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Abstract

Currently, a fourth generation of fermions can not be excluded, neither based on
theoretical arguments nor by experimental constraints. In this thesis a method
developed to extract a signal coming from quarks of such a fourth family with the
ATLAS detector at the Large Hadron Collider is presented. The search is performed
with the selection of final states containing two same-sign charged leptons, which
is a rare Standard Model signature. The signal extraction method presented is
a cut-based counting analysis and includes a data-driven background estimation.
The analysis is tested on pseudo data which were created from simulated data sets.
Furthermore, the uncertainties on the obtained results are estimated by a so-called
"Toy Monte Carlo Study". An optimisation of the cuts is finally performed using a
multivariate analysis in order to maximise the significance.

Zusammenfassung

Bis heute konnte eine vierte Familie von Fermionen nicht ausgeschlossen werden,
weder auf Grund von theoretischen Argumenten noch durch experimentelle Ergeb-
nisse. Das Ziel dieser Arbeit ist die Entwicklung einer Methode zur Extraktion
eines Signals von Quarks dieser vierten Familie beim ATLAS Experiment am Large
Hadron Collider. Die Suche erfolgt dabei mit der Selektion von Endzustinden mit
zwei gleich geladenen Leptonen, welche eine seltene Signatur im Standardmodell
darstellen. Die vorgestellte Signalextraktionsmethode ist eine auf Selektionsschnitte
basierte Zahlanalyse und bietet die Moglichkeit auftretende Untergriinde mittels
Daten zu kontrollieren. Die Analyse wird an Pseudodaten getestet, welche aus
simulierten Datensétzen erstellt wurden. Auflerdem werden die Unsicherheiten auf
die Ergebnisse mit einer sogenannten "Toy Monte Carlo Studie" ermittelt. Schliefilich
wird eine Optimierung der Schnitte mittels einer multivariaten Analyse durchge-
fithrt, um eine groftmogliche Signifikanz zu erhalten.
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1. Introduction

The Standard Model of particle physics provides a full description of elementary particles
and their interactions. It is highly successful in describing experimental results from high
energy experiments. Observations from cosmology, indication of neutrino mixing and the
missing connection between the Standard Model and general relativity imply, that there
is room for an extension of the current Standard Model. Many such extensions were
proposed, probed and dismissed in the last decades. One straight forward extension,
that could potentially help explaining the dark matter content of the universe or the
mechanism of Baryogenesis [1], would be the presence of a fourth family.

Three generations of fermions have been experimentally verified. However, a fourth
family can not be excluded at this point, neither based on theoretical arguments nor by
experimental constraints. Direct searches at previous and present particle physics ex-
periments set limits on fourth generation particles masses. The non-discovery indicates,
that new experiments at higher energies are needed for continuative searches. A new
powerful particle accelerator is the Large Hadron Collider (LHC [2]) at Geneva. With
its center of momentum energy of up to 14 TeV it has the capability of discovering (or
excluding) a fourth generation of fermions.

The aim of this thesis is to introduce a strategy for the search for the fourth generation
quarks. The decay channel examined is presented and possible background processes
are discussed. Furthermore, a signal extraction method is explained, which aims at
measuring a fourth generation signal on data taken with the ATLAS [3] detector.

The structure of this thesis is as follows: This chapter gives an introduction to the
Standard Model and the facts concerning the fourth generation fermions relevant for this
thesis. Besides, a short description of the LHC accelerator is given. Chapter 2 describes
the ATLAS detector and its components. In chapter 3, different algorithms used for the
reconstruction of physical objects at ATLAS are explained. The analysis is discussed
in chapter 4, together with the particle and event selection criteria. The results and an
outlook of further studies are presented in chapter 5.

1.1. The Standard Model of particle physics

The Standard Model describes the physics of the three fundamental interactions of the
electromagnetic, strong and weak force. The elementary constituents of the Standard
Model are twelve fermions with spin 1/2 and 8 + 3 4+ 1 gauge bosons with spin 1. Each
fermion has a partner with opposite charge and quantum numbers, but same mass: its
antiparticle.

The fermions are grouped into six quarks and six leptons, whereas the quarks carry
each of the electromagnetic, strong and weak charge, the leptons only interact electro-
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magnetically and due to the weak force with each other. The fermions are illustrated in

First family | Second family | Third family | Elm. charge [e]
up-type quarks u (up) ¢ (charm) t (top) +2/3
down-type quarks | d (down) s (strange) b (bottom) -1/3
neutrinos Ve vy Uy 0
charged leptons e u T -1

Table 1.1.: Fermions of the Standard Model divided into three families. The electromag-
netic (elm.) charges are given in units of the elementary charge e.

table 1.1.
The relative strength of an interaction is given by its coupling constant «; and strength
g; with

_g

(673 .
4

(1.1)
In perturbation theory, the amplitude of a particle transition via an interaction can be
described in terms of a power series in the coupling constant. Figure 1.1 illustrates a
typical Standard Model fermion pair production process in form of a Feynman diagram.
The Feynman diagram is an illustration of perturbative contributions to the amplitude

h fa

Figure 1.1.: Annihilation and production of a fermion pair by exchange of a gauge boson
g, W, Z, or v (see table 1.2).

of a process. The shown graph is a first order diagram (called tree-level diagram), where
the coupling strength appears at the two vertices. Graphs with more vertices (e.g. due
to additional loops) are higher order diagrams that describe contributions from higher
order terms in the power series of the amplitude.

A summary of the range and coupling constants of all fundamental interactions is given
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in table 1.2.
Force Boson(s) Elm. Mass Range Coupling
charge(s) constant
Strong 8 gluons g 0 0 ~107%m | ag(M32) ~0.119
Weak W+ +1 ~80GeV [4] | ~107¥m | aw(M3) ~1/29
Z 0 ~ 91 GeV [4]
Electromagnetic | Photon ~ 0 0 00 a(M32) ~1/127

Table 1.2.: The elementary forces described by the Standard Model. The corresponding
gauge bosons, their electromagnetic (elm.) charges and masses, the typical
range of the force and the coupling constants at a given mass scale (here
the Z-boson mass Mz ~ 91 GeV) are stated. The scale dependence of the
coupling constants is further discussed in sections 1.1.1 and 1.1.2. The weak
coupling constant ay is calculated from ay = g3, /47 = a/sin? Oy (« is
the coupling constant of the electromagnetic interaction and Oy the weak
mixing angle. See section 1.1.3 for an explanation on the connection between
electromagnetic and weak interaction).

The electromagnetic force is the best studied interaction in science: many experiments
are devoted to study its Quantum Theory that explain the atomic structure, the build-
up of larger molecules and in the classic limit many every day phenomena. In high
energy physics its interactions are described by a Quantum Field Theory (QFT) called
Quantum Electrodynamics (QED), which is further discussed in section 1.1.1.

Many experimental searches for free quarks lead to the conclusion that they only

exist as bound states of either a quark and anti-quark (in the bracket notation of com-
bined wave functions: |¢@)), called mesons, or of three quarks or antiquarks (|q1¢2¢q3) or
|g192g3) ), called baryons. These bound states are held together by the strong interaction.
The lightest quarks, namely the u and d, are the constituents of the nucleons (proton
|p) = |uud) and neutron |n) = |udd)). Due to the "Heisenberg uncertainty principle",
other quark-antiquark pairs (called sea-quarks) can be produced inside the nucleons for
a very short time period At < &. This interval depends on the Planck constant h and
the energy of this temporary state AE. Within these periods every quark flavor can
appear.
Due to the non-perturbative nature of the strong interaction at low energies, the physics
of bound states of quarks is very complicated. The theory describing such strongly inter-
acting phenomena best is a Quantum Field Theory called Quantum Chromodynamics.
Its main characteristics are discussed a bit further in section 1.1.2.

