dedicated lower-energy experiments. First,
the resonant production of the eµ pair via direct couplings to the proton constituents, that has
been chosen as the signal model in terms of which the experimental findings are interpreted in
this thesis, is not the only production mode covered by the presented search. If a heavy particle
that decays to an eµ pair were produced in association with another particle or in a longer
decay chain, the signature in the detector still were a peak in the eµ mass spectrum. The strong
indirect constraints on resonant eµ production at the LHC thus suggest an inclusive event selection
that covers many possible signal event topologies with a peak in the eµ mass spectrum. Such
an approach has been chosen in this thesis. Secondly, searches for cLFV at the LHC provide
information complementary to that from indirect searches.

In the µτ search, the stringent bounds that constrain cLFV between leptons of the first and
second generation do not apply, motivating the presented extension of the eµ search to a search
for heavy resonances that decay to the µτ e final state. In the RPV ν̃τ model with non-zero
Yukawa couplings λ′311 and λ323, the observed lower bounds on Mν̃τ

at 95% CL read 370 GeV
and 1730 GeV for coupling values of λ′311 = λ323 = 0.01 and λ′311 = λ323 = 0.1, respectively. The
bounds of the µτ resonance search are found to be more restrictive than those obtained by the
ATLAS collaboration in pp collisions at

√
s = 8 TeV based on a data sample of similar integrated

luminosity [31]. They are also competitive against the exclusion limits inferred from searches for
cLFV in τ decays at B factories [72] and improve them in parts of the RPV ν̃τ model’s parameter
space. Finally, the interpretation of the µτ resonance search in terms of the production of a heavy
Higgs boson in a 2HDM with cLFV relates this work to searches for extensions of the SM Higgs
sector and makes a case for covering the intermediate mass region M

h
0 .M . 2mt in searches

for heavy dilepton resonances.

In conclusion, the subject of this thesis is the direct search for various heavy states that mediate
cLFV interactions at the LHC. At the time of their first publication, most of the presented searches
have yielded the highest sensitivity to the BSM physics under study obtained at high-energy
colliders. Analyses based on the first round of data from Run 2 of the LHC recorded in 2015 have
improved the presented results only for signals with particles with masses above about 2 TeV. In
the future, analyses of the full datasets recorded by the CMS and ATLAS collaborations in 2015
and 2016 should either reveal evidence for a signal or push the bounds on the model parameters
further. However, even when datasets corresponding to integrated luminosities of several 100 fb−1

will eventually be accumulated by CMS and ATLAS, indirect constraints will remain a serious
challenge in the case of searches for cLFV between leptons of the first and second generation at
the LHC. The next generation of experiments that probe µ-e conversion [303, 304] are underway
and are expected to improve the sensitivity of concluded experiments by orders of magnitude.
This should motivate experimenters at the LHC to focus on searches for resonant production of
µτ and eτ pairs rather than on searches for eµ resonances.
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Appendix A

Lagrangian from the trilinear RPV
terms of the superpotential

The R-parity violating trilinear terms of the superpotential in SUSY with baryon triality symmetry
B3 read:

WLLE = 1
2λijkLiLjĒk = εab

1
2λijkL

a
iL

b
jĒk = 1

2λijk
(
NiEj − EiNj

)
Ēk (A.1)

WLQD = λ′ijkLiQjD̄k = εab λ
′
ijkL

a
iQ

xb
j D̄kx = λ′ijk

(
NiD

x
j − EiU

x
j

)
D̄kx . (A.2)

SU(2)L gauge invariance is enforced by the antisymmetric tensor εab with a, b ∈ {1, 2} denoting the
weak isospin indices of the SU(2)L doublet superfields and leads to a total of only 9 independent
couplings λijk [51]:

λijkεabL
a
iL

b
jĒk = −λijkεbaLaiLbjĒk =

i↔j
−λjikεbaL

a
jL

b
i Ēk = −λjikεbaLbiLaj Ēk ⇒ λijk = −λjik .

(A.3)
From the superpotential W in Equations A.1 and A.2, the Yukawa terms in the Lagrangian are

obtained [51,305] by first replacing the superfields with the corresponding scalars (W →W (φ)):

WLLE = 1
2λijk

(
NiEj − EiNj

)
Ēk ⇒ WLLE(φ) = 1

2λijk
(
ν̃iL l̃jL − l̃iLν̃jL

)
l̃ckR (A.4)

WLQD = λ′ijk
(
NiD

x
j − EiU

x
j

)
D̄kx ⇒ WLQD(φ) = λ′ijk

(
ν̃iLd̃

x
jL − l̃iLũ

x
jL

)
d̃ckxR , (A.5)

and then computing the derivatives with respect to all possible combinations of scalar fields:

LLLE (LQD) = − 1
2
∑
α,β

∂2WLLE (LQD)(φ)
∂φα∂φβ

ψ̄αRψβL −
1
2
∑
α,β

∂2W ∗LLE (LQD)(φ)
∂φ∗α∂φ

∗
β

ψ̄αLψβR . (A.6)

The LQD term in the superpotential leads to the following interactions involving sneutrinos
in the Lagrangian using Dirac spinors:

LLQD ⊃ −λ
′
ijk

(
ν̃iLd̄kRdjL + d̄jRdkLν̃

∗
iL

)
, (A.7)

and the LLE term yields:

LLLE ⊃ −
1
2λijk

(
ν̃iL l̄kRljL − ν̃jL l̄kRliL + l̄jRlkLν̃

∗
iL − l̄iRlkLν̃

∗
jL

)
. (A.8)



202



203

Appendix B

Datasets
Ta

bl
e

B
.1

:
T

he
da

ta
se

ts
us

ed
in

th
e

eµ
re

so
na

nc
e

se
ar

ch
(S

in
gl

eM
u,

to
p)

an
d
µ
τ

e
re

so
na

nc
e

se
ar

ch
(M

uE
G

,
bo

tto
m

).
T

he
sa

m
pl

e
na

m
es

in
th

e
C

M
S

da
ta

ag
gr

eg
at

io
n

sy
st

em
(D

A
S)

[1
70

]
ar

e
gi

ve
n

in
th

e
se

co
nd

co
lu

m
n.

T
he

va
lu

es
fo

r
th

e
in

te
gr

at
ed

lu
m

in
os

ity
ar

e
ca

lc
ul

at
ed

wi
th

on
ly

th
os

e
ru

ns
in

wh
ic

h
al

l
C

M
S

su
bd

et
ec

to
rs

ha
ve

be
en

fu
lly

op
er

at
io

na
la

s
in

pu
t

(g
ol

de
n

js
on

).

Pr
im

ar
y

da
ta

se
t

Sa
m

pl
e

na
m

e
Ru

n
ra

ng
e

L
an in

t
(fb
−

1 )

Si
ng

le
-m

uo
n

tr
ig

ge
rs

Si
ng

le
M

u/
Ru

n2
01

2A
-2

2J
an

20
13

-v
1/

A
O

D
19

04
56

-1
93

62
1

0.
9

Si
ng

le
M

u/
Ru

n2
01

2B
-2

2J
an

20
13

-v
1/

A
O

D
19

38
33

-1
96

53
1

4.
4

Si
ng

le
M

u/
Ru

n2
01

2C
-2

2J
an

20
13

-v
1/

A
O

D
19

80
22

-2
03

74
2

7.
1

Si
ng

le
M

u/
Ru

n2
01

2D
-2

2J
an

20
13

-v
1/

A
O

D
20

37
77

-2
08

68
6

7.
4

M
uE

G
/R

un
20

12
A

-2
2J

an
20

13
-v

1/
A

O
D

19
04

56
-1

93
62

1
0.

9
M

uo
n

+
El

ec
tr

on
/P

ho
to

n
M

uE
G

/R
un

20
12

B-
22

Ja
n2

01
3-

v1
/A

O
D

19
38

33
-1

96
53

1
4.

4
cr

os
s-

tr
ig

ge
rs

M
uE

G
/R

un
20

12
C

-2
2J

an
20

13
-v

1/
A

O
D

19
80

22
-2

03
74

2
7.

