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Abstract

In this thesis a search for pair production of third-generation scalar leptoquarks is presented.
Leptoquarks are new bosons predicted by many theories beyond the Standard Model. They
couple to a quark and a lepton. Due to constraints from flavor changing neutral currents and
other rare processes it is predicted that leptoquarks decay only into particles of the same Stan-
dard Model generation. In this thesis the decay channel into a top quark and a tau lepton is
studied. For the analysis the complete data sample from the year 2012 recorded by the CMS
experiment at the LHC at a centre-of-mass energy of 8 TeV is used, corresponding to a total
integrated luminosity of 19.6 fb!.

Since a search in this channel has never been done before different selections based on at least
one muon candidate and one hadronically decaying tau lepton are studied in order to define a
signal region with high sensitivity. After maximizing the sensitivity by calculating expected
limits on the production cross section times branching ratio, it is found that the distribution of
the transverse momentum of the leading tau lepton shows high sensitivity for different lepto-
quark masses and this distribution is used for the final interpretation of the result.

No excess over the Standard Model expectation is observed and exclusion limits on the cross
section times branching ratio are set. Third-generation leptoquarks decaying to a top quark and

a tau lepton are excluded for masses up to 582 GeV /c? at 95% C.L.






Zusammenfassung

In dieser Masterarbeit wird eine Suche nach Paarproduktion von skalaren Leptoquarks der drit-
ten Generation vorgestellt. Leptoquarks sind neue Bosonen, welche von vielen Theorien jen-
seits des Standardmodells vorhergesagt werden. Sie koppeln an ein Quark und ein Lepton.
Durch Grenzen aus Flavor-dndernden neutralen Stromen und anderen seltenen Zerfillen ist
vorhergesagt, dass Leptoquarks nur in Teilchen der gleichen Standardmodell-Generation zer-
fallen. In dieser Arbeit wird der Zerfallskanal in ein Top-Quark und ein Tau-Lepton untersucht.
Dazu wird der vollstindige im Jahr 2012 vom CMS-Experiment am LHC bei einer Schwer-
punktsenergie von 8 TeV aufgenommene Datensatz verwendet. Dies entspricht einer integri-
erten Luminositit von 19.6 fb~!.

Da bisher in diesem Kanal noch keine Suche durchgefiihrt wurde, werden zunichst verschiedene
Selektionen basierend auf mindestens einem Myonkandidaten und einem hadronisch zerfallen-
den Tau-Leptonkandidaten studiert, um eine Signalregion mit hoher Sensitivitit zu definieren.
Nach dem Maximieren der Sensitivitdt durch die Berechnung von erwarteten Ausschlussgren-
zen auf den Wirkungsquerschnitt multipliziert mit dem Verzweigungsverhiltnis, zeigt sich, dass
die Verteilung des Transversalimpulses der Tau-Leptonen hohe Sensitivitit fiir verschiedene
Leptoquarkmassen aufweist. Diese Verteilung wird daher fiir die finale Interpretation der Er-
eignisse verwendet.

Es wird kein Uberschuss der Daten gegeniiber der Standardmodell-Erwartung beobachtet und
Ausschlussgrenzen auf den Wirkungsquerschnitt multipliziert mit dem Verzweigungsverhiltnis
werden berechnet. Leptoquarks mit Massen unter 582 GeV /c? sind ausgeschlossen mit 95%
C.L.
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Chapter 1

Introduction

The Large Hadron Collider (LHC) is a proton-proton-collider located at CERN EI, where colli-
sions at a centre-of-mass energy of maximal /s = 14 TeV and instantaneous luminosities of up
to 1073* cm2s~! can be studied.

The main goals of the LHC are tests and precision studies of the Standard Model, the search
for the Higgs-boson and the search for physics beyond the Standard Model. The latter are mo-
tivated by questions which are unanswered by the Standard Model, despite the fact that it is in
general very successful in explaining all particles which occur in nature and the interactions be-
tween them. Examples for these unanswered questions are the asymmetry between matter and
antimatter we observe today, the fact that gravity is not included in the Standard Model and that
the forces included in the Standard Model cannot be unified so far. Thus many theories beyond
the Standard Model are discussed, which address these questions. Many of them predict the
existence of leptoquarks, which are new bosons coupling to Standard Model quarks and leptons
of the same generation. Such a relationship between quarks and leptons is further motivated by
the symmetry of the quark and lepton generations in the Standard Model and by the relationship
between the electromagnetic charges of the quarks and the charged leptons.

In this thesis a search for third-generation leptoquarks decaying into a top quark and a tau lep-
ton is performed. Proton-proton-collision data are analyzed which were recorded in the year
2012 by the CMS experiment, one of the multi-purpose experiments at the LHC. The data
were taken at a centre-of-mass energy of /s = 8 TeV and instantaneous luminosities of up to
7.67-10%3 cm~2s~!. In total 19.6 fb~! of data were collected in 2012.

This thesis starts with an introduction of the theoretical aspects (chapter[2)). The Standard Model
is introduced, the unanswered questions of the Standard Model are addressed, possible theories
beyond the Standard Model are mentioned and an introduction into leptoquarks is given. Ad-
ditionally, the process studied is introduced and the background processes for this analysis are
presented. In chapter 3] the LHC and the CMS experiment are introduced. In the following
chapter (chapter [)) the particle-flow event reconstruction algorithm used in CMS and the re-
construction and identification of particles in the final state are explained. In chapter [5 the

performed search is presented. The last chapter contains a short summary and conclusion.

I"Centre européenne pour la Recherche nucléaire", now "European Organization for Nuclear Research"



Chapter 2
Theoretical aspects

The Standard Model of particle physics aims to describe all elementary particles in nature and
the interactions between them. It is very successful in explaining all measurements of particle
physics. Moreover, it made many predictions, e.g. the existence of the top quark or the tau
neutrino, which were experimentally verified later. However, there are still some unanswered
questions. This chapter gives a short introduction of the Standard Model and the unanswered
questions (section [2.1] and section [2.2)). In chapter leptoquarks, which are predicted by
many extensions of the Standard Model, are introduced. Afterwards the decay channel of third-
generation leptoquarks studied in this thesis is presented and the Standard Model backgrounds

for this search are described (section [2.4]).

2.1 The Standard Model

The Standard Model [1]] is formulated as a quantum field theory based on the local gauge group
U(1)y ®SU(2); ®SU(3). 2.1

With this group three of the four forces which occur in nature can be explained. The three
forces included in the Standard Model are the strong force (QCD), the weak force (Weinberg-
Salam-Glashow model) and the electromagnetic force (QED), with the corresponding symmetry
groups SU(3)¢, SU(2);, and U(1)y. The electromagnetic force and the weak force can be uni-
fied in one theory: the electroweak theory. Only the gravitational force is not included in the
Standard Model.

In the Standard Model interactions between particles are explained via the exchange of spin-1
gauge bosons. For the electromagnetic force the exchange particle is the photon. It mediates
interactions between particles which carry an electromagnetic charge Q. Since photons are
massless, the electromagnetic force has an infinite range.

The weak force is mediated by two massive bosons: the neutral Z°- and the charged W*-boson.
With masses of 91.2 GeV /c? and 80.4 GeV /c? respectively, these bosons are quite heavy so
that the weak force has a very short range. Each particle carrying weak isospin 73 is interacting
via the weak force. In the electroweak theory the charges of the weak and electromagnetic force
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’ force \ exchange bosons \ charge \ gauge group \ Quantum field theory
electromagnetic force photons electric charge U(l)y QED
weak force oWt wW- weak isospin SU(Z)L electroweak theory
strong force 8 gluons color SU(3)¢c QCD

Table 2.1: Summary of the forces included in the Standard Model.

are combined to the hypercharge Y, which is defined as Y =2(Q — T3).

The strong force is mediated by eight gluons. These are massless and carry color, which is
the charge of QCD. Only colored particles can interact via the strong force. Since the gluons
themselves carry color, they interact with each other, which has important consequences, as
explained later. A summary of the forces included in the Standard Model is given in table
The Standard Model contains a second group of particles, which are the constituents of matter.
All these particles are fermions with spin % They are divided into two different groups: lep-
tons and quarks. The leptons and quarks can be further arranged into three generations. Each
lepton generation consists of a particle with charge —e and the corresponding neutral neutrino.
A quark generation consists of a quark with charge —l-%e and one quark with charge —%e. In
general the generations share the same properties, only the mass increases from the first to the
third generation. The fermion content of the Standard Model is summarized in table [2.2]

Only the quarks carry color and are thus interacting via the strong force. Except for neutrinos,
all particles carry electromagnetic charge and interact electromagnetically. All Standard Model
particles have a weak isospin quantum number and therefore participate in the weak force. For
each Standard Model particle exists an anti-particle, which carries the same quantum numbers
but has the opposite electromagnetic charge.

Quarks are bound via the strong force to hadrons, which can be further divided into baryons
and mesons. Mesons are bound states of a quark and an antiquark and baryons consist of three
quarks, such that color neutral objects are formed.

The strong force has only one free parameter, which is the coupling constant o. o gets larger
with increasing distance between quarks due to the self interaction of gluons. Thus at high ener-
gies (~small distance scales) quarks behave as quasi-free particles, which is called "asymptotic
freedom". However, the larger the distance between two quarks gets, the stronger the coupling
becomes. In high energy interactions, where quarks and gluons get separated through the parton
scattering process, the potential of the color field can get very large. It becomes energetically
favorable to produce new quark-antiquark-pairs, which results in the production of hadrons.
This process is called hadronization. Since the hadrons have a low transverse momentum with
respect to the initial parton, they are very collimated and a jet is produced. Thus quarks can-
not be separated and can never be found as free-states, which is known as "confinement". An
exception is the top quark, which has a very short lifetime (= 1072* s) and decays before it
hadronizes.

The weak force acts differently on left-handed than on right-handed particles. In the limit of
very high velocities left-handed means that the spin of the particle and the vector of its momen-
tum have opposite directions, right-handed means these two vectors point in the same direction.

Thus the weak force violates parity(P)-symmetry and CP-symmetry. CP-symmetry means that
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’ \ 1st generation \ 2nd generation \ 3rd generation \ charge Q \ weak isospin T3 \ colored? ‘

1
leptons © 1 T —¢ +? X
Ve Vi Ve 0 -1 X
u c t +2e +1 v

k 3 2
duaries d s b —T -1 %

Table 2.2: Particle content of the Standard Model.

an interaction should be invariant if the particle is replaced with its anti-particle (charge(C)-
symmetry) if at the same time the parity transformation (7 — —F7) is performed.

Another important feature of the weak force is that the quark eigenstates of the weak force are
not the quark mass eigenstates. The convention is to rotate the down-type quarks by a 3 x 3-
matrix, the CKM El-matrix. The squared entries of the CKM-matrix give the probability of the
transition of one quark flavor to another. The CKM-matrix is given by [2]]

WVial Vsl [Vio| 0.974 0.225 0.004
Veal Vsl Vel | = [ 0.225 0973 0.041 |. (2.2)
Vial Vil Vil 0.009 0.040 0.999

In local gauge theories all particles have to be massless since mass terms are not invariant under
gauge transformations. This would lead to a contradiction with the experimental fact that the
fermions and the Z- and W-bosons have masses. Thus a mechanism is needed to explain the
masses of the particles. In the Standard Model this mechanism is the Higgs-mechanism, which
generates particle masses through electroweak symmetry breaking. The particle which is asso-
ciated to this mechanism is the Higgs boson. It is a spin O particle and was for a long time the
only missing particle of the Standard Model. On the 4th of July in 2012 the two general-purpose
experiments of the LHC, ATLAS and CMS, claimed the discovery of a new boson with a mass
of approximately 125 GeV/c?, see [3, 4]. This new boson seems to have all of the predicted
properties of the Standard Model Higgs boson. It has still to be verified with future data if it is
exactly the Standard Model Higgs boson.

Although the Standard Model is very successful in describing all observed phenomena, it

leaves some fundamental questions unanswered. These are among others:

* Gravity: The gravitational force is not included in the Standard Model.

* Hierarchy problem and fine-tuning: When extrapolating the Standard Model to high
energies e.g. to the Planck scale the hierarchy problem arises. It can be seen e.g. in the

loop corrections of the Higgs mass, which are (in one-loop order)

Am, = L {AZ —3myIn (AH : (2.3)

87'[2 my

Here A/ is the coupling of the Higgs to a fermion and mi is the mass of the fermion. The
variable A is the scale up to which the Standard Model should be valid. If this scale is

ICabibbo-Kobayashi-Maskawa matrix
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large, the loop corrections to the Higgs mass get large too. For high scales the corrections
become larger than the Higgs mass itself, which is physically unfavorable.

Moreover, the corrections from the Standard Model bosons and fermions have to cancel
to a high degree in order to extrapolate to high energies. This is known as the fine-tuning

problem.

* Asymmetry between matter and antimatter: In the big bang matter and antimatter were
produced in equal amounts, but in the known universe there is more matter than antimatter.
This asymmetry can only be explained with the existence of CP violation. Moreover, a
phase in the development of the universe is needed, which is called inflation, where the
expansion of the universe was very fast. While it is generally accepted that there was
a phase like this in the development of our universe, the observed CP violation is much

smaller than needed to explain the asymmetry.

* Dark matter and dark energy: Measurements of rotation curves of galaxies, X-ray ob-
servations of gas bound in galaxies and studies of gravitational lensing and of structure
formation in the development of the universe prove the existence of dark matter. From
these observations it can be concluded that only approximately 5% of the total matter in
the universe is made out of Standard Model particles. 23% is Dark Matter and the rest
is Dark Energy. The Standard Model has no particle candidate for Dark Matter and no

explanation for Dark Energy.

2.2 Possible extensions of the Standard Model

To solve the problems described above, many extensions of the Standard Model are discussed.

These are for example:

* Supersymmetry: Supersymmetry (SUSY) postulates for each Standard Model fermion a
new partner boson and for each Standard Model boson a partner fermion. The partners
have equal quantum numbers, only the spin differs by % Since none of these new particles
have been observed yet, SUSY has to be a broken symmetry. This means that the masses
of the supersymmetric particles have to be larger than the masses of their partners in the
Standard Model. SUSY solves the hierarchy problem since supersymmetric particles lead
to new contributions in the loop corrections of the Higgs mass. These new loops have
opposite signs than the corresponding contributions from loops the Standard Model parti-
cles, and the different contributions cancel. Furthermore, SUSY predicts a unification of
the coupling constants and the lightest supersymmetric particle is a possible dark matter

candidate in most theories. Details about SUSY can be found in [\5]].

* Grand Unified Theories: In Grand Unified Theories (GUTs) [1] the three local gauge
groups of the Standard Model are derived from one gauge group Ggur,

Gour D U(1)y ®SU(2); ®SU(3)c. (2.4)
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This means that not only the weak and the electromagnetic interaction are unified, but all
three forces can be described through one interaction. Since GUTs are described through
larger gauge groups, the particle content of the Standard Model is arranged in larger mul-
tiplets than in the Standard Model. Thus quarks and leptons appear in common multiplets.
This gives an explanation for the relationship between their charges. Moreover, GUTs give
possible solutions for the baryon asymmetry in the universe through the prediction of C,

CP and baryon number violation.

* Compositeness: In compositeness theories [6] quarks and leptons, and sometimes the
massive gauge bosons are bound states of new particles, so called preons. These carry a
new charge, which is called hypercolor. This charge leads, like the color in QCD, to bound
states through confinement. In compositeness models less elementary particles and thus
less free parameters than in the Standard Model are predicted. In addition, compositeness
establishes a relationship between quarks and leptons through the common preons. It also
could give an explanation for the three generations through the assumption that the second

and third-generations are excited states of the first one.

¢ Technicolor: In technicolor models [[7, 8, 9] no fundamental scalar field is allowed. In-
stead it is predicted that all scalar fields are bound states of technifermions. These new
fermions carry a new charge, so called technicolor, which leads to bound states through
confinement. The masses of the gauge bosons are created by global symmetry breaking
of the technicolor theory, which is an alternative for the electroweak symmetry breaking
in the Standard Model. The fermions get their masses through new four-fermion gauge
interactions between two Standard Model fermions and two technifermions.
Technicolor models provide possible solutions of the baryon asymmetry and they could re-
duce the number of unknown parameters of the Standard Model by removing the Yukawa
couplings, the vacuum expectation value of the scalar and provide a solution for the hier-
archy problem [10]. After the discovery of the new boson, extensions of the Technicolor

models were introduced which can still explain the existence of the new boson.