Another macroscopic phenomenon is radioactivity: radioactive decays of atoms are
mediated by the weak interaction. The most simple decay is the 3~ decay, transforming
a neutron into a proton plus a neutrino and lepton pair: |udd) — |uud) + |£) + |v). At
high energies Quantum Electrodynamics and the Quantum Field Theory describing the
weak interactions can be unified, what is called the GSW model after Glashow, Salam
and Weinberg. The parts relevant for this thesis are discussed in section 1.1.3.
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The striking similarity of the order of magnitude of the observed fermion masses
(except the neutrinos), led to the grouping of quarks and leptons into three families,
according to their masses. This is illustrated in figure 1.2. The main topic of this work
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Figure 1.2.: Masses of the Standard Model particles in a logarithmic plot [5].

is to discuss an experimental method to detect fourth generation quarks at the Large
Hadron Collider in Geneva. The theoretical implications of such a fourth family are
discussed in section 1.2.

1.1.1. Electromagnetic interaction

The mediator of the electromagnetic interaction is the photon. It does not carry any
electromagnetic charge and has zero mass. Due to this it travels with the speed of
light and gives the electromagnetic interaction an infinite range. The electromagnetic
interactions can be described by a Quantum Gauge Theory with a gauge group of U(1).
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This abelian gauge symmetry is apparent in the Lagrangian density of the theory

ey 1
Zwl (Z'.YMDM - m) wl + ZF'W/FW/ 5 (12)
which is invariant under U(1) transformations

Wi — ey (1.3)
Ap(z) = Au(z) + Opa(z) , (1.4)

where D, = 0,,+ieA, is the covariant derivative, v* are the Dirac-matrices appearing in
the Dirac equation, e and m are the electromagnetic charge and the mass of the fermion
field v; and F,, = 0,4, — 0, A, the electromagnetic field tensor with the covariant
four-potential of the electromagnetic field A,,.

The connection between the electromagnetic charge e and the coupling constant o of
the theory is given by

€2 1

Through perturbative corrections the coupling constant exhibits a running, as depicted
in figure 1.3. At one loop in perturbation theory this running is given by (see section

(&

I
+

Figure 1.3.: The charge, as it appears in equation 1.5 and as it is measured, is not
explained by the left graph. It is given by an infinite number of higher order
loop graphs.

7.8 in ref. [6] for further reading)

a(y?)
a(Q%) = ¢ _ 1.6
O T (£) Y

where a(p?) is the coupling constant measured at a reference energy u. The strength of
the coupling increases with a higher exchanged momentum.

1.1.2. Strong Interaction

The strong interaction is responsible of binding quarks into hadrons. Its mediator is
the gluon, which is massless and appears with eight different combinations of the color
charges r, g and b. The theory, which is the currently best description of this interaction,
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is the Quantum Chromodynamics (QCD). QCD possesses a SU(3) gauge symmetry and
its Lagrangian density has the form

2) . 1 v,a
> Qs (" Dy — my) Q — 1Gw G (1.7)
!

where D), = 0, + igsGT" is the covariant derivative with the eight generators T
(a=1,...,8) of SU(3), the eight gauge fields G, and the strong coupling strength gs,

G4, = 0,G — 0,G% — gs ™" Gh G, (1.8)
is the field tensor with structure constants f* (a,b,c =1,...,8) and
qr
Q=14 (1.9)
b

is the SU(3)-color-triplet of the quark fields with flavor f and mass ms. Hence, each
quark appears with one of these three color charges, which changes when the quark
interacts with a gluon.

There have not been observed any color charged hadrons so far. Therefore the color
wave function of a hadron has to describe a color neutral state.

The coupling constant of the strong interaction ag = g?g /47 depends on the exchanged
momentum in the interaction. In comparison to QED, where the photon can fluctuate
into fermion loops, the gluons of the QCD can form quark loops and additionally couple
to themselves. This results in a slightly different expression, which is then (at one-loop
level) given by (see section 7.9 in ref. [6])

0e(O2) — 127
5@ (33 — 2n;) log (%ﬁ) ’ (1.10)

where ny is the number of quark flavors, that can contribute to the quark loops at
the energy scale ). This constrains the possible maximum number of quark flavors to
ny < 16. Otherwise arg would become negative. A is defined by

as(A?) =1 (1.11)

and constitutes the region, where perturbation theory is no longer an adequate descrip-
tion of the observed process. A is therefore called the "cut-off parameter" and it lies in
the range of few hundred MeV. If Q? is much higher than A, then ag gets sufficiently
small so that quarks can be described as free particles ("asymptotic freedom"). Figure
1.4 shows the theoretical prediction and some experimental results for ag as a function
of Q2. The coupling increases considerably below values of the order of 1 GeV. The com-
bined result from different experiments for ag at the Z resonance (Q = My ~ 91 GeV)
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Figure 1.4.: Summary of measurements of ag as a function of the respective energy scale
@ [4]. The shown band illustrates the QCD prediction based on a given scale
M.

is [4]:
ag(M2) = 0.1184 + 0.0007 . (1.12)

In contrast to the electromagnetic interaction, the attractive force between quarks in-
creases with growing distance between them. An increasing distance corresponds to
smaller Q2. Figure 1.5(b) displays the potential of the strong interaction between two
quarks, calculated by lattice-QCD and perturbation theory [7]. The potential increases
monotonically and gets almost linear with higher distances. But at a certain distance
of around r ~ A~! (not visible in this plot), the potential energy is sufficient to create
another quark-antiquark pair qq. This process corresponds to the radiation of a gluon
by one of the quarks, which then decays into the gq pair. An illustration of this process
is given in figure 1.5(a). The blue and yellow ball at the beginning represent a quark-
antiquark pair. The "glue" around the quarks illustrates the gluon cloud, which is formed
of the permanently radiated gluons. After increasing the distance to a certain point, the
quark pair splits and another ¢g pair is produced instantaneously. The phenomenon
that quarks do not appear isolated in nature is called "confinement". Since the bound
quarks have to form a color neutral state, the confinement also means the existence of
only neutral color charged objects in nature.



1. Introduction
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Figure 1.5.: The splitting of two quarks and the instantaneous production of an addi-
tional quark-antiquark-pair is illustrated in (a) [8]. Figure (b) shows the
result of lattice-QCD (dots) and perturbation theory (curve) calculations
for the strong potential as a function of the distance [7].

1.1.3. Weak interaction and electroweak unification

The weak interaction mainly appears in decays of particles in form of charged flavor
changing j¢¢ or neutral currents jV¢. These currents couple to the electromagnetic
charged WT- and W~- and the neutral Z-Boson, respectively.

A typical weak flavor changing process is the p-decay (@ — v,e”1,). In this process
two currents J// ™" and J,7¢ appear, which describe the particle transitions pu= — v,
and v, — e~. Due to the flavor change in the process, both currents couple to a W-
boson. The amplitude that describes this process is then of the form [6, Eq. 12.14] (with
the exchanged four-momentum ¢ = —Q?)

[/ 1 9 e
M= <ﬂ‘]5 > TR (\/éju > (1.13)

_ (9 el v (e L
= <\/§u,,u'y 5 (1 ~y )uu> YR <ﬁu6702 (1 ~ )u,,e . (1.14)
At small ¢2, the propagator, which describes the W-boson exchange, becomes

11
M, —¢* My,

(1.15)

Note that the magnitude of the coupling strength g is not responsible for the relative
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weakness of the weak interaction': at low energies the exchange of gauge bosons is
effectively suppressed by the large W-boson mass.
The charged currents have the general form

JH = ﬂf*y“% (1 — 75) Uu; (1.16)
where 75 = iy9y'9243 is formed of the Dirac-matrices, and u; and uy are the fermion
fields of the initial and the final state fermion of the current. While u ;v u; describes
a vector field changing sign of its spatial components under a parity transformation,
ﬂf’y“75ui forms an axialvector field, which does not change its sign under the same
transformation. The term % (1- 75) is also defined as the left-handed projector Pr, =
%(1 —75), that projects the left-handed component of a particle field u. This V-A
(vector-axialvector) form results in the fact, that the gauge bosons W+ and W~ couple
only to left-handed particles. This means, that the particles spin §, projected onto its
momentum vector p, and the momentum itself have to point to opposite directions. Thus

in case of massless particles, the helicity

—

7]

5

h= (1.17)

of the particle is negative.