1
M

uE
G

/R
un

20
12

D
-2

2J
an

20
13

-v
1/

A
O

D
20

37
77

-2
08

68
6

7.
4



204



205

Appendix C

List of simulated event samples

C.1 Signal simulation eµ resonance search

QBH signal samples

The parameter points of the QBH signal model for which signal samples have been produced are
listed in Tab. C.1. All samples are based on events generated with CALCHEP and use PYTHIA 6 for
parton showering and hadronization and are processed through the full GEANT4-based simulation
of the CMS detector (FullSim).

RPV ν̃τ signal samples

The parameter points of the RPV ν̃τ model in the eµ resonance search (non-zero ν̃τ production
coupling λ′311 with dd initial state) for which signal samples have been produced are listed in
Tabs. C.2 and C.3. All samples are based on events generated with CALCHEP and use PYTHIA 6 for
parton showering and hadronization and are processed through the full GEANT4-based simulation
of the CMS detector (FullSim).

Two different muon misalignment scenarios are used in the simulation of RPV ν̃τ signal events,
referred to as the baseline and the corrected baseline misalignment scenarios. Both are based on
an alignment obtained from cosmic ray muon data collected during the Cosmic Run At Four
Tesla (CRAFT) [214]. The baseline muon alignment scenario (the so-called 2012 STARTUP
muon misalignment) has been used for the simulation of the signal samples that are summarized
in Tab. C.2. These samples have been processed centrally in the Summer12 CMS production
campaign. It was realized after completion of the samples that the position of the muon barrel
system had been shifted unintentionally with respect to the inner tracking system by 0.2 cm in the
configuration of the detector simulation. This shift is reversed in the corrected muon misalignment
scenario (the so-called C1 muon misalignment) that has been used to produced the signal samples
in Tab. C.3.

The RPV eµ resonance signal samples in Tab. C.2, that use the baseline muon misalignment,
are used to obtain the signal selection efficiency in Fig. 5.6. A re-evaluation of the selection
efficiency with the samples in Tab. C.3, that use the corrected muon alignment, yields deviations
from the former result below 1.5%, well within the assigned systematic uncertainties.

The samples in Tab. C.3 are used to determine the eµ mass resolution in Fig. 5.10 and Eqn. 5.8.
The simulated samples in Tab. C.2 are not used for the resolution study because they are affected
by the unintended 0.2 cm shift of the barrel muon system that leads to a large bias in the pT
resolution of muons with pT ∼ O(TeV).
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C.2 Signal simulation µτ e resonance search

RPV ν̃τ signal samples
The simulated signal samples for the RPV ν̃τ model in the µτ e search are listed in Tab. C.4.

The event generation is carried out with CALCHEP. Two versions of simulated samples have been
produced starting from the same generated parton-level events. The first version, that is only
used for cross-checks in the µτ e analysis, has been processed in one of the official CMS produc-
tion campaigns; the samples are listed in the CMS data aggregation system (DAS) [170] under
the sample name RPVresonantToMuTau M-scan TuneZ2star 8TeV-calchep-pythia6. PYTHIA 6
is employed for showering and hadronization, Tauola [306] is utilized for the decay of the τ lepton,
and the baseline muon misalignment scenario is used in this official production. The τ lepton is
allowed to decay via all its decay channels in these samples. The second version, the one used
to obtain the signal efficiencies and mass resolution in Sec. 11.3, has been produced privately
by the author. It employs PYTHIA 8 for both hadronization and τ decay and uses the corrected
(C1) muon misalignment scenario. In these samples, the τ lepton is forced to decay leptoni-
cally into an electron and neutrinos. It is therefore necessary to include the branching fraction
B(τ− → e−νe ντ ) as an additional factor when scaling the event yields obtained from these samples,
Nsig = σ × B(ν̃τ → µτ )× B(τ− → e−νe ντ )× (A× ε)MC × Lint.

C.3 Background simulation

The simulated background samples, that are used in the eµ and µτ e resonance searches, are
listed in Tabs. C.5, C.6, and C.7. The samples that are used in the background estimation are
presented in Tabs. C.5 and C.6 whereas the samples in Tab. C.7 are used for auxiliary studies and
cross-checks.
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Table C.1: Summary of simulated QBH signal samples with n = 0 extra dimensions (left) and
n ≥ 1 (right) extra dimensions. The samples for n = 0 have been produced in one of the official
CMS production campaigns and are listed in the CMS data aggregation system (DAS) [170] un-
der the sample names QBHToemu CI CalcHEP 8TeV and QBHtoEMu M-* CI CalcHEP 8TeV-pythia6,
whereas those for n ≥ 1 have been produced privately by Emmanuel Olaiya. The cross sections
are evaluated at LO in pQCD using the event generator CALCHEP with the PDF set CTEQ6L and
include the branching fraction into the desired e±µ∓ final state. The samples for n = 0 contain
25000 generated events each and those for n ≥ 1 contain 20000 events.

n Mth (TeV) σ × B(QBH→ e±µ∓) (pb) n Mth (TeV) σ × B(QBH→ e±µ∓) (pb)

1

0.5 28.9
1 0.82

1.5 6.3× 10−2

2 6.9× 10−3

2.5 9.0× 10−4

3 1.2× 10−4

3.5 1.6× 10−5

0

0.5 1.5 4 1.9× 10−6

0.6 0.59 4.5 2.0× 10−7

0.7 0.26
0.8 0.12

2

0.5 97.0
0.9 6.3× 10−2 1 29.0
1 3.4× 10−2 1.5 0.23

1.1 1.9× 10−2 2 2.6× 10−2

1.2 1.1× 10−2 2.5 3.4× 10−3

1.3 6.4× 10−3 3 4.6× 10−4

1.4 3.9× 10−3 3.5 6.1× 10−5

1.5 2.4× 10−3 4 7.5× 10−6

1.6 1.5× 10−3 4.5 7.7× 10−7

1.7 9.2× 10−4

1.8 5.9× 10−4

3

0.5 196
1.9 3.8× 10−4 1 6.0
2 2.5× 10−4 1.5 0.48

2.2 1.1× 10−4 2 5.4× 10−2

2.4 4.6× 10−5 2.5 7.1× 10−3

2.6 2.0× 10−5 3 9.9× 10−4

2.8 9.1× 10−6 3.5 1.3 ×10−4

3 4.1× 10−6 4 1.6× 10−5

4.5 1.7× 10−6

6

0.5 600
1 19.0

1.5 1.5
2 0.17

2.5 2.3× 10−2

3 3.2× 10−3

3.5 4.3× 10−4

4 5.3× 10−5

4.5 5.4× 10−6
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Table C.2: Summary of simulated RPV ν̃τ signal samples for the eµ resonance
search that have been produced in one of the official CMS production campaigns and
are listed in the CMS data aggregation system (DAS) [170] under the sample name
RPVresonantToEMu M-scan TuneZ2star 8TeV-calchep-pythia6. The baseline muon misalign-
ment scenario has been used in the production. The cross section in the fourth column is taken
from the event generator CALCHEP using the PDF set CTEQ6L and includes the branching fraction
into the desired e±µ∓ final state. The NLO QCD k-factor, σNLO/σLO, is calculated as described
in Sec. 1.1.2, based on Ref. [57]. Each sample contains 10000 generated events.

λ′311 λ312 = λ321 Mν̃τ
(GeV) σ × B(ν̃τ → e±µ∓) (pb) NLO (pQCD) k-factor

0.01 0.01

100 2.71 1.34
200 3.06× 10−1 1.38
300 8.30× 10−2 1.39
400 2.90× 10−2 1.39
500 1.25× 10−2 1.38
600 6.19× 10−3 1.37
700 3.31× 10−3 1.35
800 1.90× 10−3 1.33
900 1.12× 10−3 1.31
1000 6.87× 10−4 1.29
1100 4.33× 10−4 1.27
1200 2.77× 10−4 1.25
1300 1.80× 10−4 1.23
1400 1.19× 10−4 1.21
1500 7.9× 10−5 1.19
1600 5.3× 10−5 1.18
1700 3.6× 10−5 1.16
1800 2.4× 10−5 1.14
1900 1.6× 10−5 1.13
2000 1.1× 10−5 1.12

0.05 0.05

500 3.15× 10−1 1.38
1000 1.72× 10−2 1.29
1500 1.99× 10−3 1.19
2000 2.80× 10−4 1.12

0.1 0.1
2200 5.24× 10−4 1.09
2400 2.41× 10−4 1.08
2600 1.11× 10−4 1.07
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Table C.3: Summary of simulated RPV ν̃τ signal samples for the eµ resonance search that have
been produced privately by the author with the corrected (C1) muon alignment. In these samples,
the ν̃τ is produced in the dd initial state via the corresponding non-zero coupling λ′311. The
cross section in the fourth column is taken from the event generator CALCHEP using the PDF set
CTEQ6L and includes the branching fraction into the desired e±µ∓ final state. The NLO QCD
k-factor, σNLO/σLO, is calculated as described in Sec. 1.1.2, based on Ref. [57]. Each sample
contains 10000 generated events.