Many of the mentioned models beyond the Standard Model predict the existence of leptoquarks.

These new particles are introduced in the next sections.

2.3 Leptoquarks

The symmetry between the quark and lepton generations in the Standard Model and the con-
nection of their charges suggest a fundamental relationship between quarks and leptons. In
unified theories new bosons which decay into a pair of a lepton and a quark are postulated.
These bosons are called leptoquarks. They can occur as scalar particles, which means that their
spin is zero, or as vector particles, with spin one. They have lepton and baryon numbers and
carry a fractional electromagnetic charge. Leptoquarks are color-triplets. Similar to the three
generations of the Standard Model, three generations of leptoquarks are predicted. A summary
of all possible leptoquark states in a technicolor model is given in table More leptoquark

6
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’ spin \ SU3)¢ \ T; \ Y \ QOle] \ decay mode
3 0 % % fRfR, ?LEL, VT,LBL
3 0 [ ¢ Trbr
scalar 3 +1 ] 3 3 Trbr
3 0 [ 3 3 TLtL, Verbr
EREC A N WL,
CRNIEE 2 I A A
T Lo R
I o S
21 & | —3 RVrL
3 0 % % tRV‘;,L, br7TL, bLTR
3 0 % % tRTL, tLTR
vector 3 +1 % % tRTL, tLTR
3 0 % % tRVz,L, bLTR, BRTL
3 -1] £ | -1 brV:L
3 +5 | 2 3 b7y, brTR
3 — | 2 3 b Ve, (RTR, tLTL
3 +§ —é %2 EL?LLER?R
3 2l -&al —3 VoL

Table 2.3: Summary of possible leptoquark states in a technicolor model and their quantum numbers, taken from
[[L1]]. Shown are the spin, the representation in QCD, the weak isospin T3 of the leptoquark, the weak hypercharge
Y, which is defined by Y =2(Q — T3), the electromagnetic charge Q, and the allowed decay modes. Shown are here
the decay modes for third-generation leptoquarks, but the decay modes for first- and second generation leptoquarks
are the same with the corresponding Standard Model particles of the first and second generation, respectively.

states are possible in theories with a larger particle content [[12} [11]]. In this thesis the scalar
leptoquark state mentioned in the first row of table [2.3]is studied.

Many of the possible extensions of the Standard Model mentioned in section [2.2| predict lepto-
quarks. Since GUTs are described by gauge groups of the form SU(n) with n > 3, they predict
the existence of n> — 1 gauge bosons. Among these are leptoquarks, which mediate transi-
tions between quarks and leptons. These are possible since quarks and leptons appear in the
same multiplets. Examples are GUTs based on SU(4) models [[13], where the lepton number
is interpreted as a fourth color so that leptons and fermions can be unified. Other examples
are SU(5) models, which were first proposed by H.Georgi and S.L. Glashow [14]. While the
minimal SU(5) is excluded due to the prediction of too rapid proton decay, extensions are not
excluded [[15]]. In this model only the third generation of Standard Model fermions can violate
lepton and baryon number conservation so that proton decay is not allowed. The correspond-
ing gauge group is SU(5) ® SM'. The first and second-generation fermions are singlets under
SU(5), while the third-generation is a singlet under the Standard Model gauge interactions.
Also compositeness and technicolor models are based on larger gauge groups than the Standard
Model and leptoquarks are among the new resulting bosons. In compositeness models com-
posite colored bosons are expected since quarks and therefore preons carry color. Furthermore,
transitions between quarks and leptons are predicted due to the common set of preons they con-
sist of [6} 11]. In technicolor models new particles which consist of a pair of a techniquark and
a technilepton can be found under the new bosons. For these a decay into a Standard Model
quark and a Standard Model lepton is predicted [7]].
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Figure 2.1: Feynman diagrams of leptoquark pair production (LO) through quark-antiquark annihilation and gluon-
gluon-fusion [[16]].

In R-parity violating SUSY EI a coupling like the one of leptoquarks to Standard Model parti-
cles may be realized. Thus bounds on leptoquark masses can also be interpreted as bounds on
R-parity violating SUSY models [12]].

2.3.1 Leptoquark production

At the LHC leptoquarks would be predominately produced in pairs through quark-antiquark
annihilation and gluon-gluon fusion,

g+q— LQ+LQ, (2.5)

g+g—LQ+LQ. (2.6)

The leading-order Feynman diagrams of these processes are shown in figure 2.1} In general

single production of leptoquarks is also possible,
g+q—LQ+L. (2.7)

The Feynman diagrams of this process are shown in figure Single-production of lepto-
quarks is not studied in this thesis since its cross section is much smaller than the one for pair
production.

In leading-order the cross sections of the parton processes for the pair production of scalar

ZR-parity [3] is introduced in SUSY as a new multiplicative quantum number. It is defined as Rp = (— 1)3(3’”*25 , where B is the baryon

number, L the lepton number and S the spin of the considered particle. For Standard Model particles Rp = 1 and Rp = —1 for SUSY particles.
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Figure 2.2: Feynman diagrams of single leptoquark production (LO) [11].

leptoquarks for quark-antiquark annihilation and gluon-gluon fusion are given by [16]

a  20lrm
84(1 — sA 3 28
LO 275 [), ’ ( )
2

~o0 (0/my/4 1+ ﬁ

G]Z:&O: 9563[[3(41—31ﬁ2)+(18B2_B4_]7)10gm], (2.9)
2

where 3 is givenby B =1/ 1 — 41‘%, §'is the energy of the parton process and A is the Yukawa

couplings of the leptoquark to the quarks and leptons.
It can be seen that the cross sections of leptoquark pair production depend only on the mass
of the leptoquarks. In contrast, the single production cross section depends on the mass of the

leptoquark and its Yukawa coupling. [12, 16]]

2.3.2 Decay of leptoquarks

Leptoquarks can decay into a charged lepton and a quark, or into a neutrino and a quark. If
leptoquarks decay in particles of different generations, they will induce flavor changing neu-
tral currents (FCNC) like in special kaon decays (e.g. K+ — vV, K — e'e™), certain pion
decays (e.g. ©° — pTeT) or in muon decays (e.g. 1 — ey) [17,[I8]. Since none of these
processes have been observed, strong indirect limits on the existence of leptoquarks can be set.
To avoid these strong bounds it is assumed that decays of leptoquarks into a single Standard
Model generation are favored [19].

2.3.3 Limits on scalar leptoquark pair production

Searches for leptoquarks have been performed at many colliders e.g. LEP, HERA and Tevatron.
So far no evidence for the existence of leptoquarks has been found and limits on their masses
and couplings have been set. The best limits on scalar leptoquark pair production come from
the CMS and the ATLAS experiments at the LHC [20]-[21]].

Searches for first- and second-generation leptoquarks have been performed in the channel with
two charged leptons and at least two jets, and in the channel with one charged lepton, at least
two jets and missing transverse momentum. Here lepton stands for an electron or a muon.
First-generation leptoquarks with masses up to 830 (640) GeV/c?> [20] are excluded E| by

3Throughout this thesis all exclusion limits are given at 95% confidence level (C.L.).
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Figure 2.3: Sketch of leptoquark pair production at the LHC with the event signature pp — LQs +LQs — u +
Thad + X.

the CMS experiment for a branching ratio of 1 (0.5) for LQ — ¢+ q. ATLAS excludes first-
generation leptoquarks with masses up to 660 (607) GeV /c? [22] for the same branching ra-
tios. 840 (650) GeV /c? [20] and 594 (685) GeV /c? [23] second-generation leptoquarks are
excluded by CMS and ATLAS respectively for branching ratios of 0.5 (1.0). Searches for third-
generation leptoquarks have been performed in the channel LQ3; — b+ 7 and LQ3 — b+ v,
by CMS. Third-generation leptoquarks in these channels are excluded up to 525 GeV/c? [24]
and 450 GeV /c? [25] respectively. ATLAS has only performed a search in the T + b channel
and excludes third-generation leptoquarks up to masses of 534 GeV/ ¢? [21]. In the channel
LQs; — t+ 7, which is studied in this thesis, no search has been performed so far.

2.4 Studied process and backgrounds

In this thesis the pair production of third-generation scalar leptoquarks decaying to a top quark
and a tau lepton is studied. One possible Feynman diagram of this process is shown in figure
23

A search for scalar leptoquarks is performed despite the fact that the cross section for the pro-
duction of vector leptoquarks is higher than the one for scalar leptoquarks since the cross sec-
tions for scalar leptoquark production are calculated to next-to-leading order, while the cross
sections for vector leptoquark production are only known to leading-order. Moreover, the inter-
actions of vector leptoquarks with gluons include anomalous couplings, which make the search
for vector leptoquarks more complicated than the search for scalar leptoquarks [26]].

The signature studied consists of two top quarks and two tau leptons. It is assumed that both
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top quarks decay into a W-boson and a b quark, which happens, according to the CKM-matrix,
in 99.9% of all decays. The W-bosons decay further leptonically in 32.4% and hadronically in
approximately 67.6% of all decays [2]. If the W-boson decays leptonically a neutrino and thus
missing transverse momentum is produced, otherwise jets are produced. Moreover, additional
jets are expected in the event from initial and final state radiation.

The tau lepton decays hadronically in approximately 64.8% of all cases. In these decays also
a tau neutrino is produced. In about 17.4% of the decays, the tau lepton decays into a muon,
a muon neutrino and a tau neutrino. The probability of a decay into an electron, an electron
neutrino and a tau neutrino is 17.8% [2]. Therefore in all tau lepton decays missing transverse
momentum is produced.

In the performed search at least one muon and at least one hadronically decaying tau lepton is
required. The muon can be produced if one of the W-bosons or one of the tau leptons decays
leptonically. In addition to the case of one hadronically decaying tau lepton from the leptoquark
decay, it can be produced from one of the W-decays. The resulting branching ratio for the pro-
cess LQ3 +LQ3 — [+ Thaq + X is 42.7%.

Since leptoquarks are expected to be quite heavy, the decay products of the leptoquarks have a
high transverse momentum. Thus high values of Hr, which is the scalar sum of the transverse
momentum of all jets and leptons in the event plus the missing transverse momentum, are ex-
pected.

In addition to the requirement of a large value of Hr in the event, a large amount of £, and
many jets can be required in order to select the signal events. 1 is produced in a leptoquark de-
cay through the neutrinos from the tau lepton decays and from leptonically decaying W-bosons.
Furthermore, there are many jets in the event, namely the two b-jets from the top quarks decays,
jets from hadronically decaying W-bosons and additional jets produced in initial and final state
radiation.

The requirements for large values of Hy, £ and many jets also helps to reduce the back-
ground. This can be explained with figure [2.4] where the cross section for different processes
at the LHC is shown in dependence of the mass of the produced particles. It can be seen that
the cross section for Standard Model processes like ¢7-production, W-boson-production and Z-
boson-production is much higher than the cross section for the production of scalar leptoquarks.
But by requiring additional jets and high values of Hy and ¥ the cross sections for the Standard
Model processes become much smaller, while the cross section for the leptoquark production
stays approximately the same. Another feature of the signal events is, that there are many de-
cay combinations in which two leptons with same-sign-charges occur, e.g. the lepton from the
anti-top quark decay and the tau lepton from the leptoquark decay have both a negative charge.
These same sign events occur in 68.9% of all leptoquark decays with at least one muon and at
least one hadronically decaying tau lepton in the final state. In Standard Model processes these
same-sign events are relatively rare so that a cut on the sign of the charges of the leptons in the
event reduces the Standard Model background significantly.

The studied signature of one muon, one hadronically decaying tau lepton, additional jets and

missing transverse momentum can be produced in Standard Model processes, too. These pro-
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Figure 2.4: Production cross sections of different particles at the LHC at /s = 14 TeV in dependence of the mass
of the particles [27].

cesses can be divided into irreducible background processes and reducible background pro-
cesses for the search performed.

Irreducible backgrounds produce exactly the same final state as the studied process. The ma-
jor irreducible background process in this search is tt — WbWb with additional jets. If one
of the W-bosons decays into a muon and the other one into a hadronically decaying tau lep-
ton, the studied signature is produced. Similar to the leptoquark decay the missing transverse
momentum comes from the neutrinos in the leptonically decaying W-bosons and hadronically
decaying tau leptons. The same applies for the production of a tt-pair and a Z-boson, which is
an additional irreducible background. The cross section for this process is much lower than the
one for ¢z-production, but more combinations to produce the studied signature become possible
because of decays of the Z-boson into muons or tau leptons.

An additional irreducible background is the production of Z-bosons with additional jets, if the Z-
boson decays into a pair of tau leptons and one of them decays further into a muon and the other
one hadronically. Missing transverse momentum is produced in the decays of the tau-leptons.
In the same way ZZ-production is a irreducible background. Jets are produced in this process
through initial and final state radiation and if one of the Z-bosons decays hadronically. Further
diboson-production which produces the signature studied is WW-production. The hadronically

decaying tau lepton and the muon are produced through the decays of the W-bosons, where
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also missing transverse momentum is produced. Jets are again produced in initial or final state
radiation. The same applies for WZ-production, which is also an irreducible background.
Reducible background processes are Standard Model processes, where no hadronically decay-
ing tau lepton is produced, but where a jet is misidentified as a hadronically decaying tau lepton.
In most of the cases missing transverse momentum is then produced through mismeasurements
of the energies of the jets or through leptonically decaying W-bosons.

The most important reducible background process is the production of W-bosons and addi-
tional jets, if the W-boson decays into a muon. Similarly, tt-production plus additional jets is
a reducible background, if one of the W-bosons decays into a muon and the other one hadron-
ically. The same applies for the production of a tt-pair and a Z-boson, if the Z-boson decays
into a pair of muons or into a pair of tau leptons, where both tau leptons decay further lep-
tonically. Similarly, Z-boson-production with additional jets and ZZ-production are reducible
backgrounds. WW-production is a reducible background, if one of the W-boson decays into a
muon and a muon neutrino and the second one hadronically. Also WZ-production is a reducible
background, if one of the bosons decays into muons and the other one hadronically.

In single top-production the studied signature can be produced if the W-boson decays leptoni-
cally into a muon, and one jet, which is the b-jet from the top quark decay or a jet from initial
or final state radiation, is faked as a hadronically decaying tau lepton.

Light quark and gluon production is another reducible background. In the process the muon
originates from the decay of a c- or b-hadron in the jets.

In conclusion, the search for third-generation leptoquark decaying to a top quark and a tau lep-
ton has a very rich final state. However, many Standard Model processes can fake the typical
event signature of pp — UL + Tpaq + jets + E through the misidentification of tau leptons, with
an important irreducible background from tt + jets production. The cross sections for lepto-
quark pair production is quite small (e.g. 23.5 fb at 8 TeV for a leptoquark with a mass of
600 GeV/ ¢? [16]), while the cross section for most of the mentioned background processes is
much higher. Thus we expect only a few signal events and a lot of background events, which

makes the search for leptoquarks very difficult.
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Chapter 3

The LHC and the CMS experiment

This thesis is based on data which was recorded by the CMS experiment at the Large Hadron
Collider (LHC) in the year 2012. In the following sections the LHC (section [3.1]) and the CMS
experiment (section are introduced [28]).

3.1 The Large Hadron Collider

The LHC is a circular collider located in the former LEP ("Large Electron Positron Collider")
tunnel at CERN. It is a proton-proton collider with a circumference of 27 km. Collisions
at a centre-of-mass energy of maximal 14 TeV and an instantaneous luminosity of maximal
10** cm~2s~! can be studied.

In order to accelerate the protons to the desired centre-of-mass energy m the protons pass a few
pre-accelerators before they are injected with an energy of 450 GeV into the LHC. Here the
protons are accelerated with the help of superconducting cavities to their final energy. Super-
conducting dipoles are used to force the protons on a circular trajectory.