In contrast to the charged currents, neutral currents JV¢ appear without flavor
changes (at tree-level). These currents have the form
noe _ - L
J, 7 = “Wi(c‘/ —cAvs)u (1.18)
where ¢y and ¢4 describe the vector- and axialvector contributions of the current and
have to be determined by experiment. In the case of ¢y # ca, J /iv ¢ is not a pure V-A

current and has therefore right-handed components. Thus the gauge boson Z can couple
to both, left- and right-handed particles.

From processes like the p-decay, one knows that the flavors of the particles do not have
to be conserved in weak interactions. The flavor can change within one family in the
case of left-handed fermions. This suggests to introduce a quantum number, the weak
isospin I, that changes in flavor changing processes. This isospin classifies the particles
and can be seen as the charge of the weak interaction. An isospin of I = 1/2 is assigned
to the left-handed fermions. Hence these fermions (including leptons and quarks) form

1At any given scale the weak coupling strength is larger than the electromagnetic coupling. See also
Eq. (1.30) for the relation between weak and electromagnetic coupling strength.
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isospin-doublets

U c t

50,0,
L L L

e () () 1.20

(), ), (), a0

and differ by the third component of its isospins

1
U, Cy by Ve, Uy, vyt I3 = —1—5 (1.21)
1
d,s,bye,u,7: I3 = —5 - (1.22)
Given the fact that right-handed particles do not appear in flavor changing currents,
they are assigned a weak isospin of I = 0 and thus form isospin-singlets.
This mechanism can be described by a SU(2)1, gauge symmetry group. The L denotes,
that the weak isospin current couples only left-handed fermions.

The theories of electromagnetic and weak interactions can be unified to a theory
of electroweak interaction. The corresponding model was developed by the physicists
Glashow, Salam and Weinberg and is thus called the GSW-model. As mentioned before,
QED and weak interaction can be described by a U(1)¢, and SU(2), symmetry group,
respectively. The simplest possible group capable of describing such unification is given
by the product SU(2)r ® U(1)y. The U(1)y part does not have to be identical to the
gauge group of QED. The conserved charge of this gauge group is called hypercharge
and is denoted by Y. This hypercharge is connected to the weak isospin I3 and the
electromagnetic charge @ by

Y =2(Q - I3) . (1.23)

The change in the weak isospin in flavor changing charged currents (FCCC) is AI = 1.
Thus an isospin of / = 1 has to be assigned to the three gauge bosons Wy (a=1,2,3) of
SU(2) 1, which form an isospin triplet. In addition, there is one gauge boson B,,, forming
an isospin singlet, which describes the flavor conserving currents. Note that these new
gauge fields are not identical to the physical gauge bosons W*, Z and 7.

In QED, the electromagnetic current j* couples to the photon field A, and forms an
interaction term (section 13.2 in ref. [6])

—iej ™A, . (1.24)

Consequently, the assumption for the unification is that the basic electroweak interaction
term is a combination of the weak isospin current J*, coupled to the fields WZL with

10
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strength g, and the current J¥ coupled to a single vector field B,, with strength ¢':
. . g,
—ig(J )W) — ¢§(JY)“Bu . (1.25)

Two symmetry groups still remain with independent coupling strengths g and ¢'. It is
not possible to add mass terms for these gauge fields in the corresponding electroweak
Lagrangian, because they would not leave the Lagrangian gauge invariant under SU(2)1
transformations. These masses have to be generated by spontaneous symmetry breaking
and the Higgs mechanism (for further reading see chapter 15 in ref. [6]). This results in
two fields

1
WE=—
V2

describing the massive charged W+ bosons. The mass terms for W;’ and B, are more
complicated and contain the non-diagonal mass matrix M. The corresponding term in
the Lagrangian is proportional to:

< (W3, B,) M (W;M> . (1.27)

After diagonalizing the matrix M, one obtains the physical fields for the massless photon
A, and the massive Z-boson Z,,

(Wesw2) , (1.26)

A, = By cos O + Wg sin Oy (1.28)
Z, = —B,sinOw + WS cos Oy (1.29)

which are mixed states of the SU(2)y, field W7 and the U(1)y field B,,. These mixed
states denote the unification of electromagnetic and weak interaction. The strength of
the mixing is described by the Weinberg angle Oy (sin? Oy ~ 0.23), which is given by
the two coupling constants ¢’/g = tan Oyy. The Weinberg angle connects the weak to
the electromagnetic coupling;:

gsinOp = ¢ cos Oy = e . (1.30)

In order to introduce quark mass terms in a way that does not spoil gauge invariance,
the terms have to be generated by symmetry breaking, following a procedure similar to
the WS and B,, mass generation. The resulting mass terms for the down-type quarks
have the form [9]

Lam=—[Q1GQr+ QG QL) (1.31)

11
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with the left- and right-handed quark triplets

dl
Qrr=|¢ (1.32)
/
b L/R
and the non-diagonal quark mass matrix G. The down-type quark fields are denoted as
d', s and V', since they are not necessarily identical to the physical quark fields (This
notation should not be confused with the notation for the fourth generation quark ¥/,
which will appear in the following sections. The description of the non-physical quark
fields d’, s’ and ¥’ will only be used in this section.). The same applies for the up-type
quarks with a mass matrix G.
Both mass matrices G and G cannot be diagonalized simultaneously. The common choice
is to diagonalize the up-type quark mass matrix G. As a result, one obtains a mixing
of the down-type quark fields. These fields d’, s’ and o', which couple to the W-bosons
in charged weak currents, are then rotated states of the (physical) mass eigenstates d, s
and b:

dIZVud'd—l-Vus'S—i-Vub'b (1.33)
' =Veg - d+Ves -5+ Vb (1.34)
b/:th'd—FWs'S-‘thb-b. (1.35)

The parameters V;; describe the mixings of these states. Using these parameters, the
charged weak current can then be written as (Eq. 12.119 in [6])

A Wl =7 d
J“:(a ¢ t) = Verar | s | (1.36)
b

where Vogas is the unitary 3x3 quark-mixing matrix, also called the CKM matrix
(Cabibbo-Kobayashi-Maskawa matrix)

Vud Vus Vub
Ve = | Vea Ves Vo | - (1.37)
Viae Vis Vi

In the case of N fermion families, Vo extends to a NxN matrix. In total, the matrix
consists of 2N? parameters, since each component has a real and complex part. From

12



1.2. A fourth generation of fermions

the unitarity of the matrix, one can construct N2 unitary conditions

N

SVl =1 (1.38)
k=1

N
> IValP=1 (1.39)
n=1

for all rows k and columns j. The 2N quark fields can each be changed by additional
phases. These phases are not visible in physical observables and the phase changes are
not altering the physics. Hence, one has the freedom to redefine these phases in a way,
that 2N — 1 phases vanish and one overall phase remains. The resulting number of
parameters in the NxN quark mixing matrix is then:

2N? - N? — (2N-1) =N?-2N+1 (1.40)
.\’f ——
unitarity

phase redefinition

=(N—-1)2. (1.41)

The values of the (N — 1)? parameters can not be predicted within the Standard Model
and have to be measured by experiments. In the case of three families, one remains with
4 parameters. These consist of three real parameters and one overall phase factor.