λ′311 λ312 = λ321 Mν̃τ
(GeV) σ × B(ν̃τ → e±µ∓) (pb) NLO (pQCD) k-factor

0.01 0.01

200 3.06× 10−1 1.38
500 1.25× 10−2 1.38
800 1.90× 10−3 1.33
1000 6.87× 10−4 1.29
1500 7.9× 10−5 1.19
2000 1.1× 10−5 1.12

0.5 0.5 2600 4.8× 10−3 1.07
3000 1.7× 10−3 1.07
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Table C.4: Summary of simulated RPV ν̃τ signal samples used in the µτ e resonance search. The
cross section in the fourth column is taken from the event generator CALCHEP using the PDF
set CTEQ6L and includes the branching fraction into the desired µ±τ∓ final state (without the
branching fraction τ− → e−νe ντ ). The NLO QCD k-factor, σNLO/σLO, is calculated as described
in Sec. 1.1.2, based on Ref. [57]. Each sample contains 10000 generated events.

λ′311 λ323 Mν̃τ
(GeV) σ × B(ν̃τ → µτ ) (pb) NLO (pQCD) k-factor

0.01 0.01
200 0.19 1.38
500 8.0× 10−3 1.38
1000 4.3× 10−4 1.29

0.05 0.05

100 43.6 1.34
200 4.9 1.38
300 1.2 1.39
400 0.45 1.39
500 0.20 1.38
600 9.7× 10−2 1.37
700 5.2× 10−2 1.35
800 3.0× 10−2 1.33
900 1.8× 10−2 1.31
1000 1.1× 10−2 1.29
1100 6.8× 10−3 1.27
1200 4.3× 10−3 1.25
1300 2.8× 10−3 1.23
1400 1.9× 10−3 1.21
1500 1.2× 10−3 1.19
1600 8.3× 10−4 1.18
1700 5.6× 10−4 1.16
1800 3.8× 10−4 1.14
1900 2.6× 10−4 1.13
2000 1.7× 10−4 1.12

0.1 0.1
2200 3.3× 10−4 1.09
2400 1.5× 10−4 1.08
2600 6.9× 10−5 1.07
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Appendix D

Determination of the muon pT
resolution using cosmic ray muons

Table D.1: The datasets used in the muon pT resolution study with cosmic ray muons. The sample
names in the CMS data aggregation system (DAS) [170] are given in the first column. The second
column contains the total number of recorded events in the samples. The number of events passing
the data quality cuts (DT system and inner tracking system fully operational) are given in columns
three and four, separated by two operation modes of the tracker front-end electronics; the peak and
deconvolution modes [219].

Sample name Events in sample Events after DQ cuts
Peak Deconvolution

/Cosmics/Commissioning12-CosmicSP-26Mar2013-v1 272 372 62 114 715/RAW-RECO
/Cosmics/Run2012A-CosmicSP-22Jan2013-v1/RAW-RECO 216 642 96 567 28 575
/Cosmics/Run2012B-CosmicSP-22Jan2013-v1/RAW-RECO 372 256 74 289 88 074
/Cosmics/Run2012C-CosmicSP-22Jan2013-v1/RAW-RECO 424 235 31 524 68 056
/Cosmics/Run2012D-CosmicSP-22Jan2013-v1/RAW-RECO 432 569 0 0

Total 1 718 074 264 494 185 420

Table D.2: DAS names of the simulated samples of cosmic ray events.

Sample name

/TKCosmics p10/Summer12-CosmicSuperPointing-COSMC 53 PEAC cosmics-v1/GEN-SIM-RAW-RECO
/TKCosmics p100/Summer12-CosmicSuperPointing-COSMC 53 PEAC cosmics-v1/GEN-SIM-RAW-RECO
/TKCosmics p500/Summer12-CosmicSuperPointing-COSMC 53 PEAC cosmics-v1/GEN-SIM-RAW-RECO

/TKCosmics p10/Summer12-CosmicSuperPointing-COSMC 53 DECC cosmics-v1/GEN-SIM-RAW-RECO
/TKCosmics p100/Summer12-CosmicSuperPointing-COSMC 53 DECC cosmics-v1/GEN-SIM-RAW-RECO
/TKCosmics p500/Summer12-CosmicSuperPointing-COSMC 53 DECC cosmics-v1/GEN-SIM-RAW-RECO
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Appendix E

Detailed information eµ resonance
search

E.1 Pseudorapidity distributions of leptons in same-sign eµ events

Figure. E.1 shows the pseudorapidity distributions of electrons (left) and muons (right) in same-
sign eµ events (e±µ±). The correction of the normalization of the tt background simulation by a
factor two that is explained in Sec. 9.1.2 has been applied. The observed difference in the shape
of the two pseudorapidity distributions is mainly caused by the W + jet process which is part of
the data-driven jet background estimate.
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Figure E.1: The pseudorapidity distributions of electrons (left) and muons (right) in selected eµ
pairs in which the two leptons carry the same electric charge.
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E.2 Jet pT and /ET in selected eµ events

Figure. E.2 illustrates the impact of the top-pT reweighting, introduced in the context of the
description of systematic uncertainties in the tt simulation in Sec. 8.1.3, on the simulated /ET
distribution of events that pass the eµ selection. The agreement between data and expectation
improves after the correction is applied. The slope in the /ET dependence of the ratio between
data and background expectation is reduced.

The pT spectra of all jets in eµ events passing the jet selection and of the subset of b-tagged
jets are shown in Fig. E.3. In both cases, the top-pT reweighting has been applied to the tt
simulation.
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(a) /ET distribution as obtained from simulation.
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(b) /ET distribution after applying the top-pT
reweighting to the tt simulation.

Figure E.2: The /ET distribution in selected eµ events as obtained when using the t t simulation
without correction (left) and after applying the top-pT reweighting (right).
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(a) The jet pT distribution.
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(b) The pT distribution of b-tagged jets.

Figure E.3: The pT spectra of all jets passing the jet selection in eµ events (left) and of all selected
jets with a b-tag. The top-pT reweighting has been applied to the t t simulation in both cases.
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E.3 Details invariant mass distribution
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(a) Meµ spectrum of selected eµ events with
500 GeV ≤Meµ ≤ 1 TeV.
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(b) Meµ spectrum of selected eµ events with
700 GeV ≤Meµ ≤ 1.2 TeV.

Figure E.4: The Meµ distributions of selected eµ events in the ranges 500 GeV ≤Meµ ≤ 1 TeV
(left) and 700 GeV ≤Meµ ≤ 1.2 TeV (right). The grey bands in the spectra and the ratio plots
indicate the systematic uncertainty in the background prediction for each bin.
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E.4 Muon identitifcation variables of muons with pµT > 200 GeV
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(b) The relative uncertainty in the
pT measurement from the fit of
the muon track.
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(c) The number of hits in the pixel
detector associated with the
muon track.
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(d) The transverse impact param-
eter |dxy| of the muon track rel-
ative to the primary vertex.
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(e) The longitudinal impact pa-
rameter |dz| of the muon track
relative to the primary vertex.
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(f) The number of tracker layers
with hits associated with the
muon track.
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(g) The number of muon stations
with track segments that are
matched to the muon track.
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(h) The number of hits in the
muon system associated with
the muon track.

Figure E.5: Distributions of muon identification variables of muons in eµ events with transverse
momenta above 200 GeV. These are the N − 1 distributions, i.e. all cuts of the muon selection
are applied apart from that on the plotted variable.
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E.5 Details high-Meµ events
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(a) The electron ET distribution.
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(b) The muon pT distribution.
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(c) The absolute value of the dif-
ference in azimuthal angle of
the leptons ∆φeµ .
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(d) The electron η distribution.
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(e) The muon η distribution.