In the LHC the protons are grouped in bunches. The instantaneous luminosity can be calculated

as
nsz

4mo,oy

L=f- (3.1)

Here f is the revolution frequency of one of the bunches, n; stands for the number of bunches
and N is the number of particles within one bunch. With the assumption that the distribution
of the protons perpendicular to the beam axis can be approximately described by a Gaussian
distribution, the factor 470, 0 in the denominator, with the standard deviations o, and oy, de-
scribes the expansion of the bunches perpendicular to the beam. The variable F' is a geometrical
correction factor, which takes the inclination of the two beams into account.

At design parameters, there are 1, = 2808 bunches with approximately N = 1.15-10!! protons
per bunch in the LHC. The time between two bunches is 25 ns and the revolution frequency
of one bunch is f = 11.25 kHz. With these parameters the described high instantaneous lumi-
nosities can be reached. Focusing superconducting quadrupole magnets are used to keep the

circumference of the bunches as small as possible.

IThe centre-of-mass energy is calculated by Ecms = v/s = 2 - Eproton, Where Eproton, stands for the energy of a proton.
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Figure 3.1: Total integrated luminosity delivered by the LHC and recorded by the CMS experiment in the year
2012 as a function of time [29]].

The LHC has four main experiments which are CMS ("Compact Muon Solenoid"), ATLAS ("A
Toroidal LHC Apparatus"), ALICE ("A Large Ion Collider Experiment") and LHCb ("Large
Hadron Collider beauty"). In their center the two in two different beam lines running counter-
rotating beams are brought together, so that 40 million times per second collisions take place in
the experiments.

CMS and ATLAS are so called multi-purpose detectors. Their goal is to exploit the full discov-
ery potential of the LHC. In contrast to that, ALICE and LHCDb have very special tasks. ALICE
is specialized on studies of heavy ion collisions, which also can be performed at the LHC. The
goal of LHCD is to study B hadrons and CP violation.

In the year 2012 the LHC ran with a centre-of-mass energy of 8 TeV. A maximum of 1380
bunches with a spacing of 50 ns were used. The highest instantaneous luminosity reached was
7.67-10% cm™2s~!. In figure the total integrated luminosity delivered by the LHC in the
year 2012 and the fraction of recorded data by the CMS experiment is shown as a function of
time. In total the LHC delivered an integrated luminosity of 23.3 fb~!, from which the CMS
experiment recorded 21.79 fb! [29].

3.2 The CMS experiment

The CMS detector is a multi-purpose detector, which was built to fully exploit the LHC physics
goals. It has a length of 21.6 m, a diameter of 14.6 m and weighs 12500 t. A sketch of the detec-
tor is shown in figure [3.2] The detector can be divided into a barrel region and two endcaps. It
is forward-backward symmetric with respect to the collision point and constructed rotationally

symmetrical around the beam axis.
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Figure 3.2: Sketch of the CMS detector [28]].

The CMS detector consists of many subsystems, which are built around the beam-axis in an
onion-like structure. In the center of the detector around the beam axis the pixel detector and
the silicon track detector can be found. Together they build the inner track detector. Around
the track detector the electromagnetic and hadronic calorimeters are located. A superconduct-
ing solenoid surrounds these two components. In the outermost part of the detector the muon
system, in which the return yoke for the magnet is embedded, can be found.

The physic goals of the detector are

* the search for the Higgs boson,

e the search for SUSY,

* the search for other new physics (e.g. new massive vector bosons, extra dimensions),
* tests and precision studies of the Standard Model,

* the study of heavy-ion physics.

In order to achieve these goals the detector has to fulfill certain requirements. In the following,
the design considerations of the CMS experiment are mentioned. The technical details of each
subsystem are explained later.

The track detector has to be able to reconstruct all charged particles very efficiently with a good
momentum resolution. Additionally, the track detector should be located close to the beam pipe
to guarantee that tau leptons and b-jets are triggered and tagged efficiently to be able to recon-
struct for example decays of the Higgs boson to a pair of b quarks or tau leptons.

The electromagnetic calorimeter should have a good energy resolution. Moreover, it should be

able to measure the directions photons come from correctly. A good dielectron and diphoton
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mass resolution and an efficient lepton and photon isolation are needed. In addition, the rejec-
tion of 7%’s is important. This should all be possible over a wide geometric range (|n| < 2.5)
and is important for example for the channel H — yy and for SUSY searches involving photons.
For the hadronic calorimeter a fine lateral segmentation is needed. Furthermore, the hadronic
calorimeter should cover a wide geometric range (|17| < 5) and has to be very hermetic, so that
a good dijet mass resolution and J; measurement is possible. This is important since many
models beyond the Standard Model predict a large amount of £ in the event.

The muon system has to be able to identify muons and measure their momenta and their charge
such that the dimuon mass spectrum can be reconstructed precisely. This has to be possible
over a wide range of muon momenta and for |17| < 2.5. Muons play an important role in many
searches, for example in Z' — u ™y~ searches.

The main challenges at the LHC arise from its high energy and luminosity. The high rate of in-
teractions and the high number of particles in a bunch lead to a high flux of particles with large
energies in the detectors. Thus all components of the CMS detector have to be radiation-hard.
In total approximately 10° interactions per second are expected at the design luminosity, but
only 100 events per second can be stored. Thus an efficient readout and trigger system is
needed so that the interesting events can be identified and stored.

Moreover, approximately 20 additional vertices per event are expected. To deal with this huge
amount of pile-up a detector with high granularity and good time resolution is needed.

In the following sections the subsystems of the CMS detector, which fulfill all the mentioned
criteria, are introduced and the coordinate system which is used to describe events in the CMS

detector is presented.

3.2.1 Coordinate conventions

The right-handed coordinate system used at CMS to describe the detector and the interactions
has its origin at the nominal interaction point inside the detector. The x-axis is directed radially
towards the center of the LHC ring, the y-axis is showing upwards and the z-axis is pointing in
the direction of the beam.

For the geometric description of the detector and the interactions the angles ¢ and 6 are used.
The angle ¢ is measured from the x-axis in the x-y-plane, perpendicular to the beam axis. The

angle 0 is defined with respect to the beam axis. With these parameters the pseudorapidity is
defined as 0

n=—In [tan (5)} . 3.2)
Distances between two objects i and j are measured in the 1-¢-plane as

AR = \/A¢? + An2. (3.3)

The variables A¢ and An are given by ¢; — ¢; and n; — 7;.

With these coordinate conventions the transverse momentum, which is the momentum of a
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particle in the plane perpendicular to the beam axis, is defined by

pr =+/pr+ D3, (3.4)

where p, and p, are the x- and y-components of the total momentum of the particle. This
variable is particularly important since at a proton collider the total momentum of the partonic

initial state is unknown, but the particles in the initial state have no transverse momentum.

3.2.2 The inner track detector

The track detector is the innermost sub-detector of the CMS experiment. It surrounds the beam
pipe and lies inside the magnetic field. It has a length of approximately 540 cm and covers the
region up to a radius of approximately 110 cm and |1| < 2.5. The bending of the trajectory of
charged particles in the magnetic field due to the Lorentz force is used to determine their charge
and momentum. The CMS track detector is fully based on silicon detector technology.

In the barrel region, where the highest particle flux can be found, hybrid pixel detectors are
arranged in three layers. They can be found at radii of 4.4 cm, 7.3 cm and 10.2 cm. The end-
caps of the inner track detector consists of two disks of pixel detectors. In the z-direction their
positions are at 34.5 cm and 46.5 cm. In total the inner track detector consists of 66 million
pixels. The pixels in both the endcaps and the barrel have a size of 100 x 150 um? in (,¢) x z,
which leads to a spatial resolution of approximately 10 gm in the r-@-direction and 20 um in
the z-direction.

At bigger radii, where the particle flux is lower, silicon microstrip detectors are placed. In the
barrel the microstrip detectors can be divided into two regions: Tracker Inner Barrel (TIB),
which lies at a radial distance between 20 cm and 55 cm from the beam pipe, and the Tracker
Outer Barrel (TOB), which surrounds the TIB. The TIB consists of four layers of silicon mi-
crostrip detectors, the TOB of 6 layers. In the TIB the cells have a minimum size of 10 cm X
80um in (r,¢) X z. In the TOB the cell size is larger, the maximum cell size is 25 cm x 180um
in (r,¢) X z. In the TIB the strip pitch (80 - 120 um) is smaller than in the TOB (120 - 180 pm).
Thus in the TOB a resolution of 23-34 um in the r-¢-direction and 23 um in the z-coordinate
is reached, whereas in the TOB the resolution lies between 35-52 yum in r-¢ and 52 yum in the
z-direction.

The endcap silicon microstrip detector can also be divided into two parts: the Tracker End Cap
(TEC) and the Tracker Inner Disks (TID). Both consist of rings which are built around the beam
pipe perpendicular to it and have radially arranged strips. The TECs have nine disks on each
side of the detector, which have z-coordinates between 120 cm and 280 cm. The TID consists
of three disks, which are located between the TIB and the TEC, so that no gap exists between
the different track detector parts. In total the inner track detector consists of 9.6 million silicon
strips.

In general the track detector has a very high granularity and shows an excellent performance [30].
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Figure 3.3: Sketch of the electromagnetic calorimeter [28].

3.2.3 The calorimeter

Like the inner track detector the calorimeter is located inside the magnetic field. It consists of
an electromagnetic calorimeter, whose task is to measure the energy of photons and electrons,

and of a hadronic calorimeter, which measures the energy of hadronically interacting particles.

The electromagnetic calorimeter

The electromagnetic calorimeter (ECAL), which is shown in figure[3.3] covers the region up to
In| < 3.0. It can also be divided into a barrel part, which goes up to || < 1.479, and 2 endcaps,
which cover the region 1.479 < |n| < 3.0. It is a homogeneous, hermetic calorimeter, which
uses lead tungstate crystals (PbWO,) as scintillator material. 61200 crystals can be found in the
barrel, 7324 in each of the endcaps. These crystals are radiation hard and have a fast response
time. Moreover, with Xy = 0.89 cm their radiation length is quite short. Photodiodes which can
be used in a magnetic field and which can handle a low light yield are used to detect the signals
from the crystals.

The crystals in the barrel are tilted in order to avoid gaps between them. One crystal covers an
area of 0.0174 x 0.0174 in An x A¢, with a length of 230 mm.

The endcaps are located 314 cm away from the nominal interaction point. The crystals here are
arranged in 5 x 5 clusters. These clusters are also tilted with respect to each other in order to
avoid gaps in the acceptance. One crystal has a size of 28.6 x 28.6 mm? in the x-y-plane and a
length of 220 mm.

In front of the endcaps additional sampling calorimeters, which serve as preshower devices, can

be found. The active material consists of two planes of silicon strip detectors. The pitch size is
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1.9 mm. In-between lead absorbers can be found. The task of this sampling calorimeter is the
identification of 7°’s.
In general the CMS detector has a very granular, fast and hermetic electromagnetic calorimeter

which shows an excellent performance [31].

The hadronic calorimeter

The hadronic calorimeter (HCAL) consists of four parts: the Hadron Barrel (HB), the Hadron
Outer (HO), the Hadron Endcap (HE) and the Hadron Forward (HF). All of them are sampling
calorimeters and, except for the HF, use brass as absorber and plastic scintillator tiles as active
material. Embedded in the scintillators tiles are wavelength-shifting fibers. With these fibers
the emitted light from the scintillators is carried to the readout system, which is made of multi-
channel hybrid photodiodes. The advantage of brass as absorber material is that it has a short
interaction length and is non-magnetic. The chosen design of the HCAL results in a hermetic
calorimeter, whose only uninstrumented area can be found at 53°. Here a radially running crack
can be found through which the cables of the inner track detector and the ECAL run.

The HB covers the range || < 1.4. It is divided into 2304 towers which are segmented in 7
and ¢ (An x A¢ = 0.087 x 0.087). The HE consists of the same amount of towers and covers
the region 1.3 < || < 3.0. The towers at smaller 1] have segmentations in ¢ of 5° and of 0.087
in 1. The inner towers have a segmentation of 10° in ¢. Here the segmentation in 1) increases
with increasing 1) from 0.09 to 0.35.

The HO lies inside the barrel part of the muon system, outside the magnet. It covers the pseu-
dorapidity range —1.26 < 1 < 1.26. Its task is to measure the energy of showers which escape
from the other calorimeters. So the total thickness of the hadronic calorimeters is increased to
over 10 interaction lengths. The scintillator tiles in the HO are arranged in sections of 30° in ¢
and in five sections in 7, matching the geometry of the muon system, in which it is embedded.
The segmentation in 1 and ¢ is like the one in the HB.

The Hadron Forward calorimeter is a sampling calorimeter consisting of steel and quartz fibers.
The calorimeter covers the range 3.0 < || < 5.0. The signal is Cerenkov light emitted from
the quartz fibers, which is then transferred to photomultipliers. Through this choice the showers
are narrower and shorter than in the rest of the calorimeter. This is important for the forward
region where a lot of showers within small distances occur. The Hadron Forward calorimeters
are located in a distance of 11.2 m in the z-direction measured from the interaction point. The
quartz fibers run parallel to the beam pipe and are arranged in a square grid with a distance of
5 mm between two fibers. The HF consists of a total of 900 towers, which results in a segmen-
tation of 10° in ¢ and ~ 0.175 in 7.
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Figure 3.4: Sketch of one quarter of the muon system [28]].

3.2.4 The magnet

One of the main features of the CMS experiment is a superconducting solenoid, which generates
a magnetic field of 3.8 T. It surrounds the track detector and the calorimeters and has a length of
12.9 m. The inner bore has a diameter of 5.9 m. Due to the resulting magnetic field parallel to
the beam charged particles in the track detector and muons in the muon system are bend in the
transverse plane so that their transverse momentum can be determined. The strong magnetic
field is needed in order to reach the desired performance of the measurements in the muon
system and the required resolution of the momentum measurement of charged particles in the

track detector.

3.2.5 The muon system

The muon system surrounds the magnet and forms the outermost part of the CMS detector.
Three different types of detectors, which all use gas as the active material, are used: aluminum
drift tube (DT) chambers, cathode strip chambers (CSCs) and resistive plate chambers (RPCs).
In total the active detector material has an area of 25000 m?.

The layout of one quarter of the CMS muon system is shown in figure 3.4] The Muon Barrel
(MB) region consists of four cylindrically arranged layers of detectors at radii between 4 m and
7 m. The layers are segmented in five sections along the beam axis. In between them the return
yoke for the magnet is embedded.

In each Muon Endcap (ME) four disks, which are orientated perpendicular to the beam axis,
can be found.

The barrel consists mainly out of DT chambers. In total there are 250 DT chambers, which

cover the region up to || < 1.2. DT chambers can be used in this region because a small muon
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rate occurs, the neutron induced background is relatively low and there is only a small residual
magnetic field in the chambers. With the DT chambers the positions of the muons can be mea-
sured with a resolution of 100um in @, their direction can be determined with a precision of
1 mrad. The DT chambers are also used for triggering.

In the first two layers of the barrel each DT chamber is surrounded by two RPCs. In the other
two layers they are arranged alternating. Thus a muon with a high transverse momentum pass-
ing the barrel is measured at 44 points by traversing four DT chambers and six RPCs.

All used RPCs have double gaps. The operation is done in avalanche mode. The RPCs are
very fast, give a good time measurement, but a worse position measurement than the other used
muon detectors. The RPCs are used mainly to identify the bunch crossing and for triggering.
In the Muon Endcaps 468 CSCs are used. These cover the pseudorapidity area up to 1| < 2.4.
CSCs were chosen because they are able to operate in a region with a high neutron and muon
rate and a high magnetic field. The disks of the endcaps consist of 270 chambers. Each chamber
has six gas gaps. In each gap a plane of radial cathode strips can be found. Almost perpendic-
ular to this plane a plane of anode wires is placed. A coarse position measurement is possible
with the help of the image charge which is produced at the cathodes when the gas is ionized
through a charged particle traversing the chamber. The advantage of the CSCs is that they are
very fast so that they can be used for triggering. A more precise measurement is obtained by
studying the charge centre-of-gravity of the distribution found on the cathode strips. In each of
the CSCs up to six measurements of the space coordinates can be made. This gives a resolu-
tion of approximately 200 um in the r- and z-coordinates. In ¢ the resolution is approximately
10 mrad. In order to avoid gaps in the muon system the chambers overlap in ¢.