A possible parametrization for the matrix with these parameters is to introduce three
Euler angles (612, 013, 023), describing the mixing between the three families 1, 2 and 3,
and a phase angle . The CKM-matrix is then of the form (see chapter 11 in ref. [4]):

c12€13 512€13 s13e”"
i i
Vexkm = | —s12023 — c12523513€"  C12C23 — $12523513€" s23C13 | - (1.42)
10 1)
512823 — C12C23513€"0  —C12823 — S12C23513€"°  C23C13
si; and ¢;; describe the sinus and cosinus of the mixing angle 0;;:
Sij = sin Hij (1.43)
Cjj = COS Qij . (1.44)

The complexity of the CKM matrix (§ # 0 or § # ) is a source of CP violation (see
[10]), e.g. a non-invariance of physical states after parity and charge transformations.

1.2. A fourth generation of fermions

The Standard Model currently describes the presence of three fermion families (see
section 1.1).

Measurements of the hadronic production cross section at the LEP experiment [11]
predicted the number of light neutrino families. Figure 1.6 illustrates the measured
cross sections as a function of the center of mass energy around the Z resonance. The
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1. Introduction

curves indicate the theoretical Standard Model prediction for the cases of two, three and
four light neutrino families. One notices a good consistence with the three family case.
However, this does not exclude a neutrino of a fourth family. It only constrains its mass

=
= | A
Z3[ ALEPH |30\
- DELPHI \
L3
- OPAL
20
:+ average measurements, |/

error bars increased [/
by factor 10

10

86 88 90 92 o
E_[GeV]

cm

Figure 1.6.: Measurements of the hadronic production cross section around the Z reso-
nance, done at the LEP experiment [11]. The curves indicate the theoreti-
cal Standard Model prediction for the cases of two, three and four neutrino
families.

to be at least m,, > %

The existence of a fourth generation neutrino would also mean the presence of two
additional quarks and a charged lepton in the same family, because the numbers of
quark and lepton families have to be equal in the Standard Model. This is due to
the requirement of a renormalizable gauge theory, which demands a cancellation of
"anomalies" due to fermion loops, like the triangle diagram shown in figure 1.7. Each
diagram with a specific fermion f itself gives an infinite contribution to the amplitude
of this process, spoiling the renormalizability of the Standard Model. This arises from
the momentum integral of the fermion loop. Moreover, each diagram is proportional to
o CQQ? with the electric charge @ and the axial coupling to the weak neutral current

cf; of a fermion f. With the known charges of the fermions () and considering the three
color charges of the quarks (N¢ = 3), the total anomaly only vanishes by the summation
of a neutrino (f = v), a charged lepton (f = ¢), an up-type (f = u) and a down-type
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1.2. A fourth generation of fermions

Figure 1.7.: Feynman graph showing the triangle anomaly. A Z-boson turns into a
fermion loop, which radiates two photons.

(f = d) quark contribution in each family i (see section 12.12 in ref. [6]):

N

< Y [Qu; + Qe + Ne - (Qu, + Qa,)] (1.45)

1

Il
—

S0+ (—1) +3- (+2/3 + (=1/3))] =0 . (1.46)

s

Il
—

1

N denotes the total number of fermion families.

By adding the 4th family to the Standard Model fermions, the table in section 1.1 has
to be enlarged by a new column containing the new particles. In the following, these
new particles will be referred to as t’ (the up-type quark), & (the down-type quark), v4
(the neutrino) and ¢4 (the charged lepton). Table 1.3 summarizes the particles.

The quark mixing matrix, mentioned in section 1.1.3, also has to be modified. It will
turn into a 4x4-matrix:

Vud Vus Vub Vub’
Vea Ves Vo Vew
Via Vis Vi Vi
Viia Vs Vin Vi

VAEL = (1.47)
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Ist family | 2nd family | 3rd family | 4th family | charge [e]
up-type quarks u (up) ¢ (charm) t (top) t’ +2/3
down-type quarks | d (down) | s (strange) | b (bottom) b’ —1/3
neutrinos Ve vy Vr V4 0
charged leptons e 7 T 4y -1

Table 1.3.: Fermions of the Standard Model with an additional 4th family. The charges
are the electromagnetic charges given in units of the elementary charge e.

In the case of N = 4 families, the matrix is now determined by (4 — 1)? = 9 parameters
(see section 1.1.3), which split up into six real parameters and three phase angles. Like
in the 3x3 case, these parameters also have to be determined from experiment. For the
standard parametrization, introduced in equation (1.42), one has to multiply the matrix
of the three family case Vgﬁfg’M by three new matrices, describing the mixing of the fourth
family with the other three known Standard Model families:

0 10 0 0
V33 0 01 0 0
4x4 CKM
VCKM_ 0 % 0 0 C34 S34 %
0 0 0 1 0 0 —s31 c34
1 0 0 0 cay 0 0 spqe
0 Co4 0 824671'62 0 1 0 0
“lo 0o 1 0o || o o1 0 (1.48)
0 —8246i62 0 C24 —814€i63 0 O C14

The new Euler angles (614, 024, 034) denote the mixings between the fourth family and
the other three families. The phase angles are described by d1, do and d3. s;4 and cjy
(1 =1,2,3) are the sinus and cosinus of the angles 614, 624 and 6s34.

1.2.1. Motivation for a fourth generation

As long as a fourth generation is not ruled out, it is mandatory to search for such new
particles in order to definitely decide whether the Standard Model has to be extended
in this sense. Moreover, the existence of a fourth family could have significant impact
on the Standard Model parameters or possibly provide ways to solve open problems of
the Standard Model.

There are discussions about a possible role of the fourth generation in the explanation
of the baryon asymmetry in the universe (BAU). One necessary condition to generate
the BAU is the violation of the CP invariance (CPV) [12]. In the case of three families,
the CPV introduced by the CKM matrix is too small in order to explain the BAU. But
the large masses of the fourth generation quarks could provide an enhancement in the
CP violation. See ref. [1] for further reading.

Due to the high masses of the new particles, a fourth family could play an important
role in the electroweak symmetry breaking (EWSB). With quark masses as high as
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1.2. A fourth generation of fermions

~ 600 GeV, these fourth generation quarks could form a condensate via a new "strong"
interaction. This condensate could then appear as a scalar field that would be responsible
for the EWSB. Even if this "strong" interaction does not exist, a fourth generation would
have an impact to the phenomenology of EWSB due to the strong coupling to the Higgs
boson. See ref. [13] and [14] for further reading.

The introduction of a fourth family results in contributions to oblique electroweak
(EW) corrections. EW precision variables (like the decay width and the mass of the
Z-boson) can be parametrized by the three parameters S, T' and U (also known as
Peskin-Takeuchi parameters [15]). These are defined in a way that at a reference point
in the Standard Model, with a particular value chosen for the Higgs boson mass, results
(S,T) = (0,0). The parameter U can be set to zero, since it is in all calculations very
small (U < 0.02). Thus, U will not be considered in the following.

The introduction of new physics (such as a fourth family) results in shifts (AS and AT)
of these parameters. Fits of the electroweak data provide constraints on the oblique
parameters and therefore constrain new physics. Figure 1.8(a) illustrates the 68% confi-
dence level ellipse in the (S, T)-plane, obtained by the fit of the LEP electroweak working
group (LEPEWWG) [16]. They find that the Standard Model (with defined Higgs bo-
son and top masses of mpy = 115GeV and m; = 170.9 GeV) lies inside this ellipse. But
higher Higgs masses would move the point outside of this ellipse by an increase in .S and
a reduction of 7. This is denoted by the red solid curve in figure 1.8(b).