µeη ∆
-4 -2 0 2 4

E
ve

nt
s 

/ 0
.5

0

2

4

6

8

10

12

14 Data
tt

WW
DY
Jets
tW

γW
WZ, ZZ

 (8 TeV)-119.7 fb

(f) The ∆ηeµ distribution.
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(g) The missing transverse energy
/ET.
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(h) The number of selected jets.
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(i) The number of selected jets
with a b-tag.

Figure E.6: Distributions of variables describing the lepton kinematics and event topology in the
66 events observed in data with eµ pairs that satisfy Meµ ≥ 600 GeV.
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E.6 Summary of cross section limits for the RPV ν̃τ signal

Table E.1: The upper limits on the product of the ν̃τ production cross section and the branching
fraction of its decay into an eµ pair for various masses. In addition to the observed cross section
limit at 95% CL, the median expected limit at 95% CL is given together with the corresponding
boundaries of the 1σ uncertainty band. The observed limit at 90% CL is also presented because it
is used as input to the calculation of the 90% CL bounds in RPV parameter space in Sec. 10.2.2
that are compared to bounds from indirect searches in the literature which are available at this
confidence level. The full signal selection efficiency and acceptance are included in columns 7 and
8 to allow for a reinterpretation of the cross section limits in terms of other signal models with
slightly different kinematics.

Upper limits on σ × B(ν̃τ → eµ) (fb)

Mν̃τ
(GeV) 95% CL 90% CL Efficiency (%) Acceptance (%)

Observed Expected +1σ −1σ Observed A× ε A

200 13 9 13 6.5 11 42 58.6
202 10 8.8 12 6.3 8.2 42.2 58.9
204 9.2 8.6 12 6.3 7.6 42.5 59.2
206 8.9 9.3 12 6.4 7.5 42.7 59.5
208 8.5 8.2 12 5.9 7 43 59.8
210 9.1 8.4 12 6.1 7.8 43.2 60
212 9.7 8.4 12 6.1 8.2 43.4 60.3
214 12 8 11 5.9 10 43.6 60.6
216 11 8.2 12 5.9 9.2 43.9 60.9
218 10 8.4 12 5.8 8.7 44.1 61.1
220 9.3 7.9 11 5.8 8 44.3 61.4
222 8.7 8.1 11 5.6 7.4 44.5 61.6
224 7.6 7.3 10 5.4 6.3 44.7 61.9
226 7.1 7.5 11 5.5 5.7 44.9 62.1
228 7.2 7.3 9.9 5.4 6 45.1 62.4
230 7.1 7.5 10 5.5 5.8 45.3 62.6
232 6.9 7.6 10 5.5 5.8 45.5 62.9
234 6.4 7.5 10 5.4 5.3 45.7 63.1
236 6 7.4 10 5.3 5 45.9 63.3
238 5.8 7 10 5.1 4.8 46.1 63.6
240 6 7.1 9.9 5 4.7 46.3 63.8
242 6.2 6.8 10 4.9 5.1 46.5 64
244 7.3 6.6 9.5 4.8 6.2 46.7 64.3
246 7.7 6.7 9.1 4.7 6.5 46.9 64.5
248 7.3 6.5 9.4 4.7 6.3 47 64.7
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Upper limits on σ × B(ν̃τ → eµ) (fb)

Mν̃τ
(GeV) 95% CL 90% CL Efficiency (%) Acceptance (%)

Observed Expected +1σ −1σ Observed A× ε A

250 5.8 6.6 8.9 4.8 4.8 47.2 64.9
252 5.2 6.6 9.3 4.6 4.3 47.4 65.1
254 5.3 6.5 9 4.7 4.3 47.6 65.3
256 5.2 6.2 8.9 4.5 4.3 47.7 65.5
258 6.3 6.2 8.7 4.4 5.1 47.9 65.7
260 6.3 6.3 8.7 4.6 5.3 48.1 65.9
262 6 6 8.5 4.2 5 48.2 66.1
264 5.9 5.9 8.4 4.3 5 48.4 66.3
266 6 6 8.7 4.4 4.9 48.5 66.5
268 5.5 5.9 8.3 4.2 4.6 48.7 66.7
270 6.2 5.5 7.9 4 5.4 48.8 66.9
272 7.4 5.7 8.1 4.1 6.4 49 67.1
274 9.2 5.4 7.7 3.9 8.3 49.1 67.3
276 10 5.4 7.7 3.9 9.3 49.3 67.5
278 11 5.3 7.4 3.8 9.5 49.4 67.7
280 9.9 5.2 7.1 3.8 8.8 49.6 67.8
282 8.5 5.2 7.1 3.7 7.6 49.7 68
284 8 5.1 7 3.7 6.9 49.9 68.2
286 6.6 5.1 7 3.7 5.8 50 68.4
288 5.6 4.8 6.8 3.5 4.7 50.2 68.5
290 5 4.8 6.9 3.6 4.3 50.3 68.7
292 4.1 4.9 7.1 3.4 3.3 50.4 68.9
294 3.7 4.8 7 3.5 3 50.6 69.1
296 3.3 4.8 6.6 3.4 2.6 50.7 69.2
298 3 4.7 6.7 3.4 2.3 50.8 69.4
300 2.8 4.5 6.3 3.3 2.2 50.9 69.5
305 2.5 4.7 6.6 3.3 2 51.3 69.9
310 3.1 4.4 6.1 3 2.5 51.6 70.3
315 4.7 4.5 6.4 3.2 3.9 51.9 70.7
320 5.2 4.1 5.8 2.9 4.4 52.2 71.1
325 5.2 4.1 5.8 3 4.2 52.4 71.4
330 3.1 4 5.7 2.7 2.5 52.7 71.8
335 1.9 3.9 5.4 2.8 1.5 53 72.1
340 1.8 3.7 5.4 2.7 1.4 53.2 72.4
345 2.9 3.8 5.3 2.7 2.2 53.5 72.8
350 5.1 3.5 5 2.5 4.4 53.7 73.1
355 6.2 3.5 4.9 2.5 5.3 54 73.4
360 5.5 3.2 4.7 2.3 4.8 54.2 73.7
365 4.7 3.3 4.6 2.3 4 54.4 74
370 4.3 3 4.4 2.2 3.7 54.7 74.3
375 4.3 3 4.4 2.2 3.7 54.9 74.5
380 4.3 2.9 4.1 2.1 3.7 55.1 74.8
385 3.9 3 4.3 2.1 3.4 55.3 75.1
390 3.3 2.8 3.8 2 2.7 55.5 75.4
395 3.7 2.8 3.9 2 3 55.7 75.6
400 3.4 2.6 3.7 1.9 2.9 55.9 75.9
410 3.2 2.5 3.5 1.8 2.7 56.3 76.3
420 2.5 2.4 3.3 1.7 2.1 56.6 76.8
430 2.1 2.2 3.2 1.6 1.6 56.9 77.3
440 1.9 2.1 3 1.5 1.6 57.3 77.7
450 1.9 2 2.9 1.4 1.6 57.6 78.1
460 2 2 2.9 1.4 1.6 57.9 78.5
470 2.9 1.9 2.7 1.3 2.6 58.2 78.9
480 3.2 1.8 2.6 1.3 2.8 58.4 79.3
490 3 1.7 2.5 1.3 2.6 58.7 79.6
500 2.2 1.6 2.4 1.2 2 58.9 80
510 1.8 1.6 2.2 1.1 1.5 59.2 80.3
520 1.8 1.5 2.1 1.1 1.5 59.4 80.6
530 1.8 1.4 2 1 1.6 59.6 80.9
540 1.9 1.3 1.9 0.97 1.6 59.9 81.2
550 1.8 1.3 1.8 0.91 1.5 60.1 81.5
560 1.5 1.2 1.8 0.86 1.3 60.3 81.8
570 1.1 1.2 1.7 0.88 0.91 60.4 82
580 0.89 1.2 1.7 0.85 0.7 60.6 82.3
590 0.82 1.2 1.7 0.85 0.65 60.8 82.6
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Upper limits on σ × B(ν̃τ → eµ) (fb)