In each of the disks of the endcaps two rings of additional RPCs can be found, with a total of
36 chambers. They cover the pseudorapidity region up to |n| < 1.6.

3.2.6 The trigger system

At design luminosity an event rate of approximately 10° Hz is expected in the CMS detector.
Due to limited disk space and computing power this rate has to be reduced to a rate of approxi-
mately 100 Hz by the trigger system.

The trigger system of CMS consists of two different parts: the Level-1 trigger and the High-
Level trigger (HLT).

The Level-1 trigger is based on custom hardware processors. These use information which can
be accessed fast from the calorimeters and the muon system and some combined information
from these two sub-systems. However, it is not possible to use the full granularity and the full
resolution of the CMS detector, because of timing constraints. With this reduced information
so called trigger objects are formed, for example candidates for muons, electrons, photons and
jets. The Level-1 trigger searches for such objects above certain pr or E7 thresholds. Also
global sums of £ or E7 can be criteria to decide whether an event passes the Level-1 trigger

or not. In this way the total event rate is reduced to a rate of 100 kHz. The Level-1 decision is
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made in 3.2 us. In this time the signals are passed from the front-end electronics to the service
cavern, where the trigger logic is placed. There the trigger decision is made in less than 1 us.
Afterwards the result is returned to the front-end electronics. The complete data of the studied
event is stored in buffers until the final decision of the Level-1 trigger is made.

If the decision is positive the event is passed to the HLT. In contrast to the Level-1 trigger the
HLT is software-based. Moreover, the full available granularity and resolution is used in the
decision process, but only interesting regions and not the full event are reconstructed.

To rebuild an event the data is transferred to a processor, where the HLT software processes
the event. Again it is tested if the event fulfills certain criteria, which can be different than the
Level-1 criteria. Each tested set of criteria builds a so called "trigger chain". If the event passes
one of these trigger chains it is accepted by the trigger and stored in the corresponding dataset.
In the end different datasets are obtained from the available trigger chains and stored for ana-
lyzing. In this way the event rate is further reduced to the desired rate of 100 Hz. The decision
in the HLT is made in 50 ms.
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Chapter 4

Reconstruction and identification of

particles candidates and jets

From the signals measured by the different detector components particle candidates are recon-
structed and identified. In the following sections the reconstruction and identification algorithms
are explained for particle candidates, jets and other observables used in this analysis.

The chapter begins with a short description of the particle-flow event reconstruction algorithm
(4.1). Afterwards an introduction of the reconstruction and identification of muon candidates
(@.2), jet candidates (4.3) and tau-lepton candidates ({.4)) is given. In section [4.5| the measure-
ment of ¥, and Hr is described.

4.1 The particle-flow event reconstruction algorithm

The aim of the particle-flow event reconstruction algorithm [32]] is to reconstruct and identify
all stable particles produced in the collisions in the CMS detector. To achieve this goal, all
available information from all detector components is used. The result of the algorithm is a list
of identified candidates for muons, electrons, photons and neutral and charged hadrons. The
particle-flow approach is possible with the CMS detector due to the excellent performance of
its track detector and its hermetic ECAL with high granularity.

In the first step of the algorithm tracks of charged particles and calorimeter clusters are recon-
structed from the measured signals in the detector.

Since the track detector is able to measure the momentum of charged particles and their initial
direction very precisely up to high momenta, a reconstruction of the tracks with a high effi-
ciency and a low fake rate is very important for an efficient event reconstruction. To achieve
this, an iterative tracking algorithm has been developed. In the first step of this algorithm the
reconstruction criteria the tracks have to fulfill are very tight. In this way a very small fake
rate with a moderate efficiency is achieved. The hits allocated to the reconstructed tracks are
removed and a next reconstruction step with looser criteria is performed. This procedure is
repeated several times. In order to reconstruct also charged particles produced in the decays
of long living particles, photon conversions and interactions in the track detector material the

criteria on the vertex are loosened in the later iteration steps.
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4.1. THE PARTICLE-FLOW EVENT RECONSTRUCTION ALGORITHM

In general the reconstruction efficiency gets higher the looser the reconstruction criteria become
and by removing the hits assigned to already reconstructed tracks the fake rate stays small be-
cause the combinatorics are reduced. In the end a fake rate of a few per cent is achieved. For
muons in the track detector acceptance the reconstruction efficiency is 99.5%, charged hadrons
in the jets can be reconstructed with an efficiency higher than 90%.

For calorimeter entries a special clustering algorithm has been developed, which is able to sep-
arate close energy deposits and to detect even low-energy particles with a high efficiency. In
general the algorithm is able to measure the energy and direction of all stable neutral particles,
to separate the energy depositions of these neutral particles from those of the charged particles
and to reconstruct and identify electrons and Bremsstrahlung photons. In addition, the energy
of charged hadrons with low-quality tracks or with high transverse momenta are determined
from calorimetrie measurements to improve the resolution.

In each sub-component of the calorimeter, except the HF, the algorithm is applied separately.
In its first step a calorimeter cell with an energy deposition which corresponds to a local energy
maximum above a certain energy threshold is searched. This cell is the seed for the cluster.
Neighboring cells which have an energy two standard deviations higher than the average noise
in the calorimeter are added to the cluster. The so produced cluster is called a "topological
cluster". This is repeated until no further neighboring cells fulfill the mentioned criteria. Over-
lapping clusters share the energy of a cell in dependence of the distance of that cell to the mean
energy-weighted position of the cluster, where the cluster energies and positions are determined
iteratively.

In general, more than one reconstructed particle-flow element corresponds to one particle-flow
object. For example an electron produces hits in the track detector and deposits energy in sev-
eral clusters in the electromagnetic calorimeter due to Bremsstrahlung photons. Therefore an
algorithm is needed, which tries to link all particle-flow elements to reconstruct the particles.
This algorithm tries to link all particle-flow elements to each other. A track is combined with
a calorimeter cluster by extrapolating the track from the last hit to the different parts of the
calorimeter. The distance to which the track is extrapolated is determined by the typical lon-
gitudinal shower profile of an electron or by one interaction length, which is the typical length
of a hadronic shower. If the so extrapolated track ends in a calorimeter cluster the two objects
are considered to belong to one particle. Moreover, the algorithm tries to link two clusters in
different calorimeters by extrapolating the position in the more granular calorimeter to the less
granular calorimeter.

In order to find photons from Bremsstrahlung a tangent to each track is build at each intersection
of a track and a track detector layer. If this tangent meets a cluster in the ECAL, the cluster is
considered to be a Bremsstrahlung photon.

In the last step of the linking algorithm a y2-fit between the tracks in the inner track detector
and matching tracks in the muon system is performed.

The combined elements from the linking algorithm build one block. These blocks are then used
to identify the different particles. If the identification was successful, the corresponding ele-

ments are removed from the block.
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In the first step of the identification process it is checked if there is a link between an inner track
and a track in the muon system. If this is the case, the momentum determined in the inner track
detector measurement and the combined momentum of both systems are compared and if they
agree within three standard deviations, the particle is called a particle-flow muon.

In the next step electrons are identified by checking whether the tracks in the blocks are short
and if Bremsstrahlung was assigned to the track. Moreover, it is checked if different tracking
and calorimeter variables fulfill certain criteria. If this is successful, a particle-flow electron is
found.

In the next step tracks are rejected where the expected relative energy resolution of the calorime-
ter is better than the uncertainty on the transverse momentum measured by the track detector.
Afterwards the momenta of the tracks linked to ECAL or HCAL clusters are compared with
the energy deposited in the corresponding clusters. If the track momentum is more than three
standard deviations larger than the energy measured in the cluster, a search for fake tracks and
for muons with looser criteria is performed. After some additional quality cuts on the tracks
all remaining tracks are considered to be particle-flow charged hadrons, whose momentum and
energy is determined with the track measurements. If the measurements in the track detector
and in the calorimeter are compatible, a fit is done using both measurements and the obtained
combined value is taken. After this step the momenta of the linked tracks are again compared
to the calorimeter cluster. If the energy in the clusters is higher than the energy of the linked
tracks and if this excess is larger than the energy resolution, particle-flow photons and particle-
flow neutral hadrons are created from theses excesses. The calorimeter clusters which were not
linked to any track become particle-flow photons and particle-flow hadrons.

The resulting list of particles is then used to further reconstruct the event, for example as an
input for jet algorithms, for reconstruction of tau leptons, for b-tagging and for calculating the

missing transverse momentum.

4.2 Muons

Muons are the first particles reconstructed in the linking step of the particle-flow algorithm
described in Two different reconstruction approaches are possible: the "global muon re-
construction" and the "tracker muon reconstruction" [33]].

The global muon reconstruction starts with reconstructed tracks in the muon system and
checks whether a matching track in the inner track detector can be found. If this is the case, a
fit is done to combine the hits of both tracks. For muons with a transverse momentum higher
than 200 GeV /c the resolution of the transverse momentum can be improved significantly with
this combination, compared to the resolution achieved with a measurement from the inner track
detector alone due to the much longer lever arm.

The tracker muon reconstruction starts with tracks measured in the track detector which fulfill
pr > 0.5GeV/c and p > 2.5 GeV/c and extrapolates them to the muon system. In the extrap-
olation the uncertainty due to multiple scattering and the expected energy loss on the particle’s
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4.2. MUONS

way from the track detector to the muon system are taken into account. If the extrapolated track
can be assigned to a muon segment, the particle is a muon candidate. Especially muons with
low momenta (p < 5 GeV/c) are reconstructed with this algorithm, since only one hit in the
muon system is needed for the reconstruction.

Most muons can be reconstructed with one of the described algorithms and often they are re-
constructed by both. If both algorithms fail, particles with a reconstructed track in the muon
system can also be considered as muon candidates.

After the reconstruction, identification criteria with different working points are applied [34].
The tighter the criteria the lower gets the fake rate, but at the same time the efficiency is reduced.
In this thesis the loose and the tight working points are used.

The loose identification criteria are:
* The muon candidate was reconstructed by the particle-flow algorithm.

* The muon candidate was reconstructed by the global muon reconstruction or by the tracker

muon reconstruction.
The additional tight identification criteria are:
* The muon candidate was reconstructed by the global muon reconstruction.

* For the fit of the track in the global muon reconstruction the following criteria have to be
fulfilled:
- xz /n < 10, where n is the number of degrees of freedoms in the fit.

— At least one muon chamber hit is included in the fit.
* The track of the muon candidate could be matched to signals in at least two muon stations.
* The muon candidate produced at least one pixel hit.

* There were measurements of the muon candidate in more than five layers of the inner track

detector.

* For the distances of the reconstructed tracks with respect to the primary vertex the require-

ments are:

— The transverse impact parameter of the trajectory of the muon candidate is smaller

than 2 mm.

— The longitudinal distance to the central track of the muon candidate is smaller than

5 mm.

After the reconstruction of the muon candidates the linking part of the particle-flow algorithm
is continued. Afterwards the isolation of the muon candidate can be calculated with the re-
constructed particle-flow objects. The isolation is defined as the sum of the transverse energy
of all particle-flow charged hadrons which were assigned to the primary vertex, all particle-flow

neutral hadrons and all particle-flow photons in a cone with radius AR = 0.4 around the muon
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candidate, divided by the transverse momentum of the muon candidate. This value has to be
smaller than 0.12 to fulfill the tight identification criteria. The loose working point does not
contain any isolation requirement.

The momentum of the muon candidates is in general determined by a fit of the assigned
tracks. The determined transverse momentum of the global fit is chosen if it fulfills certain
criteria. These criteria are that the fit of the tracks in the track detector and the global fit yield
transverse momenta above 200 GeV /c and that the result of the global fit for ¢/p, where g is
the charge of the particle and p the total momentum, is in agreement with the fit in the track

detector within two standard deviations.

4.3 Jets

In CMS different types of jets can be used. They differ by the jet algorithms used and the input
collections to the jet finders. In this thesis jets based on particle-flow objects are used. The
algorithm which is used is the anti-k; algorithm with a distance parameter of AR = 0.5.

The anti-k;-algorithm [35] is a sequential recombination algorithm. It is collinear and infrared
safe, which means that a collinear splitting of a particle or an emission of a particle with low
energy does not change the outcome of the algorithm.

The algorithm uses for each pair of particles i and j two different distance measurements,

AR2
. — — 1
dij = min(pr; . prj)) 7" 4.1)
dig = pr; - (4.2)
In these equations AR% is given by AR% = (yi—y;)*+ (¢ — ¢;)* and y; is the rapidity defined
asy = %ln gfi : of particle i. The parameter R is the chosen cone size of the jet, where in this

analysis R is set to 0.5.

The algorithm first calculates the two distances d;; and dig for each particle pair i and j in the
event. From all these values the minimum is chosen. If it corresponds to djj, the four momenta
of the particle i and j are combined to a new particle and the algorithm starts from the begin-
ning. If the minimum is a value from djg, the particle i is called a jet and it is removed from the
list of particles. All distances are calculated again and the procedure starts from the beginning.
The algorithm stops when there is no particle left. In this way one gets a list of jets.

In order to suppress pile-up, charged particle-flow hadrons which were not assigned to the pri-
mary vertex are subtracted from the reconstructed jets. To suppress also the pile-up from neutral
hadrons the average energy of these in a jet is subtracted from the jet.

On the jets obtained, jet energy corrections have to be applied because of the non-linear re-
sponse of the calorimeter to hadronic showers and further instrumental effects. In CMS the jet
energy corrections are applied in a staged approach. The corrections are scale factors for the
four momenta of jets, which depend on various different jet quantities. The applied corrections

are:
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4.3. JETS

* Offset (L1): The L1 corrections aim to subtract the average energy from pile-up and from

electronic noise from a jet’s measured energy.

» Relative Jet Corrections (L.2): The L2 corrections remove the dependence of the mea-
sured jet energy on the pseudorapidity by correcting the energy of all jets relative to jets in
the center of the detector (|n| < 1.3).

¢ Absolute Jet Correction (L.3): The L3 corrections are determined from simulated events
and they aim to remove the pr-dependence of the jet response. After the application of the
L3 correction, the jet’s energy is consistent with the energy of the simulated jet on particle

level.

* Residual corrections: These corrections are applied to correct for small residual differ-

ences in data and MC.

The L1, L2 and L3 corrections are applied to data and MC, the residual corrections are only
applied to data. A detailed description of the jet energy corrections can be found elsewhere [36]].
On the corrected jets identification criteria are applied. In this analysis jets have to fulfill the
loose identification criteria for particle-flow jets, which are:

* The neutral hadron fraction of the jet has to be smaller than 99%.
* The neutral electromagnetic fraction of the jet must be smaller than 99%.
* The jet has to have more than one constituent.

* The charged hadron fraction of the jet has to be higher than 0% if || < 2.4, where 7 is
the pseudorapidity of the jet.

* The charged multiplicity of the jet must be larger than zero if 1| < 2.4

* The charged electromagnetic fraction of the jet has to be smaller than 99% if |n| < 2.4.

B-jets

Jets originating from b quarks can be distinguished from other jets by requiring a b-tag.
B-tagging algorithms [37] are based on the large lifetime of b-hadrons (=~ 1.5 ps), which are
produced in the hadronization process of a b quark. After the resulting long flight distance,
which is visible in the detector, the b-hadrons decay and a secondary vertex is produced whose
tracks are not compatible with the primary vertex. Another important property of a b quark is
its high mass compared to other quarks, which result in high masses of b-hadrons. Moreover,
in a b-jet more charged particles are produced in the final state than in other jets and the largest
fraction of the b-jet’s energy is carried by the b-hadron. These properties of b-jets are used in
b-tagging algorithms to find a single variable which can discriminate b-jets from other quark-
and gluon-jets.

The Combined Secondary Vertex (CSV) algorithm is one of the b-tagging algorithms used
in CMS. The algorithm starts with the reconstruction of secondary vertices inside jets. This is
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done by using a vertex finder algorithm, which looks at all tracks in the jets, finds tracks which
do not belong to the primary vertex and reconstructs new vertices with these outliers. If the so
reconstructed vertices fulfill certain quality criteria, the jet is a b-jet candidate.