The effect of increasing the Higgs boson mass can be compensated by introducing a
fourth generation. This would give an additional shift in S and T', depending on the
masses of the new particles ([18] and [19]):

N, 2/ 2
AS =2 <1 —2y [m Tt mg‘*D (1.49)
6m mg, my,
N, m2 —m2\’ m2, —mf, \’
AT = 1271'52c c? ( tm : > " R . . (150
wew Z mz

This only applies if the fermion masses are nondegenerate. With higher Higgs boson
masses, the shifts could move the point back into the ellipse in such a way, that the
constraints extracted from the measurements are still fulfilled. Figure 1.8(b) illustrates
the change of the S and T values for some combinations of masses for the new fermions
and the Higgs boson. The corresponding values can be seen in table 1.4. The fit to
EW precision data is in agreement with the existence of a fourth family in each mass
scenario.

In the scenario with three families, the point lies clearly outside the 95% confidence
ellipse for Higgs boson masses above 200 GeV. Due to the logarithmic dependence on
the mass ratios in AS, higher mass differences would generally provide larger shifts in
T than in S. By choosing suitable masses for the fourth generation particles, this would
permit higher Higgs boson masses up to 750 GeV, when demanding an agreement with
the data within the 95% confidence ellipse [18].

Due to the dependence of the shifts in S and 7" on the ratios and differences of the fourth
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(a) EW ST fit (b) Shift in S,T by a 4th family

Figure 1.8.: Figure (a) shows the 68% confidence level constraint on the S and T pa-
rameter obtained from a fit to electroweak precision data performed by the

LEPEWWG [17].

Figure (b) illustrates the shift in S, T by adding additional 4th generation
fermions with different mass combinations (blue arrow lines), listed in table
1.4, and increasing the Higgs boson mass (red soline line) [18]. Both, the

68% and the 95% confidence level ellipses are shown.

generation fermion masses, the constraints from the EW precision fits provide restric-
tions on the mass relations of the new quarks and leptons. It is obvious that the mass
differences cannot be arbitrarily large in order to fulfill the experimental constraints.

Parameter set ‘ my [GeV] my [GeV] mpy [GeV] ‘ AS

AT

Table 1.4.:

(a) 310 260 115 0.15
(b) 320 260 200 0.19
(f) 400 325 300 0.21

0.19
0.20
0.25

Parameter sets for the shifts in the (S,T") parameter space (figure 1.8(b)),
due to a 4th family. The lepton masses are fixed to my, = 155GeV and

my, = 100 GeV [18].

1.2.2. Search limits

Searches for fourth generation quarks and leptons at Tevatron and LEP have led to mass
limits, which are discussed in more detail in this section.
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1.2. A fourth generation of fermions

Searches for the heavy quarks have been performed by the CDF [20] and D@ [21]

experiments at the Tevatron. The current known mass limits were obtained from CDF.
In the search for the ¢’ [22] has been assumed a pair production ¢’ t' of short-lived particles,
which decay into a W-boson and a down-type quark (¢ = d, s,b) each. One of these W-
bosons is assumed to decay leptonically. This results in the requirement of at least four
jets, one single lepton (electron or muon) and missing transverse energy (K > 20 GeV).
A binned Likelihood fit was used to extract the amount of signal and background events
from a data set corresponding to an integrated luminosity of 2.8 fb~!. These are used to
set an upper limit on the production rate and the cross section times branching fraction
(o - B) of this process. By comparing this limit with the theoretical cross sections of
processes with different ¢’ masses, this gives a lower limit on the ¢’ mass of my > 335 GeV
at a 95% confidence level.
In the search for the ¢’ [23] has been supposed a b'd/ pair production. Each b’ is assumed
to have a short lifetime and to decay via b’ — tW — bW W into two oppositely charged
W-bosons and one b quark. The resulting final state is: WTWTW-W~bb. In the
analysis, events with two same-sign charged leptons (electrons or muons), one b-jet, one
light quark jet and missing transverse energy (Fr > 20 GeV) were selected. As for the
t' search, a Likelihood fit was done and limits to the cross section were calculated. By
comparing with the theoretical predictions, a lower limit of my > 338 GeV was set at a
95% confidence level.

Searches for the heavy leptons have been performed by the L3 experiment [24].

In the search for the charged lepton ¢4 [25] has been assumed a pair production via the
decay of a directly produced Z-boson or photon . They distinguish between different
scenarios:

e The charged heavy lepton has a short lifetime and decays into a W-boson and either
one light neutrino or one neutrino of the fourth generation v4. The W-bosons have
to decay either leptonically or hadronically.

e The /4 is assumed to be long-lived so that it traverses the detector without a decay.
In this case, events with two back-to-back high momentum tracks were selected.

For each scenario, the observed events are extracted from a data set corresponding to an
integrated luminosity of 450 pb~!. Lower mass limits are calculated for each scenario by
comparing the determined cross sections with the theoretical cross sections. The lowest
limit excludes heavy charged leptons of a fourth generation with masses below 100.8 GeV
at a 95% confidence level.

In the search for the heavy neutrino v4 [25], a pair production v4vy was assumed, but
only via the decay of a Z-boson. Neutrinos only participate in weak interactions. The
analysis was split into two scenarios: The fourth generation neutrinos are either Dirac
or Majorana (neutrino and anti-neutrino are the same particle) particles. The search
was restricted to neutrinos with a decay length smaller than 1cm. This is done in
order to avoid decays far away from the interaction point and to ensure high detection
and reconstruction efficiencies. They considered decays of the neutrino into electrons,
muons or taus and an additional W-boson. In the same way as in the ¢4 search, they
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calculated lower mass limits for each decay and neutrino (Dirac or Majorana) scenario.
The lowest limit for the Dirac neutrino is mi’mc > 90.3 GeV and for the Majorana
neutrino m}/%orane > 80.5 GeV.

All previously discussed mass limits are summarized in table 1.5.

Particle Mmin [GeV] | Experiment
¢ 335 CDF [22]

Y 338 CDF [23]
ypirac 90.3 L3 [25]
yjlajorana 80.5 L3 [25]

ly 100.8 L3 [25]

Table 1.5.: The current mass limits on fourth generation fermions at a 95% confidence
limit.

1.2.3. Constraints on CKM matrix elements

The absolute values of several elements of the 3x3 CKM matrix are already precisely
measured. The ones most precisely determined, including their uncertainties, are sum-

CKM matrix element Value [4]
Vad 0.97425 4 0.00022
Vs 0.2252 + 0.0009
Ved 0.230 4 0.011
Ves 1.023 £ 0.036
Vb (40.6 +1.3) x 1073
Vub (3.89 £0.44) x 1073

Table 1.6.: The most precisely measured CKM matrix elements with their uncertainties.
Further details on how these elements have been measured are described in
chapter 11 of ref. [4].

marized in table 1.6.

In the four family case, the CKM matrix turns into a 4x4 matrix, as mentioned
in section 1.2. Furthermore, the introduction of the fourth generation has influences
on the extraction methods of the already determined 3x3 CKM matrix elements. For
instance, the branching fractions of tree-level W-boson decays yield further constraints
on the element |V.4| (this applies also for the three family case, but a fourth family
gives further constraints). The same applies for the constraints from top quark decay
branching fractions on the element |Vj|. The extraction of the most precisely measured
CKM element, |V,4|, considerably depends on the accurate measurement of the Fermi
constant Gr. Due to the fact that the extraction of G has to be reconsidered in the
four family scenario, this also influences the determination of |V,4|. See [26], [27] and
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1.2. A fourth generation of fermions

[28] for further information on the influences on the CKM matrix by the introduction of
a fourth generation.