Mν̃τ
(GeV) 95% CL 90% CL Efficiency (%) Acceptance (%)

Observed Expected +1σ −1σ Observed A× ε A

600 1 1.2 1.7 0.82 0.87 61 82.8
610 1.3 1.1 1.5 0.76 1.1 61.1 83
620 1.5 1 1.5 0.72 1.3 61.3 83.3
630 1.6 1 1.4 0.71 1.3 61.5 83.5
640 1.4 0.95 1.4 0.67 1.2 61.6 83.7
660 1.7 0.91 1.3 0.66 1.5 61.9 84.1
680 1.3 0.84 1.2 0.6 1.1 62.1 84.5
700 0.71 0.77 1.1 0.55 0.57 62.4 84.9
720 0.49 0.7 1 0.5 0.4 62.6 85.2
740 0.42 0.7 0.97 0.49 0.33 62.8 85.6
760 0.41 0.65 0.94 0.46 0.32 63 85.9
780 0.51 0.61 0.86 0.43 0.41 63.2 86.2
800 0.58 0.57 0.81 0.39 0.48 63.4 86.5
820 0.57 0.55 0.77 0.38 0.46 63.6 86.7
840 0.54 0.52 0.75 0.37 0.44 63.7 87
860 0.49 0.5 0.72 0.36 0.4 63.9 87.2
880 0.4 0.48 0.7 0.36 0.31 64 87.5
900 0.33 0.46 0.66 0.33 0.26 64.1 87.7
920 0.36 0.44 0.6 0.32 0.28 64.3 87.9
940 0.42 0.42 0.58 0.31 0.34 64.4 88.1
960 0.44 0.39 0.54 0.29 0.36 64.5 88.3
980 0.44 0.39 0.54 0.29 0.36 64.6 88.5
1000 0.44 0.37 0.52 0.28 0.36 64.7 88.7
1020 0.4 0.36 0.52 0.27 0.31 64.7 88.8
1040 0.35 0.36 0.51 0.27 0.27 64.8 89
1060 0.33 0.35 0.49 0.25 0.27 64.9 89.2
1080 0.31 0.34 0.47 0.26 0.25 65 89.3
1100 0.28 0.34 0.46 0.25 0.22 65 89.4
1120 0.25 0.33 0.46 0.24 0.19 65.1 89.6
1140 0.24 0.32 0.44 0.24 0.18 65.2 89.7
1160 0.24 0.32 0.44 0.24 0.18 65.2 89.8
1180 0.24 0.31 0.42 0.24 0.18 65.3 90
1200 0.24 0.3 0.41 0.24 0.18 65.3 90.1
1250 0.24 0.29 0.39 0.24 0.18 65.4 90.4
1300 0.24 0.26 0.36 0.24 0.18 65.5 90.6
1350 0.24 0.24 0.35 0.23 0.18 65.6 90.8
1400 0.24 0.24 0.34 0.23 0.18 65.6 91.1
1450 0.24 0.24 0.34 0.23 0.18 65.6 91.2
1500 0.23 0.24 0.33 0.23 0.18 65.7 91.4
1550 0.23 0.24 0.3 0.23 0.18 65.7 91.6
1600 0.24 0.24 0.28 0.23 0.18 65.7 91.7
1650 0.24 0.24 0.27 0.23 0.18 65.6 91.9
1700 0.23 0.24 0.25 0.23 0.18 65.6 92
1750 0.23 0.24 0.24 0.23 0.18 65.6 92.1
1800 0.23 0.23 0.24 0.23 0.18 65.6 92.2
1850 0.24 0.24 0.24 0.23 0.18 65.5 92.3
1900 0.23 0.24 0.24 0.23 0.18 65.5 92.4
1950 0.23 0.23 0.24 0.23 0.18 65.4 92.4
2000 0.24 0.23 0.24 0.23 0.18 65.4 92.5
2000 0.24 0.23 0.24 0.23 0.18 65.4 92.5
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E.7 Note concerning the limits on RPV parameters from searches
for LFV meson decays

The bounds in the parameter space of different RPV ν̃τ models derived from limits on rare kaon
and b-meson decays, that are presented in Tab. 10.2, are obtained as follows:

A non-zero value of the coupling product |λ′312λ312| leads to the rare kaon decay K0
L → e±µ∓.

The most sensitive search for such decays is reported in Ref. [20] and yields a bound of

B(K0
L → e±µ∓) < 4.7× 10−12 (E.1)

at 90% CL. The bound on the RPV coupling product has first been derived in Ref. [307] and
has been updated to the current experimental bound in Ref. [51]. Both references use the same
definition of the RPV part of the superpotential as this work, Eqn. 1.2. However, they assume
that there is only one product of (independent) RPV couplings contributing to the kaon decay. In
the ν̃τ model considered in this work, there are two such coupling products, namely |λ′312λ312| and
|λ′312λ321|, that are assumed to be equal. Therefore, the bound |λ′312λ312| < 6× 10−7(Mν̃τ

/TeV)2

from Ref. [51] is divided by a factor
√

2 in Tab. 10.2.
The most stringent experimental bounds on the branching fraction of the decays B0

d → e±µ∓

and B0
s → e±µ∓ have been set by the LHCb collaboration [21] and read at 90% CL:

B(B0
d → e±µ∓) < 2.8× 10−9 , (E.2)

B(B0
s → e±µ∓) < 1.1× 10−8 . (E.3)

The general formula for the contribution of trilinear RPV coupling products to the decay widths
of these processes is given in Ref. [308]. The calculation in this reference starts from a definition
of the RPV superpotential that includes an additional factor 1/2 in the definition of the λ cou-
plings compared to Eqn. 1.2. After accounting for this difference in the definition of the model
parameters, the relation between the branching fractions and the RPV couplings in the ν̃τ model
under study is given by:

|λ′3k3λ312| =

B (B0
qk → e±µ∓

) Γ
(
B0

qk

)
/GeV

2× 2.93× 10−14


1
2 ( Mν̃τ

1 TeV

)2

, (E.4)

with k ∈ {1, 2} ; qk ∈ {d, s}

⇒ |λ′313λ312| ≈ 2.72
√
B
(
B0

d → e±µ∓
)( Mν̃τ

1 TeV

)2

<
(E.2)

1.4× 10−4
(
Mν̃τ

1 TeV

)2

, (E.5)

|λ′323λ312| ≈ 2.73
√
B
(
B0

s → e±µ∓
)( Mν̃τ

1 TeV

)2

<
(E.3)

2.9× 10−4
(
Mν̃τ

1 TeV

)2

. (E.6)

Before the publiaction of the LHCb bounds, the strongest limit on the branching fraction of these
b-meson decays had been provided by the CDF collaboration [284]. These bounds read at 90% CL:

B(B0
d → e±µ∓) < 6.4× 10−8 , (E.7)

B(B0
s → e±µ∓) < 2.0× 10−7 . (E.8)

The resulting bounds on the RPV coupling products included in Tab. 10.2 are:

|λ′313λ312| < 6.9× 10−4
(
Mν̃τ

1 TeV

)2

, (E.9)

|λ′323λ312| < 1.2× 10−3
(
Mν̃τ

1 TeV

)2

. (E.10)
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Appendix F

Detailed information µτ resonance
search

F.1 Summary of cross section limits for the RPV ν̃τ signal
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Table F.1: The upper limits on the product of the ν̃τ production cross section and the branching
fraction of its decay into a µτ pair for various masses. In addition to the observed cross section
limit at 95% CL, the median expected limit at 95% CL is given together with the corresponding
boundaries of the 1σ uncertainty band. The observed limit at 90% CL is also presented because it
is used as input to the calculation of the 90% CL bounds in RPV parameter space in Sec. 13.1.2
that are compared to bounds from indirect searches in the literature which are available at this
confidence level. The full signal selection efficiency and acceptance are included to allow for a
reinterpretation of the cross section limits in terms of other signal models with slightly different
kinematics. The definitions of the signal efficiency and the acceptance include the branching
fraction of the leptonic τ decay to an electron and neutrinos, Bτ e

. The acceptance is defined as
the fraction of simulated signal events passing the selection cuts on the muon, the τ lepton and
the electron from the τ decay (see Sec. 11.2), applied at parton level. This definition comprises
the pT and η cuts on the leptons, the cut on ∆φ(µ, τ ), and the requirement pµT ≥ p

e
T.