In the next step these candidates are divided into jets where at least one secondary vertex could
be reconstructed, jets where no vertex could be reconstructed but displaced tracks were found
such that a pseudo vertex can be build, and jets which could not be assigned to one of the
other two categories. Depending on the category different variables are used, which are later
combined into one discriminating variable.

A variable for the suppression of charm quark jets is used for all categories except the last one.
For the calculation of this variable the tracks are sorted by their impact parameter significance
and the invariant mass of the tracks is calculated. If the mass gets higher than the mass of
the charm quark, the impact parameter significance of the last added track is taken as an input
variable.

Additional variables used for jets of the first category are
* the invariant mass of all charged particles assigned to the vertex and their multiplicity,

* the quotient of the distance between the primary and secondary vertex in the transverse

plane and the error of this distance

* and the energy fraction of the charged particles assigned to the secondary vertex, compared
to all charged particles in the jet and their pseudorapidity compared to the direction of the
jet.

The set of variables for the second category of jets is similar, with the exception that the variable
which contains the distance between the two vertices is not considered. For the third category
none of these extra variables is used.

All these variables are then combined by a likelihood ratio technique to find one discriminating
variable for all b-jet candidates. This variable tends to be one for b-jets and zero for other jets.
The value which the variable has to have so that the jet is considered to be a b-jet defines the
working point.

In this thesis the loose and the tight working points are used, which means that the discriminat-
ing variable has to be higher than 0.244 repectively 0.898.

4.4 Tau leptons

In this thesis hadronically decaying tau leptons play an important role. Tau leptons decay
hadronically in 64.8% of all decays. One distinguishes between so called "one-prong decays"
and "three-prong decays", where one-prong decays contain one charged hadron in the final
state and three-prong decays have three charged hadrons in the final state. The most probable
one-prong decays are: T~ — h~ Vv, T~ — h~ v, and T~ — A~ w%7%v;. The most important
three-prong decays are T~ — h~h™h™v; and T~ — h~hTh~n%v; [2], where h stands for a

hadron. Typically these are charged kaons or pions.
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In all these decays there are at least one charged hadron, at least on neutral pion and one neu-
trino, which, except for the neutrino, can be reconstructed with the particle-flow algorithm
and are then clustered into a jet. The tau lepton reconstruction algorithms used in CMS start
with these particle-flow jets and check whether the particles in the jet can be assigned to a
hadronically decaying tau lepton. The reconstruction of the neutral pions is thereby particularly
important. In most of the cases neutral pions decay into two photons, which decay very often
further into a pair of electrons while traversing the detector material. This leads to a broadening
of the calorimeter depositions due to the magnetic field which bends the tracks of the electrons
and positrons.

To take these broadenings into account the algorithm used in this analysis, the Hadron Plus
Strips algorithm (HPS) 38} 139], reconstructs electromagnetic particle-flow objects in strips in
order to find neutral pion candidates. All used strips are growing in ¢ but are narrow in 1). The
first strip is centered around the electromagnetic particle-flow candidate with the highest energy
and it is searched for other electromagnetic particles within the strip. If the search is successful,
the highest of the found electromagnetic particles is combined with the first one and the center
of the strip is rearranged around the constructed new particle. This procedure is repeated until
no further electromagnetic particles are found within the strip. The algorithm searches then for
other electromagnetic particles which have not been assigned to a strip yet and repeats the whole
process. The constructed strips which fulfill psTtrip > 1 GeV /c are combined with the charged
particle-flow hadrons in order to reconstruct the different decay modes of the tau leptons. All

Oy, and 7= — h~hTh~ 1%V, are considered. Since

mentioned decay modes except T~ — h~n’n
most of the tau leptons decay through intermediate resonances certain mass constraints can be
applied during the combination and energy thresholds have to be fulfilled to increase the back-
ground rejection. The reconstructed decay modes have to fulfill a narrowness criterion, which
means that all decay products have to lie in a cone of radius AR = 2.8 GeV/(c - pr), where pr
is the transverse momentum of the reconstructed tau lepton candidate. Additionally, the recon-
structed tau lepton candidate has to lie within a distance of AR = 0.1 around the axis of the
corresponding particle-flow jet.

Afterwards additional identification criteria are applied. For this different working points are
available [40]. In this analysis tau lepton candidates who fulfill the so called "decay mode find-
ing" criterion and medium tau lepton candidates are used.

The criteria '"decay mode finding'' means that the only requirement on a tau lepton candidate
is that it was reconstructed by the HPS algorithm. No further criteria are required.

Medium tau lepton candidates are defined in the following way:

* The ""decay mode finding' criterion is applied, thus a hadronically decaying tau lepton
candidate found by the HPS algorithm is required.

* A medium isolation criterion which contains a correction for pile-up is applied. This
means that in a cone of radius 0.5 the pile-up corrected sum of all particle-flow charged
particles and photons with pr > 0.5 GeV/c has to be smaller than 1 GeV /c.
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* In order to avoid misidentification with electrons the electron pion MVA discriminator,
which uses information from the track detector and the calorimeter, has to be smaller
than —0.1, the pseudorapidity is not allowed to be in 1.4442 < |n| < 1.566 and a special

rejection against Bremmstrahlung is applied.

* To avoid misidentification with muons a certain amount of energy has to be deposited in
the ECAL and HCAL and the leading track of the tau lepton candidate is not allowed to

match to a muon.

4.5 Measurement of £, and Hr

Important variables to describe an event are £ and Hy. £ is the missing transverse momentum
in the event, which is produced through particles leaving the detector and through mismeasure-
ments of the energies of the particles in the event. The missing transverse momentum is given
by

Er=|— Y pr|.

jets, particle—flow objects

4.3)

In the sum all particle-flow objects over the whole pseudorapidity range are considered. If
a particle-flow object has been assigned to a jet which fulfills pr > 10 GeV/c, the energy
corrected jet is used for the calculation of the missing transverse momentum instead of the
particle-flow object.

Hr is defined by

HT:C y !ﬁrl) +Er. (4.4)

ets,leptons

For this variable all jets and leptons in the event are considered. The value of Hr is therefore,

in contrast to £, dependent on the applied selection.
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Chapter 5
Analysis

In this chapter the search for third-generation leptoquarks decaying to a top quark and a tau
lepton with the CMS experiment is presented. In the first section the data and MC samples used
are summarized (section [5.1). Afterwards the trigger employed is introduced (section [5.2). In
section [5.3] the event cleaning and the pre-selection are presented. Section [5.4] describes why
the pr-spectrum of the leading tau lepton candidate is used for the final statistical interpretation
of the results. In section [5.5] different event selections are introduced and compared to each
other. In the following section the determination of the tau lepton fake rate in MC and data
is described (section [5.6). In section the analysis selections are presented. Section [5.§|
describes the systematic uncertainties considered. The final results are presented in section
[5.9] The chapter ends with a discussion of possible improvements of the performed analysis in
section [5.10

5.1 Data and MC samples

In this thesis data recorded by the CMS experiment at the LHC are analyzed. The data set
collected by the trigger "HLT_IsoMu24_eta2pl”, which is described in section [5.2] in the data
taking periods A, B, C, and D of the year 2012 is used. The periods correspond to the full
dataset of the year 2012. The centre-of-mass energy was Ecys = 8 TeV and the total integrated
luminosity of the used sample is L = 19.6 fb~! [42, 43].

For the signal, MC samples for third-generation leptoquarks decaying to a top quark and a tau
lepton with masses from 200 GeV/c? to 1000 GeV/c? in steps of 50 GeV/c? are used. As
background, simulated events for all in section [2.4] mentioned processes are considered. The
MC samples used are summarized in table [5.I] Shown are the cross sections ¢ of all consid-
ered processes, the order of the cross section, the MC generator which was used to generate
the events and the number of events N. With this information the integrated luminosity [ Ldt
corresponding to each MC sample can be calculated by

/Ldt: N (5.1)
(o)
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Figure 5.1: Trigger efficiency of the trigger "HLT_IsoMu24_eta2p1" determined in the tt-MC sample.

All MC events are weighted according to this number and normalized to the integrated lumi-

nosity of the data in order to get a sample of background events which can be compared to data.

5.2 Trigger

The data analyzed in this thesis were recorded by a trigger which requires an isolated muon
candidate with pr > 24 GeV/c and |n| < 2.1 ("HLT_IsoMu24_eta2pl"). The isolation in the
trigger requirement is defined as the sum of the transverse energy of all particle-flow charged
hadrons which were assigned to the primary vertex, all particle-flow neutral hadrons and all
particle-flow photons in a cone with radius AR = 0.5 around the muon candidate, divided by the
transverse momentum of the muon candidate. This value has to be smaller than 0.15 to fulfill
the trigger criteria. Isolated muon candidates can be used in this analysis since the top quarks
and tau leptons do not have a very high momentum, which means that they are not boosted, and
the decay products are thus well separated. The trigger used is very well understood. It has been
studied extensively by the muon working group of CMS [44, 45]]. They ensured that it worked
properly over the full data taking period.

The trigger efficiency in MC is consistent with the efficiency in data determined by CMS [44,
435]]. In order to treat all samples in the same way the trigger requirement is applied in data and
MC. The trigger efficiency in MC is shown in figure It has been determined in the tt sample
by dividing all triggered events by all events in the MC sample. The trigger efficiency is shown
as function of the pr of the muon candidate with the highest pr in the event. It can be seen that
the turn-on curve starts at py > 10 GeV /c, the trigger plateau begins at pr > 50 GeV/c. The
total efficiency is nearly 90%.
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To account for small differences between the two efficiencies scale factors dependent on pr and

n provided by CMS are applied to simulated events [46].

5.3 Event cleaning and pre-selection

As the first step of the analysis an event cleaning is performed. In this step certain quality crite-

ria are applied on the reconstructed particles and the primary vertices.

* For all primary vertices considered in the analysis the number of degrees of freedom in
the vertex fit has to be four or higher. The distance from the nominal interaction point to
the primary vertex in the z-direction is allowed to be maximal 24 cm. The distance of the

primary vertex to the beam axis in the x-y-plane has to be smaller than 2 cm.

* All muon candidates have to fulfill the tight identification criteria described in #.2] In
addition, only muon candidates with pr > 30 GeV /c and |n| < 2.1 are considered. These
cuts are chosen such that the scale factors provided by the muon working group of CMS

for the trigger efficiency are applicable [46].

* Jets have to fulfill the loose identification criteria for particle-flow jets described in section
The jet energy corrections, also described in section4.3| are applied and the resolution
of the jets in MC is deteriorated by roughly 10% by 1n-dependent factors in order to get the
same resolutions of the jets in data and MC [47/, 48]. Additionally, all jets have to fulfill
pr >30GeV/cand |n| <2.5.

* For the tau lepton candidates the "decay mode finding" criterion, described in 4.4, pr >
20 GeV/c and |n| < 2.1 are required.

Additionally, pile-up reweighting [49] is performed to get the same distributions for the num-
ber of primary vertices per event in data and MC. In order to do the pile-up reweighting, the
luminosity in one lumi-block EI is calculated. Together with the minimum bias cross section,
which is the total inelastic pp cross section (= 70 mb), this luminosity is used to calculate the
number of interactions in the lumi-block. In MC this number is known, so a scale factor can
be calculated for each lumi-block and applied to MC. The scale factors are normalized, so that
only the shapes of the distributions not the integrals are changed by applying these factors.

On the cleaned events a pre-selection is applied, which is designed to select as many signal
events as possible and reduce the Standard Model background to a reasonable amount. The
chosen pre-selection has rather loose cuts, so that later different cuts can be studied to get an
optimized event selection.

Each event has to fulfill the following criteria in order to pass the pre-selection:

* The event has to have at least one good primary vertex.

IDifferent runs of data taking are divided into lumi-blocks such that the conditions in the detector were approximately constant in the
corresponding time period.
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Figure 5.2: Number of events per 0.5 fb~! which passed the pre-selection as function of integrated luminosity.

e There has to be at least one muon candidate.

* The event must have at least two anti-k; jet candidates with a cone size of R = 0.5 which
fulfill pr > 50 GeV /c.

* There has to be at least one tau lepton candidate.
* The event has to fulfill Hr > 350 GeV /c.

In figure [5.2] the event yield after this pre-selection per integrated luminosity is shown. With
this distribution the stability of the selection over time can be checked. The x-axis shows the
integrated luminosity where each bin corresponds to 0.5 fb~!. On the y-axis the number of
events which fulfill the pre-selection per 0.5 fb~! are plotted. If the conditions were stable dur-
ing the data taking, the event yield will be constant over time. If there were problems, like a
failing detector component or a change in the trigger efficiency, the corresponding data points
will deviate from the average value. A fit of the data points with a constant has been done. The
result is shown by the blue line. In general, the data points do not show a large deviation from
the average. No trend can be observed. This proofs the stability of the performed selection, the
conditions of data-taking were stable during the full 2012 running.

Figure[5.3]and [5.4] show control distributions after the pre-selection. In all control distributions
the background processes are stacked so that the amount of Standard Model background pro-
cesses can be compared to data. Moreover, the signal samples for leptoquarks with masses of
300 GeV /c? and 600 GeV /c? are shown. The grey bands in the ratio plots correspond to the
statistical uncertainties of the MC samples.

Shown are the distributions for the number of primary vertices, F 1 and Hy. In addition, the dis-
tributions for the tau lepton candidates and the muon candidates with the highest pr, the number
of jets and the number of b-tags in the events are presented. Additionally, the pr-spectra for the

leading jets and the jets with the second and third highest transverse momenta are shown.
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and (f) the number of jets.
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Figure 5.4: Control distributions after the pre-selection. Shown are the distributions for (a) the leading jet, (b) the
jet with the second highest pr, (c) the jet with the third highest pr and (d) the number of b-jets, where the loose
working point of the CSV-algorithm was used.

In the distribution for the number of primary vertices one can see that the pile-up reweighting
works reasonably well. At high values of the number of primary vertices a disagreement be-
tween data and MC can be seen. The disagreement disappears if a different minimum bias cross
section is used. This will be covered by a systematic uncertainty assigned later.

In general, data and MC agree well in all distributions. One can see that the most important
background processes are tt-production and W+jets-production. tt-production becomes partic-
ularly important with increasing number of jets in the event. Another important background is
the production of Z+jets. Despite the huge cross section, the background from light quark and
gluon production is negligible due to the requirement of one muon candidate in the event.

The selections studied in the following are optimized for leptoquarks with a mass of 600 GeV /c?.
In the control distributions one can see that signal events with these leptoquark masses tend to
have higher values of Hy and ¥, more jets and b-jets, and tau lepton candidates and jets with
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Figure 5.5: Distributions for the pr of the leading tau lepton candidate in the event for signal samples with lepto-
quarks of masses (a) from 200 GeV /c? to 550 GeV /c? and (b) from 600 GeV /c* to 1 TeV /c? after applying the
hard selection (see section[5.3).

higher transverse momenta than Standard Model background processes. Thus, with cuts on
these variables the Standard Model background can be reduced, while most of the signal events

can be kept.

5.4 The pr distribution of the leading tau lepton

In the performed search the reconstruction of the leptoquark mass is not possible. The main
reason is that there are at least two and up to six neutrinos in the event. From these neutrinos
only the sum of their transverse momenta can be reconstructed through the measurement of £ .
The directions and the values of the transverse momenta of the individual neutrinos cannot be
determined. This information is needed for the reconstruction of the mass of the leptoquark.
Moreover, due to the rich final state in the performed search the combinatorics are very large.
This makes the reconstruction of My q difficult.