The above mentioned changes of the constraints on the 3x3 CKM matrix elements
and the unitarity of the 4x4 CKM matrix can now be used to obtain values and allowed
ranges for the fourth generation CKM matrix elements. For instance, the unitarity
relations for the first three rows can be used to determine the absolute values of the
following elements:

Vi[> = 1= [Vaa|* = |Vas|* = |Vis|? (1.51)
Ve |> = 1= [Veal® = [Ves? = [Vaa|? (1.52)
Vig|? =1 = [Vial* = [Vis|* = [V | (1.53)

(1.54)

Similar relations can be used for the other elements. The estimation of the values was
done using a global fit to several quantities with the CKMfitter [29] package in ref. [28].
The obtained central absolute values and the corresponding 1o standard deviations are
as follows:

0.97414 5 50055 0-2245 50015 (4.20055575) - 1072 0.0255 5553

0.225670001L  0.9717+0:902  (41,097045) . 1073 0.05770-097

VERMl =
M 0.001+0:985 (0210044 0.910+0:079 0.41+9:1
0.039 0.12 0.14 0.078
0.01315:053 0.0470 4 0.4170 37 0.9107 5085

(1.55)

In quark transitions with flavor changes, e.g. b’ — t, the considered amplitude M is
proportional to the corresponding absolute CKM element squared: M o |V |2. Hence,
the elements |Vjy| and |Vi;| describe the strength of the mixing between the fourth
family and the family to which the quarks i and j belong. In the matrix above, the
constraints on the elements |Vyy| and |V allow a sufficient large mixing between the
fourth and the third family with respect to the mixings between fourth and second or
rather fourth and first family:

0.41 > 0.057,0.025 (1.56)
0.41 > 0.04,0.013 . (1.57)

A CKM matrix is now selected by assuming exact unitarity and calculating the ele-
ments starting from the unitarity relation for a row or column. The absolute values of
the elements of the chosen CKM matrix, which is used in this analysis, are as follows:
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0.97417 0.22530 0.00341 0.01460

ot 0.22443 0.97271 0.04117 0.04200

V. = 1.58
Veicu 0.00642 0.03769 0.99413 0.10125 (1.58)

0.02393 0.04062 0.10003 0.99387

It fulfills all given constraints in Eq. (1.55) at least within 20 standard deviations.
Due to its elements |Vyy| and |Vy|, the quark decays b — ¢tW would be preferred with
respect to decays b/ — ¢W and v/ — uW.

1.3. The Large Hadron Collider

The Large Hadron Collider (LHC) is a particle accelerator designed to collide protons and
also heavy ions. It is located near Geneva (Switzerland) at the European Organization
for Nuclear Research (CERN). The LHC is installed in the already existing tunnel,
built for the previous accelerator Large Electron Positron Collider (LEP), and has a
circumference of 26.7km [2].

Before being injected into the main LHC ring, the protons are accelerated by several
pre-accelerators, which were used by previous experiments at CERN. The protons ac-
celerating stages are the following: after ionizing hydrogen gas, the protons are speeded
up by a linear accelerator (LINAC) in form of bunches with up to 10'! protons each.
These bunches get successively injected into different synchrotrons, namely the proton
synchrotron booster (PSB), the proton synchrotron (PS) and the super proton syn-
chrotron (SPS), each accelerating the bunches to higher energies. Finally, these bunches
are transferred into the main LHC ring, where they are accelerated to the energy of
7 TeV. Injecting the bunches into two counter-rotating beams and colliding them at
specific points results in a total center of mass energy of 14 TeV (y/s = 14TeV). An
overview of the accelerator complex at CERN is illustrated in figure 1.9. Although the
design energy of the LHC is 14 TeV, it is currently running only at /s = 7TeV. This is
due to an incident, that occurred after the start-up in September 2008 [31].

When running at design parameters, the LHC can reach a luminosity of £ = 103* cm=2s~1.
This means, that 1034 protons are traversing in the beam pipe per cm? and second. The
luminosity is defined as

ning

L=f (1.59)

: )
ooy

where f describes the collision frequency, n; and ns the number of protons in the two
colliding bunches and o,/, the beam width in z/y direction. With a bunch spacing of
25 ns this results in a bunch crossing rate at the interaction points of 40 MHz.

By multiplying the luminosity with the cross section of a physical process ¢, one obtains
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protons
antiprotons

c
%5

Figure 1.9.: The CERN accelerator complex used for the different acceleration stages
[30]. Also some other experiments are shown, which use the same infras-
tructure. The particle beams start either at LINAC2 with protons or at
LINAC3 with heavy lead ions, depending on the current running mode of
the LHC.

the event rate R for this process:
R=L-0. (1.60)

Although the protons collide at a center of momentum energy of /s = 14 TeV, this
is not the energy available for the particle processes. The exchanged momentum @ in
the process depends on the four-momenta p, carried by the interacting partons. Each
parton contributes with a fraction = to the total four-momentum P of the proton:

p=x-P. (1.61)

The probability density of a parton of type i carrying a specific momentum fraction
x is given by the parton distribution function (PDF) fi(x, @?). It also depends on the
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Figure 1.10.: Parton distribution functions f; and their 1o confidence level uncertainty
bands, multiplied by the momentum fraction z, for several partons in the
proton at two different scales of Q2. The distribution for the gluons is
downscaled by a factor of 0.1. This plot shows the PDFs from the MSTW
group [32].

considered transferred momentum (), which is achievable at a specific proton energy. The
product x- f; is the probability of finding a parton with such a momentum fraction. These
functions cannot be calculated by theory and have to be determined by experiment.
Figure 1.10 shows some PDFs at momentum scales of Q% = 10 GeV? and Q? = 10* GeV?2.
Due to the large contribution in the PDFs, gluons mostly carry the highest fraction of
the protons momentum. Thus processes with the production of heavy particles, which
need large Q?, start with the interaction of gluons. The second highest contribution
comes from the quarks u and d, in which the distribution for the v quark is higher than
for the d quark. Both appear as sea quarks, but the u appears in the form of a valence
quark twice as often as the d. For the other sea quarks (i, d, c¢ and s5), the distributions
are all smaller than for the v and d quarks.

For measuring the processes happening at the collision points, huge particle detectors
have been built around these interaction points. The four main experiments at LHC are
namely ATLAS [3], CMS [33], LHCb [34] and ALICE [35]. Figure 1.11 displays their
locations at the LHC. While ATLAS and CMS are multi-purpose detectors, covering
different aspects of particle physics, ALICE and LHCb are detectors built for special
aims. The LHCDb detector focuses on the measurement of b-hadrons and their decays,
which gives the possibility to investigate CP violation and several other parameters of the
standard model. The aim of the ALICE detector is the measurement of properties of the
quark-gluon-plasma, presumably produced by the collision of lead ions. By investigating
this plasma, one obtains information about the state of the universe just micro seconds
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Overall view of the LHC exeriments.

o

e
‘;:v@,

Figure 1.11.: The experiments at the Large Hadron Collider (LHC). They are located at
the collision points of the two proton beams, which circulate in the particle
accelerator installed in a 26.7 km tunnel under the surface of Switzerland
and France [36].

after the big bang.
This thesis deals with the search for fourth generation quarks with the ATLAS detec-
tor, which is described in chapter 2.
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2. The ATLAS detector

The ATLAS detector (A Toroidal Lhc ApparatuS) is a multi-purpose particle detector,
capable of measuring particles and their kinematics in a 47 symmetry. This means a

coverage of almost the entire solid angle around the collision point. An overview of the
detector can be seen in figure 2.1. With a length of 45m and a height of 22m, ATLAS

25m

Tile calorimeters
LAr hadronic end-cap and
forward calorimeters

Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

Figure 2.1.: Overview of the ATLAS detector [3].

is the biggest detector not only at the LHC, but also ever built. With a mass of around
7000t it is lighter than CMS, the heaviest detector, which weighs up to 12000 t.