Upper limits on σ × B(ν̃τ → µτ ) (fb)

Mν̃τ
(GeV) 95% CL 90% CL Efficiency (%) Acceptance (%)

Observed Expected +1σ −1σ Observed A× ε× Bτ e
A× Bτ e

200 105 129 187 90 84 2.3 4.9
220 87 99 143 68 73 2.9 5.6
240 55 84 118 58 44 3.4 6.2
260 47 70 97 48 37 3.8 6.8
280 46 57 82 40 38 4.2 7.3
300 46 48 68 33 38 4.6 7.8
320 42 40 57 28 35 5.0 8.2
340 37 35 49 25 31 5.3 8.6
350 36 - - - - 5.4 8.8
360 34 29 44 21 28 5.6 9.0
380 30 27 38 19 26 5.8 9.3
400 28 23 33 17 24 6.1 9.6
420 29 21 31 15 24 6.3 9.9
440 28 20 29 14 23 6.5 10.2
460 25 18 26 13 21 6.7 10.4
480 21 16 24 12 18 6.9 10.7
500 17 15 21 10 14 7.1 10.9
520 13 13 19 9.5 11 7.3 11.1
540 11 12 18 8.7 8.7 7.4 11.3
560 9.6 12 17 8.3 7.8 7.6 11.5
580 9.3 11 16 7.9 7.5 7.7 11.6
600 9.3 10 15 7.4 7.5 7.8 11.8
620 9.6 9.6 14 6.8 7.7 8.0 12.0
640 9.7 8.7 13 6.1 8.3 8.1 12.1
660 9.6 7.7 11 5.4 8.1 8.2 12.3
680 9.3 6.9 9.9 5.0 7.9 8.3 12.4
700 9.2 6.4 9.2 4.5 7.9 8.4 12.5
720 8.2 6.1 8.9 4.3 7.0 8.5 12.6
740 7.5 5.7 7.9 4.0 6.4 8.6 12.8
760 6.6 5.6 8.1 3.9 5.5 8.7 12.9
780 6.2 5.3 7.7 3.8 5.0 8.7 13.0
800 5.5 5.1 7.3 3.7 4.4 8.8 13.1
820 5.2 5.0 7.0 3.7 4.2 8.9 13.2
860 4.6 4.6 6.4 3.3 3.7 9.0 13.4
900 4.4 4.2 6.0 3.0 3.6 9.2 13.5
940 4.3 3.9 5.7 2.8 3.5 9.3 13.7
1000 3.7 3.6 5.2 2.6 3.0 9.4 13.9
1100 2.3 3.0 4.3 2.2 1.7 9.7 14.2
1200 1.7 2.6 3.8 1.9 1.3 9.8 14.4
1300 1.6 2.2 3.0 1.6 1.2 10.0 14.7
1400 1.9 1.8 2.6 1.5 1.5 10.1 14.8
1500 2.2 1.6 2.3 1.5 1.8 10.2 15.0
1600 2.3 1.6 2.3 1.5 1.8 10.3 15.1
1700 2.3 1.5 2.2 1.5 1.8 10.4 15.3
1800 2.2 1.5 2.2 1.5 1.8 10.5 15.4
1900 2.1 1.5 1.8 1.5 1.7 10.5 15.5
2000 2.0 1.5 1.7 1.4 1.6 10.6 15.5
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F.2 Reinterpretation of the µτ resonance search in terms of the
heavy Higgs boson signal

F.2.1 Short introduction to 2HDMs

This introduction is primarily based on Refs. [294,297,300]. Consider two complex scalar SU(2)L
doublet fields Φ1 and Φ2 with hypercharge Y = 1 and component representation

Φi(x) =

Φ+
i (x)

Φ0
i (x)

 (F.1)

that are related by a global U(2) symmetry under which the doublet fields transform as

Φa(x)→ UabΦb(x) , Φ†
a(x)→ Φ†

b(x)U †
ba . (F.2)

The Higgs potential and physical Higgs states

The most general renormalizable and gauge invariant Higgs potential with two Higgs doublet fields
is given by [297]:

V (Φ1,Φ2) = µ2
1Φ†

1Φ1 + µ2
2Φ†

2Φ2 +
(
µ2

3Φ†
1Φ2 + h.c.

)
+ λ1

(
Φ†

1Φ1
)2

+ λ2
(
Φ†

2Φ2
)2

+ λ3
(
Φ†

1Φ1
) (

Φ†
2Φ2

)
+ λ4

(
Φ†

1Φ2
) (

Φ†
2Φ1

)
(F.3)

+
[(
λ5Φ†

1Φ2 + λ6Φ†
1Φ1 + λ7Φ†

2Φ2
) (

Φ†
1Φ2

)
+ h.c.

]
,

with six real parameters µ2
1, µ2

2, λ1−4 and four parameters that are complex in the most general
case µ2

3, λ5−7. The imaginary parts of the latter introduce CP-violating effects which are not the
subject of this analysis. All parameters are therefore assumed to be real. Note that while the
functional form of the potential V (Φ1,Φ2) is fixed, different conventions are used in the literature
for the parameters, e.g. additional minus signs and factors two. In particular, the potential given
above is the same as in Ref. [294] but differs from Ref. [300] that is used for consistency checks of
the analyzed 2HDM parameter space below.

This most general Higgs potential is invariant under U(2) transformations (Eqn. F.2). There-
fore, the parameters in the potential can only acquire physical meaning after a specific choice of
the fields Φ1 and Φ2, or choice of basis, is introduced. A choice of basis is defined by fixing the
vacuum expectation values of the Higgs doublet fields after EWSB, v1 and v2, that satisfy the re-
lation (v2

1 + v2
2)1/2 = v = (

√
2GF )−1/2 ≈ 246 GeV. This corresponds to a choice of the parameter

tan β when a generic basis is expresses as [300]

〈Φ1〉 = v√
2

 0

cosβ

 , 〈Φ2〉 = v√
2

 0

sin β

 . (F.4)

In this work, the so-called Higgs basis, or Georgi basis, is chosen, in which only Φ1 acquires a
non-zero vacuum expectation value after EWSB and tan β = 0. Note that in a general 2HDM
tan β is not a parameter with physical meaning because the different bases are equivalent. In
order to achieve EWSB, the number of parameters in the Higgs potential, Eqn. F.3, is reduced
from 10 to 8 by two minimization conditions [300].
The relation between the 8 remaining model parameters and the Higgs masses is discussed next.
In the Higgs basis, the two Higgs doublet fields are given by

Φ1 =

 G+

1√
2

(
v + h0

1 + iG0
)
 and Φ2 =

 H+

1√
2

(
h0

2 + ih0
3
)
 . (F.5)
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Of the 8 degrees of freedom, three make up the Goldstone bosons G0 and G+ that provide the
longitudinal components of the W and Z bosons, and five lead to physical Higgs states: two CP-
even scalars h0

1 and h0
2, one CP-odd scalar h0

3 that is commonly denoted A0, and the charged Higgs
boson H+. Since the CP-conserving 2HDM is considered here, only the two CP-even scalars mix
to form the two mass eigenstates h0 and H0, whose masses satisfy the convention M

H
0 ≥ M

h
0 .

These mass eigenstates are related to the initial scalars h0
1 and h0

2 by the mixing angle α viah
0

H0

 =

 cosα sinα

− sinα cosα


h

0
1

h0
2

 . (F.6)

Combining Eqns. F.6 and F.5 yields

Φ1 =

 G+

1√
2

(
v + cosα h0 − sinα H0 + iG0

)
 , Φ2 =

 H+

1√
2

(
sinα h0 + cosα H0 + ih0

3
)
 . (F.7)

After these considerations, first conclusions concerning the couplings of the light and heavy Higgs
bosons, h0 and H0, can be drawn. The couplings of the Higgs bosons to the massive gauge boson
are fixed by EWSB and only involve the Higgs doublet field Φ1. They scale with cosα in the case
of h0 and sinα for H0.