However, it has been found that the p7 spectrum of the leading tau lepton candidate in the
events shows high sensitivity to the different leptoquark masses and Standard Model back-
grounds. This distribution is used for the statistical interpretation of the results. All Standard
Model background processes produce tau leptons with low transverse momenta compared to
leptoquark decays, while the tau leptons produced in leptoquarks decays tend to have higher
transverse momenta. This can be seen in figure where the transverse momenta of the
leading tau leptons for leptoquarks with masses of 300 GeV/c? and 600 GeV /c? and for the
Standard Model background processes are shown after applying the hard selection described in
[5.5] Due to the different shapes of the distributions for the different Standard Model processes
and the signal samples a good separation between background and signal events can be reached,

which is essential for the statistical interpretation of the search.
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A comparison of the pr-distributions of the leading tau lepton candidates for the different signal
samples in figure [5.5| shows that the shapes and rates differ considerably. For example, the sig-
nal for a leptoquark with a mass of 250 GeV /c? peaks at a transverse momentum of 60 GeV /c,
while there are no tau lepton candidates with p7 above 200 GeV /c. The signal for a leptoquark
with a mass of 550 GeV/c?, peaks at a transverse momentum of around 100 GeV /c with a
considerable tail at higher pr. Thus, the pr spectrum of the leading tau lepton candidate and
therefore the sensitivity is highly dependent on the leptoquark’s mass, which is good for the
final interpretation of the result.

Different variables have been studied, but the pr-distribution of the leading tau lepton candidate
in the event showed the best separation between signal and background together with the best
sensitivity for different leptoquark masses. The following studies on the optimization of the se-
lection are therefore based on this distribution and it will also be used for the final interpretation

of the results of this search.

5.5 Optimization of the event selection

Since the performed search has not been done before, first a selection has to be found which
suppresses the Standard Model backgrounds but has a high signal efficiency. Due to the rich
final state, there are many possibilities to select events based on cuts on different final state
particles. Therefore, five different selections are studied in this analysis. The optimization of
the selections studied is based on the expected limit calculated with the theta package [S0]. As
input to theta the distributions of the pr of the leading tau lepton candidate in the event is used.
Two of the five selections studied are rather loose while in the other three selections in general
the same but harder cuts are used.

The studied selections are called soft selection, soft selection with same-sign requirement,
medium selection, medium selection with same-sign requirement and hard selection in the fol-
lowing. They are based on the pre-selection described in The applied cuts are listed in the
following.

* For the soft selection the requirements are:

— At least one medium tau lepton candidate, described in 4.4} is identified in the event.
Additionally, all tau lepton candidates which are considered fulfill the medium work-
ing point. All tau lepton candidates which have a distance AR < 0.5 to a muon candi-
date are removed in order to reject fake tau lepton candidates which were also recon-

structed as muon candidates.

— A third anti-k, jet with a cone size of R = 0.5, which fulfills pr > 30 GeV/c and
n < 2.5 is present. In order to remove jets which have also been reconstructed as tau
lepton candidates or muon candidates all jets which have a distance AR < 0.5 to a tau

lepton candidate or a muon candidate are removed.

41



5.5. OPTIMIZATION OF THE EVENT SELECTION

— The missing transverse momentum in the event has to fulfill £ > 50 GeV /c.

— At least one jet has to have a b-tag, where the tight working point of the CSV-

algorithm, described in4.3| is used.

* For the medium selection the events have to pass the soft selection without the b-tag

criterion. Additionally, the events have to fulfill the following cuts:

— the leading jet must have py > 100 GeV/c and
— Hy > 400 GeV/c.

* In order to pass the hard selection the events have to to fulfill the medium selection criteria
and

— the leading jet must have pr > 150 GeV/c,

— the jet with third highest transverse momentum has to fulfill py > 50 GeV /c,
— Hy > 700 GeV /c and

— F1 >100GeV/c.

Two thirds of the background events contain events with one tau lepton candidate and one muon
candidate with opposite-sign charges. Thus, by requiring two lepton candidates EI with same-
sign charges reduces the background by two thirds. However, also the signal would be reduced
by one half. An additional advantage of this cut would be that afterwards the background is
dominated by fake tau leptons, which could make an estimation of the number of background
events easier. In order to find out if this selection would help to improve the sensitivity, two ad-
ditional selections are studied: the soft selection with same-sign requirement and the medium
selection with same-sign requirement. In these selections the same-sign requirement is ap-

plied to the soft and the medium selections and the resulting sensitivity is checked.

5.5.1 Comparison of the expected limits

In order to find out which selection gives the best result, the expected limits on the production
cross section of third-generation leptoquarks times branching ratio after applying the selections
are compared. The expected limits are calculated using the theta package [S0]. A bayesian
method, which is explained in [S1], is used. Only statistical uncertainties are considered in the
limit calculation, the background is determined completely from simulated events. As input the
distributions for the pr of the leading tau lepton candidates in the events after the five selections
studied have been applied are used. These distributions are shown in figure[5.6] In figures
and the input histograms for the limit calculation for the soft and the medium selection
are shown. The difference between these selections are harder cuts on the pr of the leading jet,
on Hr and the requirement of a jet with a b-tag. In the soft selection the background is reduced

significantly through the requirement of a b-tag while in the medium selection the background

2Here lepton means muon candidate and or tau lepton candidate
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Figure 5.6: Distributions of the p7 spectra of the leading tau lepton in the event after applying (a) the soft selection,
(b) the soft selection with the same-sign requirement, (c) the medium selection, (d) the medium selection with the
same-sign requirement and (e) the hard selection.
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Figure 5.7: Comparison of the expected limits on the cross section times branching ratio of the different studied
selections as described in [5.5] The theory curve displays the next-to-leading order cross section of the studied
process [16].

is reduced by a similar amount through the harder cuts on Hy and the pr of the leading jet.
Due to the requirement of a b-tag, the main background after applying the soft selection is tt-
production, while the main backgrounds after applying the medium selection are tt-production,
W-+jet- and DY-events. The distributions after applying the same-sign cuts in addition to the
soft selection and the medium selection are shown in figures [5.6(b)| and [5.6(d)l In both cases
the background is reduced significantly through this additional cut. For example, after the se-

lections with the same-sign requirement only one event with py > 200 GeV /c is expected for
leptoquarks with masses of 600 GeV /c?, whereas 3-5 events are expected for the selections
without this requirement. In figure the pr distribution of the leading tau lepton candidate
is shown after the hard selection has been applied. The harder cuts on jet pr and Hr reduce the
Standard Model background over the full p7 spectrum. The signal is reduced at lower values
of pr but retained at high values of pr. This results in an increase of the sensitivity on higher
leptoquark masses and a decrease of the sensitivity at lower masses.

In figure |5.7|the expected limits on the cross section times branching ratio are shown as a func-
tion of the leptoquark’s mass. The cross sections above the expected limits can be excluded
at 95% C.L.. The theory curve displays the next-to-leading order cross section of the studied
process [[16]. By comparing the limit with the theory cross sections the limits on the production
cross section can be converted into an upper limit on the mass of the leptoquarks.

It can be observed that the selections with the same sign requirement give the worst limits al-
most over the whole leptoquark mass range. In general the soft and the medium selections

give similar limits. The hard selection gives the worst limit for leptoquark masses smaller than
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Figure 5.8: (a) Comparison of the expected limits of the medium selection with different selection criteria as
described in[5.5.2] (b) Comparison of the expected limits based on the distributions of the pr of the leading tau
lepton candidate and of the sum of the pr of the leading tau lepton candidate and the muon candidate after applying
the medium selection. The theory curve displays the next-to-leading order cross section of the studied process [16].

400 GeV /c?, but for masses higher than 400 GeV /c? the expected limit gets best.

The result of this study is that the best expected limits can be reached by taking the medium se-
lection for leptoquark masses lower than 400 GeV /c? and the hard selection for masses higher
than 400 GeV/ c2. In general the medium and the soft selection give almost the same results
for lower leptoquark masses. The medium selection is chosen because the cuts on the jets are

higher so that the effect from the jet energy scale uncertainty is expected to be smaller.

5.5.2 Further optimization of the selections

In order to see if the selections can be optimized further, some of the cuts of the medium selec-
tion are varied. The result is shown in figure The expected limits on the cross section
times branching ratio are shown for the medium selection with a cut on Hy > 700 GeV/c in-
stead of Hr > 400 GeV /c. The limit is improved by this cut for leptoquark masses higher
than approximately 300 GeV /c?. This shows again that by a higher cut on Hr the sensitivity
is improved for higher masses and deteriorated for lower masses, which can be also explained
by looking at figure Here one can see that the signal for higher leptoquark masses is
concentrated at higher Hr-values and that most of the signal at lower leptoquark masses has
lower Hy-values.

The second cut which is varied is the b-tag requirement. The expected limit is calculated with
the requirement of one and of two b-tags in the event. For the b-tag the tight working point
of the CSV-algorithm is used. If one b-tag is required, it can be seen that the change in the
limit for leptoquark masses lower than 500 GeV /c? is negligible compared to the expected un-

certainties. For higher leptoquark masses the medium selection without the b-tag requirement
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Figure 5.9: Distribution of pJ. + p‘TL, where the leading tau lepton candidate and the leading muon candidate are
considered, after applying the medium selection.

gives the better limit. With two b-tags the limit gets worse over the whole mass range, since too
much signal efficiency is lost. From this study it can be concluded that the medium selection
without any b-tag requirement has the highest sensitivity. This is an advantage since in this case
no b-tagging uncertainties have to be considered.

An alternative approach to optimize the expected limit would be to change the variable on which
the limit calculation is based. The variable p%. + p‘TL could be an interesting variable for this. The
distributions after the pre-selection is shown in figure [5.9] The expected limits for the medium
selection based on p%. and pF. + p#, where always the leading tau lepton candidate and the lead-
ing muon in the event are considered, are compared in figure[5.8(b)] It can be seen that the limit
is better if it is calculated based on the p%.-spectrum, especially at masses between 300 GeV/ c?
and 700 GeV /c?, where this analysis has the highest sensitivity.

As a conclusion the medium selection is used for low leptoquark masses. For high masses the
hard selection is used. The transition is chosen based on the best expected limit. No com-
bination of the outcome of the two selections is performed since the two samples are highly
statistically correlated. The limit will be calculated based on the pf.-spectra of the leading tau

lepton candidate.

5.6 Determination of the tau lepton fake rate in data and simulation

For the determination of the fake rate a background sample is needed with a negligible contri-
bution of prompt tau leptons. The goal is to get a clean W+jets sample which is kinematically
similar to the final analysis selection. The same data and MC samples and the same trigger are
used, as described in the previous sections (5.1]and[5.2)). The event cleaning is done in the same

way as described in section[5.3] To pass the selection the events are required to have:

* at least one good primary vertex,
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* exactly one tight muon candidate,

Er >40GeV/c,

* at least two anti-k; jets with a cone size of R = 0.5,

* exactly one tau lepton candidate, where only the decay mode finding criterion is applied,
« M(ut) < 80GeV/c? and M(ut) > 100 GeV /c?.

In addition, a veto against b-tags is applied, where the loose working point of the CSV-algorithm
is used in order to reject the b-jets as efficiently as possible. By requiring exactly one muon
candidate it is ensured that the W-boson decays into a muon (not into a tau). Additionally,
the requirement for the missing transverse momentum helps to select only events were the
muon candidate is produced in the decay of the W-boson and not in a jet from the decay of
b- or c-hadrons. All these cuts are chosen in a way that the background and the signal events
are reduced as much as possible and that the selection is kinematically similar to the analysis
selection (described in . The veto against b-tags helps to reduce the background from tt.
This has to be done because in a leptonically decaying tt-pair real tau leptons can be produced
in addition to the muon. The cut on the invariant mass of the tau lepton candidate and the muon
candidate reduces the background from DY-processes since events where the Z-boson decays
into two tau leptons and one tau lepton decays subsequently into a muon are rejected.

In this way a quite clean W+jets sample can be obtained. The control distributions for data and
simulated events are shown in figure [5.10] The remaining background processes to the W+jets
sample are mainly Z+jets events, but also tt, single top, diboson events and a small contribution
from QCD events are present. Furthermore, it can be seen that only a negligible amount of
signal events is left after the selection.

The tau leptons studied are identified through their hadronic decay. Thus, the tau lepton fake
rate of jets is particularly important. Since the statistical interpretation of the result will be
based on the pr spectrum of the leading tau lepton candidate, it is important that the tau lepton
fake rate is well simulated. Therefore, the tau lepton fake rate has to be determined in data and
MC.

Since most of the selected events are W+jets events, one can be sure that in the resulting sample
most of the selected tau lepton candidates are fakes. To estimate the relative contribution of fake
tau leptons, a matching of the selected tau lepton candidates to generated tau leptons is done on
the MC samples ﬂ The events with a fake tau lepton candidate are shown as a function of pr
and n of the leading tau lepton candidate in figure The events which contain a real tau
lepton are shown in figure [5.12] It can be seen that events with a real tau lepton make up only
approximately 1% of all selected events. The events which contain a real tau lepton candidate
are mostly DY events.

In the next step a medium tau lepton candidate is required in addition to the described selection
cuts. In this way the fake rate of the medium working point can be calculated with respect to

31f a generated tau lepton is found in a distance of AR < 0.5 to a selected tau lepton candidate, the tau lepton candidate is considered to
come from a real tau lepton.
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Figure 5.10: Control distributions for the background enriched sample: (a) the number of jets, (b) the pr of the
leading jets, (c) Hr, (d) E7, (e) the pr of the leading tau lepton candidate and (f) the pr of the leading muon
candidate after applying the selection described in[5.6]
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Figure 5.11: Distributions after applying the selection described in [5.6 of (a) the pr of the leading tau lepton
candidate and (b) 1 of the leading tau lepton candidate, where only events which contain a fake tau lepton are
shown.
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Figure 5.12: Distributions after applying the selection described in [5.6] of (a) the pr of the leading tau lepton
candidate and (b) i of the leading tau lepton candidate, where only events which contain a real tau lepton are

shown.

the "decay mode finding"-criterion by applying

#events(medium tau lepton)

= 5.2
€ #events(tau, only decay mode finding applied)’ (5-2)

where #events(medium tau lepton) is the number of events which contain a medium tau lepton
candidate and #events(tau, only decay mode finding applied) corresponds to the number of
events which contain a tau lepton candidate which fulfills the "decay mode finding criterion".
Here it is assumed that the fake rate of the "decay mode finding" criterion is the same in data
and MC.
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Figure 5.13: Control distributions after requiring a medium tau lepton candidate of (a) the pr of the leading tau
lepton candidate and (b) n of the leading tau lepton candidate.

The distributions after the requirement of a medium tau lepton candidate are shown in figure
[5.13] Data and MC do not agree very well in these distributions. This is due to the different fake
rates in data and MC. The amount of fake tau leptons in the events is shown in figure[5.14] After
selecting medium tau lepton candidates, the contribution of real tau leptons is with roughly 17%
quite high, as can be seen in figure [5.15] where the events which contain a real tau lepton are
shown. In order to be able to apply equation [5.2]the real tau leptons have to be subtracted from
the total number of events, where the number of real tau leptons has to be taken from MC since
it cannot be determined in data. The fake rate can then be calculated by

. #events(medium tau lepton) — #events(real tau lepton)
~ #events(tau lepton, only decay mode finding applied) — #events(real tau lepton)’

(5.3)

where #events(real tau lepton) is the number of MC events where a real tau lepton candidate
has been found.

The fake rate can be calculated in data and MC as a function of different variables by dividing
the corresponding histograms. In figure [5.16] the fake rates are shown as a function of the pr
and n of the leading tau lepton candidate. In both distributions it can be seen that the mistag
rates are different in data and MC and of the order of a few per cent.

Since the number of real tau lepton candidates in data could deviate from the one in MC, an
uncertainty has to be assigned on the subtraction of the real tau lepton candidates. Since most
of the real tau lepton candidates originate from the remaining Z +jet events, the normalization
of this sample has been varied by £50% and the fake rate has been calculated again with the
formula from equation[5.3] The result is shown in figure The difference between the fake
rates before and after the variation are calculated and taken as systematic uncertainties.
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Figure 5.14: Distributions after requiring a medium tau lepton candidate of (a) the pr of the leading tau lepton
candidate and (b) 1 of the leading tau lepton candidate where only events which contain a fake tau lepton candidate

are shown.
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Figure 5.15: Distributions after requiring a medium tau lepton candidate of (a) the pr of the leading tau lepton
candidate and (b) i of the leading tau lepton candidate where only events which contain a real tau lepton candidate

are shown.
The obtained values for the fake rates in MC are

£ 2~ 0.0190 £ 0.0003(stat) 00013 (sys) for pf < 120 GeV /c

€~ 0.0062 100000 (stat) T0%7 (sys) for pf > 120 GeV /c.