The ATLAS detector has a cylindrical symmetry comprised of a central barrel part
and end-caps on each end along the beam pipe. Due to this symmetry, one uses a
cylindrical coordinate system to describe positions and directions of particles, traversing
the detector. The z coordinate then describes the position along the beam pipe in the
clockwise direction of the LHC. ¢ is the azimuthal angle in the x-y plane and © the
polar angle between the beam pipe and the particles direction. But instead of © one
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uses commonly the pseudorapidity

n=—In (tan 2) . (2.1)

In the massless limit, 7 is equal to the rapidity

1 E+p,
= —1 2.2
y 2n(E_pz), (2.2)

which contains the particles energy E and the z component of its momentum. The
advantage of the rapidity is its invariance under Lorentz boosts. This can be seen by
first rearranging the rapidity formula to

y=In (%) =In (E—i—_pz> =In (E—HDZ) . (2.3)

The last equality derives from splitting the momentum p in E? = p? + m? into its
longitudinal (p.) and transversal (pr) part. By introduction of a Lorentz boost with

velocity v = (B¢ along the z axis, F and p, transform to (with v = /1 — 6271):

E — ~(E + fp.) (2.4)
Pz — 7(pz + ﬁE) . (2'5)

The insertion of these expressions yields in the boosted rapidity

y:m(%E+mﬂﬂ+D
\/Pr +m?

which is just the sum of the original rapidity y and an additional constant. The difference
in the rapidity of two particles is therefore independent of Lorentz boosts along the z
axis.

) =y+In[y(B+1)], (2.6)

Figure 2.2 shows some values of the pseudorapidity 7 for the corresponding value of
the polar angle ©. Another quantity used often is AR, that describes the difference of
two particles tracks in the 7-¢ space and is defined as

AR = /(A¢)* + (An)* . (2.7)

To identify different types of particles and to measure their kinematics, the ATLAS
detector consists of several subsystems. The closest one to the interaction point is the
inner detector (section 2.1), which measures coordinates and tracks of charged parti-
cles and their momenta. Energies of electrons, photons and jets are determined in the
calorimeters (section 2.2). Muons are identified by means of the outer-most subsys-
tem, the muon spectrometer (section 2.3), since muons can traverse through all previous
detector components.
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Nn=0.88

0=00°

0=45°
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Figure 2.2.: Pseudorapidity for several polar angles © [37].

2.1. The inner detector

The inner detector (ID) is the inner-most detector component and located directly
around the beam pipe including the collision point. It consists of three subsystems: The
pixel system, the semi conducting tracker (SCT) and the transition radiation tracker
(TRT). An overview of the ID is illustrated in figure 2.3. To measure the tracks and mo-
menta of charged particles, the ID is put into a solenoidal magnetic field with a strength
of 2T .

The pixel detector system is the innermost part of the Inner Detector and is the most
important detector used in the identification and reconstruction of secondary vertices.
In addition, it provides excellent spatial resolution for reconstructing primary vertices
of the proton-proton interactions. The pixel tracker covers a pseudorapidity range of
In| < 2.5 and is designed to provide at least three points on a charged track emanating
from the collision region. The pixel detector consists of three barrel layers, namely
Layer 0 (so-called b-layer, as it provides the critical information to reconstruct vertices
from b-quark decays), Layer 1 and Layer 2 and two identical endcap regions, each with
three disk layers (see figure 2.4).

The basic functional element of the pixel detector is a module, which is composed of
silicon sensors, front-end electronics and flex-hybrids with control circuits. All modules
are functionally identical at the sensor/integrated circuit level, but differ somewhat in
the interconnection schemes for barrel modules and disk modules. The nominal pixel
size is 50 microns in the ¢ direction and 400 microns in z (barrel region, along the beam
axis) or r (disk region, transverse to the beam axis). A few special pixels in the region
between integrated circuits on a module have somewhat larger dimensions.

There are 16 front-end chips (FE) in each pixel module, which are arranged in two rows
of eight chips. The FEs are read out by a Module Control Chip (MCC). Each FE has
2880 readout channels, resulting in 2800 x 16 = 46.080 readout channels per module.
The total number of readout channels in the pixel system is approximately 67 million
in the barrel part and 13 million in the endcaps, covering a total active area of about
1.7m?.
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2. The ATLAS detector

P

21m

— End-cap semiconductor tracker

Figure 2.3.: Inner detector (ID) component of the ATLAS detector. The ID consists
of the pixel detector, the semiconducting tracker (SCT) and the transition
radiation tracker (TRT) [3].
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______ Barrel Layer 2
_____________ / Barrel Layer 1
. Barrel Layer 0 (b-layer)

End-cap disk layers

Figure 2.4.: Pixel detector component of the ATLAS inner detector [38]. The pixel
detector consists of three barrel layers and two identical endcap regions,
each with three disk layers.
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2.2. The calorimeters

The pixel detector is surrounded by the SCT, consisting also of silicon sensors, but
segmented in strips. This gives a position determination in the azimuthal R — ¢ frame.
The information coming from the SCT are used for the measurement of the impact
parameter and the momenta of charged particles. Both, pixel detector and SCT, cover
a n region of |n| < 2.5. This defines the maximum n-range for reconstructing tracks
corresponding to charged particles.

For the momentum measurement, the SCT is supported by the outer-most part of
the ID, the TRT. It consists of gas filled straws interleaved with transition radiation
material. The straws are placed parallel to the z-axis in the barrel part and radially in
the end-caps. A traversing particle produces transition radiation, which is then measured
by the ionization of the gas inside the straws. The TRT covers a region up to |n| < 2.0.
By combining all components, the ID reaches a momentum resolution of [39]:

13

pi:r —5 (2.8)

1
o () [TeV~! = 0.36 ®
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2.2. The calorimeters

The energy measurements of the traversing particles are done in the calorimeters. The
ATLAS calorimeter system is divided into an electromagnetic calorimeter, measuring
the energy of electrons and photons, and a hadronic calorimeter, determining the energy
and direction of charged and neutral hadrons, formed inside particle jets (see section
1.1.2). Both subsystems are built in the form of a sampling calorimeter: they consist
of layers of dense material (absorbers), producing particle showers when traversed by a
particle, and active materials which detect the particles created in the showers. These
layers are placed alternated in series. An overview of the calorimeter system can be seen
in figure 2.5.

The electromagnetic calorimeter (ECAL) uses liquid argon as the active material and
lead plates as absorber. These plates are folded into an accordion-like shape, resulting
in a complete coverage in the ¢ space. It is divided into a barrel part (|n| < 1.475) and
two end-caps (1.375 < |n| < 3.2). The barrel part is split into two identical half-barrels
with a small gap (4 mm) between them. Although the ECAL provides full n coverage
up to |n| = 3.2, the region between the barrel and the end-cap part (1.37 < |n| < 1.52),
also called "crack region’, is not used in most analyses: this space is used as a service
area containing cables and particles interacting with this material can produce secondary
particles (e.g. photons).

The ECAL is surrounded by the hadronic calorimeter (HCAL). For the barrel part,
iron plates are used as absorber material and plastic scintillator tiles as the active
medium. The HCAL consists of a central barrel (|n| < 1.0) and two extended bar-
rels (0.8 < || < 1.7). In the end-cap components liquid argon is used as the active
material like in the ECAL, along with copper plates as absorber. The hadronic end-cap
segment covers a region of 1.5 < || < 3.2.