The Yukawa sector

The most general structure of the Yukawa matrices of the two Higgs doublets allows for flavor-
changing-neutral-currents (FCNCs) at tree-level. However, tree-level FCNCs are absent if a given
fermion couples only to one Higgs doublet, as stated by the Weinberg-Glashow theorem [309]. A
basis fulfilling this condition exists in so-called type I and type II 2HDM models. In this work,
the general case that allows for couplings of a given fermion to both Higgs doublets, frequently
referred to as type III 1, is considered.

In type III 2HDMs, the Lagrangian density describing the coupling of Higgs doublet fields to
quarks can be written in a compact fashion as [297]:

− Lquarks
Yukawa = Q̄0

LΦ̃1η
0
u,1U

0
R + Q̄0

LΦ1η
0
d,1D

0
R + Q̄0

LΦ̃2η
0
u,2U

0
R + Q̄0

LΦ2η
0
d,2D

0
R + h.c. , (F.8)

with Φ̃i ≡ iσ2Φ∗i , the quark weak isospin doublet Q0
L and weak isospin singlets U0

R and D0
R

denote the interaction basis states. The individual Yukawa couplings are elements (η0
q,a)ij with

i, j ∈ {1, 2, 3} of the matrices in flavor space η0
q,a with q ∈ {u, d} and a ∈ {1, 2}. On the two linear

combinations of the Yukawa matrices

κ0
q ≡ cosβ η0

q,1 + sin β η0
q,2 (F.9)

ρ0
q ≡ − sin β η0

q,1 + cosβ η0
q,2 , (F.10)

a rotation in flavor space is performed that diagonalizes the two matrices κd and κu [297]:

κijq =
(
Vq,Lκ

0
qV

†
q,R

)ij
= δij

√
2
mqi

v
. (F.11)

The unitary matrices Vq,L satisfy KCKM = Vu,LV
†
d,L with the Cabibbo-Kobayashi-Maskawa matrix

KCKM . The matrices η0
q,a and ρ0

q are related to their counterparts ηq,a and ρq by the same rotation.

1The term type III 2HDM is also used with a different meaning, as for example in Ref. [300].
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The corresponding terms for the leptonic sector with the coupling matrices of the charged
leptons η`,1 and η`,2 are

− Lleptons
Yukawa = L̄LΦ1η`,1`R + L̄LΦ2η`,2`R + h.c. , (F.12)

with the lepton weak isospin doublet LL and the charged lepton weak isospin singlet `R.

After considering the basis-independent case, the Yukawa terms in the Lagrangian describing
the interactions between the physical Higgs fields and the fermions are now expressed in the Higgs
basis that is used in Sec. 13.2. In the Higgs basis, v2 vanishes such that tan β = 0, and only the
couplings of the Higgs doublet Φ1 to fermions contributes to the fermion masses (Eqn. F.9). The
terms in the Lagrangian Eqn. F.8 that describe interactions between the neutral Higgs bosons and
the quark mass eigenstates can be expressed as:

Lquarks
Yukawa ⊃ − yij

u,h
0 ū
i
Lu

j
Rh

0 − yij
u,H

0 ū
i
Lu

j
RH

0 − yij
d,h

0 d̄
i
Ld

j
Rh

0 − yij
d,H

0 d̄
i
Ld

j
RH

0 + h.c. (F.13)

+ i
ηiju,2√

2
ūiLu

j
RA

0 − i
ηijd,2√

2
d̄iLd

j
RA

0 + h.c. ,

with generation indices i, j, the Yukawa couplings of the light Higgs boson y
u,h

0 and y
d,h

0 to
the up-type and down-type quarks, respectively, and the corresponding Yukawa couplings of the
heavy Higgs boson y

u,H
0 and y

d,H
0 . The structures of these Yukawa couplings are given by:

yij
q,h

0 =
mqi

v
δij cosα+

ηijq,2√
2

sinα (F.14)

yij
q,H

0 = −
mqi

v
δij sinα+

ηijq,2√
2

cosα . (F.15)

The terms in the Lagrangian that correspond to the vertices connecting the neutral Higgs bosons
and charged leptons read

Lleptons
Yukawa ⊃ − yij

`,h
0
¯̀i
L`
j
Rh

0 − yij
`,H

0
¯̀i
L`
j
RH

0 + h.c. (F.16)

− i
ηij`,2√

2
¯̀i
L`
j
RA

0 + h.c. ,

with the Yukawa couplings

yij
`,h

0 =
m`i

v
δij cosα+

ηij`,2√
2

sinα (F.17)

yij
`,H

0 = −
m`i

v
δij sinα+

ηij`,2√
2

cosα . (F.18)

In the alignment limit sinα→ 0 the light Higgs boson h0 has the same couplings as the SM Higgs
boson. In the CP-conserving case that is considered here, the three matrices that induce FCNC at
tree-level, i.e. ηu,2, ηd,2, and η`,2, are real and symmetric [300]. Therefore, they introduce another
18 independent, real parameters to the model.
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F.2.2 Complete definition of the analyzed 2HDM

A given CP-conserving type-III 2HDM is described by fixing 8 parameters in the Higgs potential
and 18 additional Yukawa couplings, 9 of which induce FCNC at tree level. Rather than fixing the
parameters µ2

3 and λ1−7 in the Higgs potential, it can be convenient to choose the physical Higgs
masses and the mixing angle sinα. The set of parameters used in the following and in Sec. 13.2
as the starting point to define the 2HDM under study is

M
h

0 , M
H

0 , M
A

0 , M
H

+ , sinα, λ2, λ3, λ7 . (F.19)

The light CP-even Higgs boson h0 is identified with the scalar particle discovered by the ATLAS
and CMS collaborations in 2012 [36,37], such that M

h
0 = 125.1 GeV. The masses of the charged

Higgs bosons and the CP-odd neutral Higgs boson, that are not of primary interest in this study,
are set equal. They are further assumed to be 80 GeV heavier than the heavy CP-even neutral
Higgs boson H0. This choice is arbitrary from the point of view of model-building but reasonable
when considering the search strategy and experimental constraints: The aim of the analysis in
Sec. 13.2 is to re-interpret a search for a narrow resonance that is isolated in the reconstructed
mass spectrum of final state particles and whose mass distribution can be approximated by a
single Gaussian. In this recast of cross section limits, the narrow resonance is identified with H0

and the process depicted in Fig. 13.6 is considered. According to the 2HDM Lagrangian density
in Eqns. F.13 and F.16, the CP-even Higgs boson H0 can be replaced by the CP-odd A0 in this
interaction, yielding a second resonance at M

A
0 . Therefore, M

H
0 has to be well-separated from

M
A

0 for the re-interpretation of the narrow resonance cross section limits. The chosen criterion to
quantify a sufficient separation is M

A
0 &M

H
0 + 3σM , with σM denoting the detector mass reso-

lution evaluated at M
H

0 . The mass range considered here for M
H

0 is M
H

0 ∈ [200 GeV, 500 GeV].
According to Fig. 11.14, the M coll

µτ mass resolution at 500 GeV is about 28 GeV and the choice
M
A

0 = M
H

0 + 80 GeV provides the desired mass separation for all considered values of M
H

0 . Af-
ter these simplifications of the parameter space, the only remaining variable mass parameter is
M
H

0 .
The next parameter is the sine of the mixing angle, sinα. It is set to the small value sinα = 0.01

to ensure that the light Higgs couples very similar to the SM Higgs boson, and to suppress the
H0 decay modes into two vector bosons and two light Higgses that scale with O(sin2 α).

Since the parameters in the Higgs potential λ2, λ3, and λ7 do not enter directly in the process
under study, their values are chosen such that the resulting Higgs potential is stable, perturbativity
of the couplings is ensured, and tree-level unitarity of the S-matrix holds. Using the 2HDMC (v.
1.7.0) program [300] these conditions are found to be fulfilled for λ2 = λ3 = 2 and λ7 = 0. The
checks carried out with 2HDMC are explained below in Sec. F.2.2.

Finally, the free Yukawa couplings have to be specified. The production of the heavy Higgs
boson H0 is mediated by the coupling η33

u,2 and the decay into a µτ pair is allowed by a finite value
of η23

`,2 = η32
`,2. All other Yukawa couplings ηiju,2, η

ij
d,2, and ηij`,2 are assumed to be zero. In Sec. 13.2

the more intuitive naming convention ηttu,2 ≡ η
33
u,2, ηµτ`,2 ≡ η

23
`,2 is used for the finite couplings.