For data the result is

€ ~ 0.0236 +0.0003(stat) 00013 (sys) for p% < 120 GeV /c

€~ 0.0052 T0000 (stat) T0- 0008 (sys) for pf > 120 GeV /c.

(5.4)
(5.5)

(5.6)
(5.7)
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Figure 5.16: Tau lepton fake rates as a function of (a) the pr of the leading tau lepton candidate and (b) 1 of the

leading tau lepton candidate.
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Figure 5.17: Tau lepton fake rates as a function of the p7 of the leading tau lepton candidate with a variation of the
normalization of the DY-background by 50% up and down in (a) data and (b) MC.

From these obtained fake rates scale factors for the simulation can be derived by dividing the
fake rates in data by the ones in MC. Since the limit will be derived from the p7 distribution
of the leading tau lepton candidate and thus this is the most important variable the scale factors

are calculated for this variable. The result is shown in figure[S.18| The scale factors are

s~ 1.2405+0.0215(stat) 0197 (sys) for p% < 120 GeV /c,

5~ 0.8298 101523 (stat) 101991 (sys) for pf > 120 GeVe.

(5.8)
(5.9)

These factors can be applied to the fake tau leptons in MC in order to correct for the different
fake rates in data and MC.

As a cross check the obtained scale factors can be applied on the W+jets sample which was
used to determine the factors. The fake rates can then be calculated again with the formula
in equation If data and MC agree afterwards, the method works fine and no further scale
factors in dependence of other variables have to be determined. The result of this cross check is
shown in figure [5.19] where it can be observed that the fake rates agree in data and MC within

the errors. Thus, the method is fine and the scale factors can be applied to the sample described
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Figure 5.18: Scale factors for the MC samples to account for the different fake rates in data and MC as a function
of the pr distribution of the leading tau lepton candidate. The inner error bars represent the statistical uncertainties,
the outer error bars the total uncertainty.
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Figure 5.19: Tau lepton fake rates as a function of (a) the pr of the leading tau lepton candidate and (b) 1 of the
leading tau lepton candidate after applying the obtained scale factors on the fake tau leptons in MC.

in[5.31

The tau lepton identification efficiency has been studied in simulated events in a different anal-
ysis [52]. The only difference in the efficiency of the leptoquark reconstruction in the signal
sample and the Standard Model processes is the tau lepton isolation, which is well described by
the MC.

5.7 Analysis selections

The obtained scale factors are applied to the MC samples after a medium tau lepton candidate is
required. The scale factors are applied event-wise, depending on the number of fake tau lepton
candidates in MC. To identify fake tau lepton candidates a matching between the reconstructed
tau lepton candidates and the generated tau leptons is performed, as already described in section
5.6l Afterwards the medium selection cuts and the hard selection cuts are applied. The event
yields per 0.5 fb~! are shown in figure for both selections. No significant deviations of
single data points from the average yield are observed. The selections therefore are stable over

53



5.7. ANALYSIS SELECTIONS

3 S T B AN
o l40f ] 5
% 120 ++L+H+++?+++HL*++++%4++%£ ‘g 201 ]
> 100; ++ +++ ++ + + ﬁ + E 2

: IR

0| WmHmT """ THTW """ %

[ ] 5
2071 average 115.4+ 1.7 events/0.5 fb b [ +
:\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\: :\\\‘\\\‘\\\‘\\\+‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\:
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
integrated luminosity [fb] integrated luminosity [fbo]

(a) (b)

Figure 5.20: Number of events per 0.5 fb~! which passed the (a) medium selection and (b) the hard selection as
function of integrated luminosity.

the whole data-taking period.

The impact of each selection step on the signal samples for a leptoquark mass of 300 GeV /c?
and 600 GeV /c? are shown in the tables and The efficiency of each selection cut with
respect to the previous step and the total selection efficiency after each cut are given. Further-
more, the value S/ /B, which is a measure of the sensitivity of the selection, is given after each
selection step. In this formula § is the number of signal events and B the number of background
events. For the leptoquarks with a mass of 600 GeV /c? the value for S/ V/B increases with each
cut of the medium selection and is rather stable for each cut of the hard selection. For the lower
leptoquark mass the value increases with each cut of the medium selection, whereas the value
of S/+/B decreases for each cut of the hard selection. This is expected because the hard selec-
tion is optimized for higher leptoquark masses, while the medium selection is optimized for the
lower leptoquark mass regions.

The efficiencies of the cuts are in general quite high (over 80%). Only the cuts of the pre-
selection and the requirement of a medium tau lepton candidate have lower efficiencies. Taking
into account the branching ratio of LQ;LQ3 — 1 + Thaa1x the efficiency of these cuts is 50-
60%. However, this is acceptable, because the cuts of the pre-selection reduce the Standard
Model background significantly. Especially, the background from light quark and gluon pro-
duction is reduced by a huge amount due to the requirement of a tight muon candidate. The
requirement of a medium tau lepton candidate has an efficiency of 50%, but it is needed since
the distribution of the pr of the leading tau lepton candidate has a very high sensitivity for dif-
ferent leptoquark masses and shows a good separation between background and signal events
as described in section[5.4] After the medium selection 2% of the events with leptoquarks with
a mass of 300 GeV/ c? are left, with an excellent S / /B of 15.21. After the hard selection 3%
of the events with leptoquarks of a mass of 600 GeV/c? are left, while the value for S/ VB is
0.876.
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Selection Cut \ S/V/B \ Efficiency of the cut | Selection efficiency
pre-selection 6.952 0.167 0.167
one medium tau lepton candidate | 11.559 0.239 0.040
medium third jet with pr > 30GeV /c? 15.141 0.864 0.035
selection Er >50GeV/c? 14.603 0.737 0.025
leading jet with py > 100 GeV /c? | 14.592 0.777 0.020
Hy > 400 GeV /c? 15.208 0.987 0.020
Hr > 700 GeV /c? 13.706 0.410 0.008
hard leading jet with py > 150 GeV /c? | 12.050 0.86 0.007
selection third jet with pr > 50GeV /c? 12.164 0.913 0.006
Er > 100 GeV/c? 9.202 0.596 0.004

Table 5.2: Cut-flow table for the signal sample for a leptoquark with a mass of 300 GeV/ ¢2, given are the value
S/+/B, where S is the number of signal events and B the number of background events, the efficiency of each
selection cut with respect to the previous step and the total selection efficiency after each cut.

’ Selection Cut ‘ S/V/B ‘ Efficiency of the cut ‘ Selection efficiency

pre-selection 0.136 0.259 0.259

one medium tau candidate lepton | 0.213 0.231 0.060

. third jet with pr > 30GeV /c? 0.289 0.894 0.053
medium 5

selection Er >50GeV/c 0.351 0.923 0.050

leading jet with pr > 100 GeV/c? | 0.431 0.964 0.047

Hr > 400 GeV/c? 0.456 1.0 0.047

Hr > 700 GeV /c? 0.942 0.944 0.045

hard leading jet with p7 > 150 GeV/c? | 0.866 0.894 0.040

selection third jet with pr > 50GeV /c? 0.842 0.879 0.035

Er > 100GeV/c? 0.876 0.813 0.029

Table 5.3: Cut-flow table for the signal sample for a leptoquark with a mass of 600 GeV /c?, given are the value
S/ V/B, where S is the number of signal events and B the number of background events, the efficiency of each
selection cut with respect to the previous step and the total selection efficiency after each cut.

In figures to control distributions after the medium selection and the hard selection
are presented. Shown are the distributions for the number of jets, the number of b-jets, Hr, K7,
the pr of the leading muon candidate in the event, the product of the charges of all tau lepton
candidates and muon candidates in the event and the pr of the leading tau lepton candidate in
the event I1;(g¢) - 1 (gy). In addition, pr spectra for the jets with the highest, second and
third highest pr in the event are presented. In all distributions data and MC agree well. After
applying the selections tt is the main background.

The event with the high values of Hr and £ and the high jet pr has been studied in the event

display. Nothing conspicuous could be seen.
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Figure 5.21: Control distributions after the medium selection. Shown are the distributions for (a) the pr of the
leading muon candidate in the event (b) 1 of the leading muon candidate in the event, (c) the number of jets, (d)
the number of b-jets, where the loose working point of the CSV-algorithm was used, (e) Hr and (f) E T-
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Figure 5.22: Control distributions after the medium selection. Shown are the distributions for (a) pr of the leading
tau lepton candidate, (b) 1 of the leading tau lepton candidate, (c) the product of the charges of all tau lepton
candidates and muon candidates, (d) the p7 of the leading jet, (e) the pr of the jet with the second highest transverse
momentum and (f) the pr of the jet with the third highest transverse momentum.
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Figure 5.23: Control distributions after the hard selection. Shown are the distributions for (a) the pr of the leading
muon candidate in the event (b) 1 of the leading muon candidate in the event, (c) the number of jets, (d) the number
of b-jets, where the loose working point of the CSV-algorithm was used, (e) Hr and (f) 1.
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Figure 5.24: Control distributions after the hard selection. Shown are the distributions for (a) pr of the leading
tau lepton candidate, (b) 1 of the leading tau lepton candidate, (c) the product of the charges of all tau lepton
candidates and muon candidates, (d) the p7 of the leading jet, (e) the pr of the jet with the second highest transverse
momentum and (f) the pr of the jet with the third highest transverse momentum.
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5.8 Systematic uncertainties

Systematic uncertainties on the pr distribution of the leading tau lepton candidate have to be
estimated and considered in the final statistical interpretation of the result. The systematic
uncertainties considered are listed in the following.

Uncertainties which change only the rate of the p7. distribution are:
* uncertainty on the lumiosity of 4.4% [53],

e conservative estimates are used for the uncertainties on the cross section for Standard
Model processes (estimates based on [54}155]] and [S6])

— tt-production: 15%,

— single top-production: 50%,
— W+jets-production: 50%,

— Z+jets-production: 50%,

— diboson-production: 100%,
— ttZ-production: 100%,

— QCD-production: 100%.

Uncertainties which vary the rate and the shape of the p7. distribution are taken into account
by varying the corresponding quantity by one standard deviation up and down. The amount
by which the number of events changes in a certain bin gives the result in the corresponding
uncertainty.

The following uncertainties vary the rate and the shape of the pr distribution of the leading tau

lepton candidate:

* Tau lepton fake rate: On the determined tau lepton fake rate an uncertainty of +0 is
assigned. See section[5.6]for a detailed description of the determination of this uncertainty.

* Tau identification: An uncertainty of 6% is applied for each real tau lepton in the event

in order to account for uncertainties in the efficiency of the tau lepton identification.

* Tau lepton energy: The uncertainty on the tau lepton energy is taken into account by

varying the energy of all tau leptons by 3%.

 Muon identification: The uncertainties on the muon identification, isolation and on the
trigger are determined by CMS as a function of pr and 1 of the muon candidate [46].
These values are added quadratically to the statistical uncertainty of the muon scale factors.
Additionally a normalization uncertainty of 0.5% and an uncertainty of 0.2% on the tag

and probe method which was used to determine the efficiencies is taken into account.

* PU-reweighting: In order to take uncertainties due to the pile-up reweighting into account
the minimum bias cross section of 69.3 +4.1mb, on which the PU-reweighting is based,

is varied by one standard deviation.
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5.8. SYSTEMATIC UNCERTAINTIES

* Jet energy resolution (JER): The n-dependent factors which are used to adjust the jet
resolution in MC to the one in data [47, 48] are varied by one standard deviation to obtain
the uncertainty on the pr distribution of the leading tau lepton candidate. This variation is

also transferred to the calculation of the missing transverse momentum.

* Jet energy scale (JEC): The jet energy scale is varied by one standard deviation as a
function of 1) and pr [47, 48], which corresponds to a variation of 1-3%. This variation is

also transferred to the calculation of the missing transverse momentum.

* Scale uncertainty on the tt-production: The factorization and renormalization scale are
varied by a factor 2 and by a factor 0.5 in order to determine the scale uncertainties on the
tt-production.

In figure and the relative uncertainties on the tt sample of the p7 of the leading tau
lepton candidate are shown after applying the medium and the hard selection, respectively. In
figure[5.26]and figure [5.28] the same is shown for the signal sample of a leptoquark with a mass
of 500 GeV /c?. High uncertainties for the tt sample are the uncertainties on the tau lepton fake
rate. At high transverse momenta the uncertainty is almost 20%. In this pr-range almost all
tau leptons are fakes. Thus, the uncertainty on the fake rate determination is transferred directly
to the uncertainty in this bin. For the leptoquark sample the uncertainty on the tau lepton fake
rate is very small, because there are only a few fake tau leptons in this sample. Since in these
samples most of the tau lepton candidates are real tau leptons, the uncertainties on the tau lepton

identification and on the tau lepton energy are the highest uncertainties.
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Figure 5.25: Relative uncertainties as a function of the pr of the leading tau lepton candidate for the tt sample for
(a) JER, (b) JEC, (c) tau lepton fake rate, (d) tau lepton identification, (e) tau lepton energy, (f) muon identification,
(g) pile-up and (h) the scale uncertainty after applying the medium selection cuts.
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Figure 5.26: Relative uncertainties as a function of the p7 of the leading tau lepton candidate for the signal sample
for a leptoquark with a mass of 500 GeV for (a) JER, (b) JEC, (c) tau lepton fake rate, (d) tau lepton identification,
(e) tau lepton energy, (f) muon identification and (g) pile-up after applying the medium selection cuts.
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Figure 5.27: Relative uncertainties as a function of the pr of the leading tau lepton candidate for the tt sample for
(a) JER, (b) JEC, (c) tau lepton fake rate (d) tau lepton identification, (e) tau lepton energy, (f) muon identification
(g) pile-up and (h) the scale uncertainty after applying the hard selection cuts.
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Figure 5.28: Relative uncertainties as a function of the pr of the leading tau lepton candidate for the signal sample
for a leptoquark with a mass of 500 GeV for (a) JER, (b) JEC, (c) tau lepton fake rate, (d) tau lepton identification,
(e) tau lepton energy, (f) muon identification and (g) pile-up after applying the hard selection cuts.

65




5.9. RESULTS

’ Sample \ Number of events after the medium selection | Number of events after the hard selection
LQ (M =200 GeV/c?) 659.8 62.0
LQ (M =250 GeV/c?) 1014.0 190.3
LQ (M =300 GeV/c?) 719.2 138.6
LQ (M =350 GeV/c?) 410.7 105.7
LQ (M = 400 GeV /c?) 2325 78.7
LQ (M = 450 GeV /c?) 125.1 54.5
LQ (M = 500 GeV /c?) 67.6 334
LQ (M =550 GeV/c?) 39.3 22.4
LQ (M = 600 GeV/c?) 21.6 13.2
LQ (M = 650 GeV /c?) 12.4 8.4
LQ (M =700 GeV /c?) 7.1 4.8
LQ (M =750 GeV/c?) 4.1 2.9
LQ (M = 800 GeV /c?) 2.6 1.9
LQ (M = 850 GeV/c?) 1.6 1.2
LQ (M =900 GeV/c?) 0.9 0.7
LQ (M =950 GeV/c?) 0.6 0.5

LQ (M = 1TeV/c?) 0.4 0.3
tt 1765.0 180.0
W + jets 331.2 27.9
Z + jets 190.9 17.1
Single top 97.9 15.0
Diboson 20.4 2.2
ttZ 7.1 1.0
QCD 8.0 0
Total background 2421 +464 —411 243 447 —39
Data 2300 201

Table 5.4: Summary of the number of events after the medium selection and the hard selection have been applied.