In summary, the chosen parameter (sub-)space that is studied in Sec. 13.2 contains three
independent parameters

M
H

0 , ηttu,2 , η
µτ
`,2 = ητµ`,2 , (F.20)

and the set of dependent or fixed parameters

M
A

0 = M
H

+ = M
H

0 + 80 GeV , M
h

0 = 125.1 GeV , (F.21)
λ2 = λ3 = 2 , λ7 = 0 , sinα = 0.01 .
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Figure F.1: Regions in the (M
H

0 ,M
A

0 = M
H

+) parameter plane that involve an instable Higgs
potential for different choices of the couplings λ2 = λ3, indicated by colored areas. The Higgs
potential stability is checked with the 2HDMC code [300]. The choice for the CP-odd Higgs mass
M
A

0 = M
H

0 + 80 GeV that is used in the recast of the µτ cross section limits is indicated by the
solid black line.

Consistency checks in the chosen region of parameter space

A choice of the three Higgs masses M
h

0 , M
A

0 = M
H

+ , and the mixing angle sinα corresponds
to a choice of four parameters in the Higgs potential. According to Ref. [294] that utilizes the
definition of the mixing angle given in Eqn. F.6, the following relations are obtained:

λ1 =
M2
H

0 +M2
h

0 − cos 2α(M2
H

0 −M2
h

0)
4v2 (F.22)

λ4 =
M2
H

0 +M2
h

0 − 2M2
A

0 + cos 2α(M2
H

0 −M2
h

0)
2v2 , λ5 = λ4

2 (F.23)

λ6 = − sin 2α
M2
H

0 −M2
h

0

2v2 . (F.24)

The parameter λ6 is negative for positive sinα and M
H

0 > M
h

0 . Furthermore the parameter λ4
and thereby λ5 are negative in the alignment limit, where cos 2α ≈ 1, for M

A
0 > M

H
0 . With the

choice M
A

0 = M
H

0 +80 GeV justified above, sizeable negative quartic couplings arise in the Higgs
potential and pose a threat to the vacuum stability of the signal model. With the assumption
λ7 = 0, positive values of the couplings λ2, λ3 can stabilize the vacuum. The 2HDMC (v.
1.7.0) code [300] is used to check the three requirements vacuum stability, tree-level unitarity, and
coupling perturbativity. The resulting unallowed regions in the (M

H
0 ,M

A
0 = M

H
+) parameter

plane are shown as colored areas in Fig. F.1 for different choices of the parameters λ2, λ3. The
plot shows that the assumption M

A
0 = M

H
0 + 80 GeV is viable for λ2 = λ3 = 2 in the entire

mass range considered for the heavy Higgs, M
H

0 ∈ [200 GeV, 500 GeV]. The differences in the
definitions of parameters in this work and in the 2HDMC code are accounted for 2.

2In order to carry out the tests with 2HDMC, the parameters in Eqn. F.19 are translated into the parameter
set {λ1−7, MH

+}. The 2HDM in the 2HDMC code is then initialized with the corresponding parameter set where
λ

2HDMC
1 = 2λ1, λ2HDMC

2 = 2λ2, and λ
2HDMC
5 = 2λ5, using the function set param higgs.
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Figure F.2: The relative decay width of the heavy Higgs boson H0 as a function of M
H

0 for various
choices of the Yukawa couplings ηttu,2 and η

µτ
`,2 = ητµ`,2. For comparison, the Higgs decay width of

6.4 MeV used in the generation of the MC signal samples (App. F.2.3) and the M coll
µτ detector

resolution (Sec. 11.3.2) expressed as the FWHM of the corresponding Gaussian are shown.

Heavy Higgs decay width Γ
H

0

The 2HDMC code is also utilized to calculate the decay width of the heavy Higgs boson H0. The
relative decay width is evaluated as a function of M

H
0 in Fig. F.2 for the parameters in Eqn. F.21

and different choices of the Yukawa couplings ηttu,2 and ηµτ`,2 = ητµ`,2. For all presented choices of the
Yukawa couplings and in the entire mass range, the relative decay width does not exceed 2− 3%
and is at least a factor four smaller than the detector resolution expressed as the full width at half
maximum (FWHM) of the corresponding Gaussian. It is considered safe to use the fixed narrow
width of 6.4 MeV set in the SM Higgs implementation in MadGraph5 aMC@NLO (v. 2.4.2)
because the H0 resonance shape is predominantly determined by the detector resolution.
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F.2.3 Details on the Higgs boson signal simulation

Table F.2: The key values for the comparison between the cross section bounds obtained by running
the full analysis with the heavy Higgs signal and by rescaling the results for the ν̃τ signal: The
acceptance (A) and full selection efficiency (Aε) are defined on the set of produced µτ e events,
i.e. the branching fraction of the leptonic τ decay is not included in these numbers. They are
given for both signals together with the corresponding ratios. The shown uncertainties on the
acceptances and selection efficiencies obtained from the simulated heavy Higgs samples are the
binomial statistical uncertainties on these numbers resulting from the limited amount of produced
signal events. The second column indicates whether the FullSim or FastSim detector simulation
has been used in the production. The last three columns contain the 95% CL observed limits on the
product of resonance production cross section and branching fraction into a µτ pair, B. Among
these three columns, the first contains the cross section limit obtained by running the full analysis
with the heavy Higgs signal simulation, the second contains the bound for the ν̃τ signal rescaled
with the ratio of the full selection efficiencies of the two signals, and the third gives the bound for
the ν̃τ signal rescaled with the ratio of the signal acceptances.

95% CL cross section limit (fb)
Mres Detector H

0
ν̃τ (Aε)ν̃τ

(Aε)
H

0

Aν̃τ

A
H

0(GeV) Sim. A Aε A Aε (σ × B)obs
H

0 (σ × B)obs
ν̃τ
×

(%) (%) (Aε)ν̃τ /(Aε)H0 Aν̃τ /AH0

200 FULL 24.0± 0.6 11.4± 0.5 27.3 12.9 1.12 1.14 112 118 119

FAST 24.0± 0.6 13.1± 0.5 27.3 12.9 0.98 1.14 - 103 119

220 FAST 26.4± 0.6 15.6± 0.5 31.2 16.0 1.03 1.18 - 89.2 103

240 FAST 28.5± 0.6 17.7± 0.5 34.8 18.9 1.07 1.22 - 58.5 66.9

260 FAST 31.0± 0.7 19.6± 0.6 38.0 21.5 1.10 1.23 - 51.8 57.9

280 FAST 36.1± 0.7 23.6± 0.6 40.9 23.8 1.01 1.13 - 46.6 52.2

300 FAST 37.5± 0.7 24.3± 0.6 43.5 25.9 1.07 1.16 - 48.7 53.0

320 FAST 40.0± 0.7 27.0± 0.6 45.9 27.9 1.03 1.15 - 43.2 48.2

340 FAST 41.8± 0.7 27.2± 0.6 48.1 29.6 1.09 1.15 - 40.5 42.8

350 FULL 42.8± 0.7 24.7± 0.6 49.2 30.5 1.23 1.15 42.8 44.3 41.3

360 FAST 43.6± 0.7 29.6± 0.6 50.2 31.3 1.06 1.15 - 35.6 38.8

380 FAST 44.5± 0.7 29.6± 0.6 52.1 32.8 1.11 1.17 - 33.5 35.4

400 FAST 45.1± 0.7 31.5± 0.7 53.9 34.2 1.09 1.19 - 30.9 33.9

420 FAST 48.3± 0.7 33.1± 0.7 55.5 35.5 1.07 1.15 - 31.0 33.2

440 FAST 49.1± 0.7 33.5± 0.7 57.0 36.7 1.10 1.16 - 30.3 32.1

460 FAST 51.7± 0.7 35.6± 0.7 58.4 37.8 1.06 1.13 - 26.4 28.2

480 FAST 52.1± 0.7 35.3± 0.7 59.8 38.9 1.10 1.15 - 22.8 23.7

500 FULL 54.2± 0.7 33.0± 0.7 61.0 39.9 1.21 1.13 20.3 20.2 18.9
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