5.9 Results

After the determination of the systematic uncertainties the final statistical interpretation of the
results can be performed. This is done based on the distributions of the pr of the leading tau
lepton candidate after the medium selection and the hard selections have been applied. In ta-
ble the total number of events is given after the selection cuts have been performed. After
the medium selection 2300 data events are observed. The Standard Model expectation is with
2421fiﬁ events a little bit higher but the observed number of events is well within the errors.
The same applies for the hard selection, where 201 data events are observed compared to the
Standard Model expectation of 243f§; events.
The distributions of the pr of the leading tau lepton candidate are shown in figure [5.29] and
[5.30] The grey shaded areas in the distributions represent the total uncertainties, where the sta-
tistical uncertainties of the MC samples and the determined systematic uncertainties have been
added in quadrature. In the ratio plots the dark grey area corresponds to the statistical error and
the light grey area illustrates the total error. In both distributions the data is described by the
Standard Model prediction within the errors over the full range of p%.. In conclusion, no excess
above the Standard Model expectation is observed.

In the following, a statistical interpretation of the results is performed where limits on the cross
section times branching ratio are calculated. For the limit calculation the theta package [S0] is
used. As input to theta the histograms in figure and are used and a shape analysis is
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Figure 5.29: Distributions for the pr of the leading tau lepton candidate after applying the medium selection. The
grey shaded areas in the distributions represent the total errors. In the ratio plot the dark grey area corresponds to
the statistical error while the light grey area illustrates the total error.
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Figure 5.30: Distributions for the pr of the leading tau lepton candidate after applying the hard selection. The grey
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Figure 5.32: Comparison of the expected limits after applying the medium selection and the hard selection.

performed. All systematic uncertainties described in[5.8|and the statistical uncertainties of the
MC samples are taken into account as nuisance parameters in the limit calculation. The limit
is set on the production cross section times branching ratio for third-generation leptoquarks de-
caying to a top quark and a tau lepton.

The results of the limit calculation are shown in figure [5.31] for the medium and the hard selec-
tions. Shown are the observed and expected limits on the cross section times branching ratio
for the process LQ3 — t+ 7. The green bands represent the uncertainties corresponding to one
and two standard deviations. The theory curve displays the next-to-leading order cross section
of the studied process ﬁ [16]]. The observed limit lies well inside the uncertainty bands over
the whole mass range. No indication for new physics can be found. It can be observed that

the medium selection is more sensitive for lower leptoquark masses while the hard selection is

“4For the uncertainties on the theory prediction the scale uncertainties and the pdf uncertainties are considered. The scale uncertainties are
determined by varying the factorization and renormalization scale by a factor 2 and by a factor 0.5. The pdf uncertainties are obtained by
calculating the theory cross sections for each uncertainty eigenvector from the pdf and by adding the differences to the theory cross section in
quadrature [57]]. In order to get the total uncertainty on the theory cross section the scale uncertainties and the pdf uncertainties are added in
quadrature.
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Figure 5.33: Combination of the limits. The medium selection is used for leptoquarks masses lower than 400 GeV,
the hard selection is used for leptoquarks with masses higher than 400 GeV. The transition region between the two
selections is indicated with a gray vertical line. The theory curve displays the next-to-leading order cross section
of the studied process [[16]. The uncertainties on the theory production cross section are determined by adding the
scale uncertainties and the pdf uncertainties in quadrature [37].

more sensitive to higher leptoquark masses.

In order to find out which selection is best for which mass points, the expected limits are directly
compared. The result is shown in figure[5.32] The two expected limits meet at a leptoquark mass
of 400 GeV /c?. In conclusion, the medium selection is used to quote limits for leptoquarks with
masses up to 400 GeV /c?, the hard selection is used for leptoquarks with higher masses.

The combination of both limits is shown in figure [5.33] The transition region between the two
selections is indicated with a grey vertical line.

Production cross sections for third-generation leptoquarks decaying to a top quark and a tau
lepton above approximately 10 pb can be excluded for leptoquark masses of about 200 GeV /c?.
For masses up to 1 TeV cross sections above up to 0.014 pb can be excluded. By comparing
the observed limit with the theory cross sections the limits on the production cross section can
be converted into an upper limit on the mass of the leptoquarks. Third-generation leptoquarks
decaying to a top quark and a tau lepton can be excluded up to masses of 582 GeV /c? at 95%
C.L. All these results are given under the assumption of BR(LQ3; — t+17) = 1.
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5.10. POSSIBLE IMPROVEMENTS OF THE ANALYSIS

5.10 Possible improvements of the analysis

The following aspects of this analysis can still be improved:

* In order to not rely on simulated events and the associated uncertainties as well as to get

higher statistics, the background could be estimated from data.

* One could try to optimize the event selection further. For example, multivariate-techniques
could be used to get a better separation power between the signal and the MC processes.

* The tau lepton identification at high pr could be improved and the efficiency of the tau
lepton reconstruction could be calculated in data and MC.

» The samples after the selections could be split in two orthogonal samples. This would lead
to more degrees of freedom in the limit calculation and could lead to a better limit if a
good partition of the samples can be found. An idea is to separate the events into events
where the tau lepton candidate and the muon candidate have charges with opposite signs
and in events where at least one muon candidate and/or at least one tau lepton candidate
can be found with same-sign-charges. This would have the advantage that the background
estimation is easier in the same-sign sample since here almost all tau lepton candidates are
fakes and the irreducible background is negligible [58]. By estimating this background

from data the limit could be improved further.

* More leptoquark models and more decay channels could be included into the analysis.
The statistics could be doubled by requiring at least one electron candidate instead of one

muon candidate and then combining the results.

* In the appendix [A] a study is shown based on an event selection with top tagging. The ap-
plication of top-tagging in the search might be an interesting option for the design centre-of
mass energy of the LHC of 14 TeV. In the performed analysis at a centre-of-mass energy
of 8 TeV the top tagger used is unfortunately not efficient enough in the pr-range of the
top quarks from the leptoquark decays, such that not enough events are left after the se-
lection to calculate a limit. However, with more data, a higher centre-of-mass energy and
a top tagger which is more efficient at lower transverse momenta, like for example the
HEP-Top tagger [59,160], the application of top-tagging might be an interesting option for
a search for leptoquarks. This could also help to extend this search into an all-hadronic

+ 7 channel. In combination with the presented search this could improve the result further.
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Chapter 6

Conclusion

In this thesis a search was presented for pair production of third-generation scalar leptoquarks
decaying into a top quark and a tau lepton using proton-proton collision data recorded by the
CMS experiment at the LHC in the year 2012. The search for leptoquarks is motivated by the
symmetry between quarks and leptons in the Standard Model. Many theories beyond the Stan-
dard Model like GUTs, Compositeness and Technicolor predict the existence of leptoquarks.
Searches for leptoquarks have been performed in many channels and at many colliders. A
search for third-generation leptoquarks decaying into a top quark and a tau lepton has never
been performed so far. Therefore, and because of the very rich final state, different selections
were studied in order to find an optimized selection for the search. All studied selections are
based on one hadronically decaying tau lepton, one muon, three jets and high Hr and £;. A
looser selection which is more sensitive to lower leptoquark masses and a selection with harder
cuts more sensitive for higher leptoquark masses were chosen based on the best expected ex-
clusion limits. The final interpretation of the result is based on the distribution of the transverse
momentum of the leading tau lepton, which shows a high sensitivity for different leptoquark
masses. Since tau leptons play an important role in this study, the fake rates for tau leptons
were determined in data and MC. They were found to be at the order of a few per cent, but
different in Data and MC. Therefore scale factors were derived depending on pr of the leading
tau lepton. These were applied on the fake tau leptons in the simulated samples in order to
eliminate the impact of the different fake rates in data and MC simulations.

After applying the chosen selection no excess over the Standard Model expectation was ob-
served. In a statistical interpretation of the results limits on the cross section times branching
ratio were set. Third-generation leptoquarks decaying to a top quark and a tau lepton could be
excluded up to masses of 582 GeV/ c? at 95% C.L. Since this was the first search in this channel,
this is the highest available limit up to date.
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Appendix A

Search for leptoquarks with top tagging

An alternative approach to the presented analysis strategy is to search for third-generation lepto-
quarks decaying to a top quark and a tau lepton by requiring a hadronically decaying top quark,
with the usage of top tagging in the event selection. A study on this is shortly introduced in
this chapter. The idea of top tagging is explained in section[A.I] The clustering of jets with the
Cambridge/Aachen (CA) algorithm, which are the input for the top tagging algorithm, is ex-
plained in section[A.2] The Johns Hopkins Top Tagger, which is the top tagging algorithm used
in this study, is introduced in section[A.3] Afterwards the studied selection with top tagging is
presented in section [A.4]

A.1 Top tagging

The current limits on leptoquarks (see section[2.3.3)) indicate that leptoquarks will be very heavy
if they exist. This means that the top quarks into which they decay have a very high transverse
momentum. The decay products of the top quarks are therefore highly boosted and very often
clustered in one jet. These jets have a very characteristic substructure, which can be used to dis-
tinguish top-jets from the light quark and gluon background. The top-jet contains three subjets
where one is a b-jet and the other two have the invariant mass of a W-boson. This information
can be used to distinguish top-jets from jets from light quark and gluon production which in
general do not have this particular substructure.

There are different top tagging algorithms available, a detailed overview can be found for exam-
ple in [61]. In this study the so called CMS Top Tagger, which is based on the Johns Hopkins
Top Tagger, is used [62]. It uses C/A jets as input and reconstructs subjets by reversing the

clustering sequence.

A.2 The Cambridge/Aachen jet clustering algorithm

The Cambridge/Aachen algorithm [335] is a sequential recombination algorithm. It is collinear
and infrared safe. Like the anti-k;-algorithm, described in particle-flow objects are used as
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A.3. THE JOHNS HOPKINS TOP TAGGER

input for the jet clustering. For each pair of particles i and j the distance
2

dij = —

(A.1)

is calculated, where ARS is given by ARIZJ = (yi—y;)*+ (¢; — ¢;)*. The parameter R is the cho-
sen cone size of the jet. If the minimum of the distance between particle i and j is smaller than
one, the corresponding particles are combined to a new particle and the algorithm starts from
the beginning. This procedure is repeated until all particles have a distance AR;; > R. Each of
the final particles is called a jet.

There is no weight according to the momentum in the distance measure, as for example in the
anti-k;-algorithm and the order of the clustering steps depends only on the angular distance
between the particles. By reversing the clustering history hard subjets can be found with less
ambiguity than in other jet algorithms. Therefore, C/A jets are well suited as an input for top
tagging algorithms.

A.3 The Johns Hopkins Top Tagger

The Johns Hopkins Top Tagger [62] is based on C/A jets with a cone size of R = 0.8. The CMS
Top Tagger reverses the clustering of the C/A jets. Two decomposition steps are performed.
In the first step the jet clustering is reversed until the algorithm finds two clusters which carry
a significant amount of the momentum of the initial jet and which are well separated. If such
clusters cannot be found, the initial jet is considered to have only one subjet, namely the initial
jet, and the algorithm stops. If the algorithm finds two clusters, it tries to decluster both of them
further. In this way a maximum of four subjets can be found.

In order to test the separation of the clusters often a pr-dependent criterion is used, which is in
the case of the CMS tagger

V11 = m2)2 4 (91— 62)? > 0.4~ 0.0004 x p§. (A2)

In this equation pg is the transverse momentum of the jet from which the corresponding cluster-
ing step started. This ensures that the distance is smaller for initial jets with higher momentum,
which is motivated by the fact that jets with higher transverse momentum are more collimated.
If only one of the found clusters satisfies the momentum criterion, only this one is considered
in the following step of the algorithm. The other cluster is ignored.

With the so found subjets the mass of the initial jet (m;je,) is calculated by adding the four-vectors
of the individual subjets. Moreover from the three subjets with the highest transverse momen-
tum the invariant mass of each pair is calculated if at least three subjets were found. From these
three masses the minimum mj, is considered in the following.

In order to be top tagged the initial jet has to fulfill the following criteria.
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Figure A.1: Distribution for the pr of the leading tau lepton candidate before and after the selection described in
The signal samples are scaled with a factor 100 for leptoquarks with a mass of 300 GeV /c? and with a factor
1000 for a leptoquark with a mass of 1 TeV.

« The total jet mass has to fulfill 140 GeV /c? < mje; < 250 GeV/ ¢, corresponding to the
top quark mass.

* The variable mp;, has to be higher than 50 GeV/ c?, so that two subjets have a mass near
the mass of the W-boson.

* At least three subjets have been found.

A.4 Selection with top tagging

Instead of requiring a lepton in the event selection, a top tag and therefore a hadronically de-
caying top quark, can be required in order to select the leptoquark candidate events. Different
selections have been tried. The one which gave the best result for the signal over background
ratio is introduced here. The studies have been performed on the first 4.4 fb~! of the data set
recorded in the year 2012 by the CMS experiment.

An event cleaning on the primary vertices, jets and tau leptons is performed as described in
section[5.3] The only difference is that tau leptons with || < 2.3 instead of || < 2.1 are used.
In order to pass the selection the events have to have

* at least one good primary vertex,

« at least one C/A jet with pr > 400 GeV /c?, which has been tagged by the Johns Hopkins
Top Tagger,

« at least two hadronically decaying tau lepton candidates with py > 40 GeV /c?.

The distributions for the pr of the leading tau lepton candidate in the event before and after the
selection are shown in figure[A.1] Before the selection the main background is the production of
light quark and gluon jets. The value for S/+/B, where S ~ 15.5 is the number of signal events
and B ~ 8.6 - 10° is the number of background events, is with 1.7 - 10~4 very small. After the

selection only a few background events are left. These are mainly events from tt-production and
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Figure A.2: Efficiencies of the Johns Hopkins Top Tagger for (a) the tt sample and (b) the signal sample for a
lepoquark with a mass of 600 GeV /c?

DY events. The value for S/ V/B is with 0.17 much higher than before the selection. However,
only a few signal events (S ~ 0.1, B ~ (0.7) are left after the selection. Thus too less signal
events are left to be able to find leptoquarks or to exclude them.

The reason for this is the low top tagging efficiency of the Johns Hopkins Top Tagger for the

top quarks originating from the leptoquark decays. The top tagging efficiencies have been de-
termined in MC. In order to determine the top tagging efficiency a matching between generated
top quarks and the reconstructed C/A jets is done. If a generated top quark decaying to hadrons
is found in a distance of AR < 0.8 to a C/A jet, it is checked if this jet was tagged by the top
tagger. The number of tagged jets divided by the number of jets which could be matched to
a generated top quark gives the efficiency of the top tagger. The efficiencies are shown as a
function of the pr of the jets in figure They have been determined in the tt sample and
in the signal sample for leptoquarks with a mass of 600 GeV /c?. The top tagger reaches the
highest efficiency (nearly 60%) for top quarks with a pr higher than 600 GeV /c. For very high
transverse momenta the efficiencies decrease again, because at such high momenta the decay
products are so close to each other that not all three subjets can be reconstructed anymore.
The pr distribution for top quarks originating from the decay of letpoquarks with a mass of
600 GeV /c? is shown in figure Most of the top quarks have a transverse momentum
around 300 GeV/c? and only in a fraction of events top quarks have transverse momenta of
600 GeV /c? and more.

In figure [A.3(b)] the distance between the decay products of the top quarks are shown as a
function of the pr of the top quark. In order to be clustered into a C/A jet the b-quark and the
W-boson must have a distance smaller than AR = 0.8. Only very few top quarks with a trans-
verse momentum of less than 300 GeV /c fulfill this requirement. So most of the top quarks
in the signal sample for a leptoquark with a mass of 600 GeV/ c¢? are not tagged by the John
Hopkins Top Tagger.

In conclusion, the studied top tagger is too inefficient in the pr region of top quarks from lep-
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Figure A.3: (a) Pr distribution for the top quarks from the decay of a leptoquark with a mass of 600 GeV /c?, (b)
Distance R = /An? + A¢? between the decay products of the top quarks from a leptoquark decay with a mass of
600 GeV /c? as a function of the pz of the top quark.

toquark decays with masses between 300 and 600 GeV /c? since the decay products of the top
quark are not collimated enough to be clustered in a C/A jet with a cone size of AR = 0.8. Thus
too few events are selected such so that a statistical interpretation of the results after applying a
selection with top tagging is not possible. However, with data at higher centre-of-mass energies
or with a top tagger which is more efficient at low transverse momenta, the application of top

tagging might be an interesting option for the search for third-generation leptoquarks.
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