In addition to the barrel and end-cap parts, the calorimeter system has also a forward
calorimeter (FCAL), covering the region of 3.1 < |n| < 4.9. The FCAL uses liquid argon
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Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

LAr eleciromagnetic
barrel

LAr forward (FCal)

Figure 2.5.: The ATLAS calorimeters used for the energy measurement. One sees on the
one hand the electromagnetic calorimeter, consisting of the barrel and the
end-cap (EMEC) part and on the other hand the hadronic calorimeter, con-
sisting of barrel, extended barrel and the end-cap (HEC) part. In addition
there is on both sides the forward calorimeter (FCAL), also consisting of an
electromagnetic and a hadronic part [3].

as detector medium and copper and tungsten as absorber.

Energy resolutions of calorimeters are often parametrized by:

b

78 Z@e. (2.9)

a
=
E VE

a is the sampling term, which describes the statistical fluctuations in the development
of the shower. The second term (b) includes uncertainties due to electronic noise and
the last contribution (¢) describes the constant systematics (e.g. inhomogeneities in the
calorimeter response).

The measured parameters for the energy resolutions of ECAL and HCAL are ([40] and
[41]):

ECAL
o8 11.2%  0.283
— ® ® 0.26% 2.10
E VE[GeV]  E[GeV] ’ (2.10)
HCAL
op T 383% 300 1 62% . (2.11)

E  JBGov] . E[GV]
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2.3. The muon spectrometer

2.3. The muon spectrometer

The muon spectrometer is used for the muon tracking, its momentum measurement and
for the triggering of muons. It is split into several detector chambers. Figure 2.6 shows
an overview of the muon detector system. The muon spectrometer forms the outer-most
part of the ATLAS detector, since muons pass all other detector components nearly
without interaction. As well as the inner detector, the muon spectrometer also needs
a magnetic field in order to perform a momentum measurement. This magnet system
consists of several superconducting toroid coils in the barrel and the two end-caps, which
are independent on the inner detector magnetic system.

Thin-gap chambers (TEC)
§ | Cathode strip chambers (CSC)

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 2.6.: The ATLAS muon spectrometer, consisting of the monitored drift tube
chambers and the cathode strip chambers, both used for the muon tracking,
and the resistive plate chambers and the thin gap chambers providing the
muon triggering [3].

There are four types of muon detection chambers: the monitored drift tubes (MDT)
and the cathode strip chambers (CSC) are used for the precision tracking of the muons.
They consist of gas filled aluminium drift tubes (in case of MDT) and multiwire pro-
portional chambers (in case of CSC) that provide a finer granularity than the MDTs.
The muon triggering is done by the resistive plate chambers (RPC) and the thin gap
chambers (TGC). Like the CSC, the TGC consists of multiwire proportional chambers.
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2. The ATLAS detector

The RPC is composed of bakelite plates, covered with readout strips, and has narrow
gas gaps between them.
The spectrometer is designed for a muon momentum resolution of [42]:

Opp 10~

o = 5G] (2.12)

Table 2.1 summarizes the n coverage of the different muon detection chambers.

Detection chamber ‘ Coverage
MDT In| < 2.7 (|n| < 2.0 for innermost layer)
CSC 20<|n| <27
RPC In| < 1.05
TGC 1.05 < |n| < 2.7

Table 2.1.: The n coverage of the different muon detection chambers.

2.4. The trigger system

At the design luminosity, the LHC delivers a bunch crossing rate of 40 MHz. Since the
data recorded for one bunch crossing is about 1 MB, it is obvious that it is not possible
to store all these data on disk or tape. Therefore ATLAS features a three level trigger
system to reduce the event storage rate down to about 100 MB/s. Figure 2.7 shows
the event rates of several physical processes and the processing times of the different
trigger stages. The high rates of the standard model processes (e.g. QCD processes
or W /Z-production) have to be reduced by the different trigger levels to lower rates,
that include mainly the interesting physics processes (e.g. top or Higgs production). By
reducing these rates, there is more time available for analysing the events in later steps.
Thus, the trigger system is split into several trigger levels, each with a different amount
of processing time.

A schematic overview of the ATLAS trigger system is given in figure 2.8. It is composed
of a hardware based Level-1 Trigger (LVL1) and a software based High Level Trigger
(HLT), consisting of the Level-2 Trigger (LVL2) and the Event Filter (EF).

The first Trigger Level (LVL1) has access to all events. It uses only data from the
calorimeters (ECAL and HCAL) and the muon sub-detectors. The inner detector com-
ponents are not used for a first selection. Otherwise this step would take too long in
time. Hence, the muon triggering and its momentum measurement as well as the total
measured energy and missing transverse energy are used by the LVL1 trigger. Interest-
ing events are stored into the Read-Out Buffers (ROBs). The event rate is reduced to
about 75 kHz.

Small amounts of information are passed to the software based LVL2 trigger in form
of so called "regions of interest" (ROIs), which flag the regions that need to be analysed
further. Hence, the LVL2 cannot access the full event information. The event rate is

34



2.4. The trigger system
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Figure 2.7.: Event rates versus available event processing time for the three levels of the
ATLAS trigger system [39]. Indicated are the event rates of various physical
processes.

reduced to about 1kHz by the LVL2.

The last trigger stage is the Event Filter. It gets the event data of the ROBs for those
events accepted by the LVL2. In comparison to the LVL2 it has access to the complete
event information and can already run complex reconstruction algorithms. The event
rate after the EF is about 100 Hz, what can be stored easily onto the storage tape.
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Figure 2.8.: Overview of the three level trigger system of ATLAS [43].
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3. Reconstruction of physical objects at
ATLAS

The analysis presented in this thesis selects events in a final state with two same-sign
leptons (namely electrons and muons) (see section 4.1). Moreover, a large jet multiplicity
is expected. Hence, reliable electron, muon and jet reconstruction algorithms are needed.
These algorithms use and combine the information provided by several sub-detectors.
This chapter gives an overview of the different reconstruction algorithms developed in
ATLAS, relevant for this analysis.

3.1. Electron reconstruction

Three algorithms have been developed in ATLAS to reconstruct electrons: the standard,
soft and forward algorithm. Further information can be found in [44].

The standard (or high pr) algorithm is designed for most analyses covering high
energetic electrons and is also called a cluster based algorithm. A cluster is the sum
of energy deposits in a specific region in the 7-¢ space. The reconstruction starts with
the search of a detected cluster with Fr > 2.5GeV in the full acceptance region of
the electromagnetic calorimeter. This cluster is then matched to a track in the ID to
avoid the misidentification of photons as electrons. High pp electron candidates are then
subdivided into three different classes, based on several criteria on the calorimeter and
ID measurements. These classes are indicated by the isEM flags loose, medium and
tight:

e Loose: This class mainly consists of an requirement on the ratio of the energies
measured in the ECAL and the HCAL. Furthermore, the track matching and the
analysis of the shower are based on loose cuts.

e Medium: The loose criteria are inherited by this set, but with stronger require-
ments. Moreover, additional cuts on calorimeter variables are applied in order to
suppress the misidentification rate of pions as electrons.

e Tight: In this set, the medium criteria are preserved. In addition, a hit in the pixel
B-layer is required in order to reject secondary electrons from photon conversions.
Further cuts are applied on the energy deposits in the different calorimeter parts.
In addition, the tight criteria consist of cuts on the hits in the TRT sub-detector of
the ID in order to reject charged hadrons. Hadrons should radiate less transition
radiation due to their higher masses with respect to electrons.
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3. Reconstruction of physical objects at ATLAS

The energy measurement for the electrons is mainly performed by the ECAL.

The soft electron algorithm is designed to reconstruct electrons with low momenta
in the region |n| < 2.5. It is track based and focuses on the reconstruction of low pr
electrons and electrons in jets. This algorithm starts with a track selection (with a
pr > 2GeV) and tries to match it to a cluster in the ECAL.

The third algorithm focuses on the reconstruction of forward electrons in the region
2.5 < |n| < 4.9 where no track information is available. In this algorithm, only the
calorimeter information can be used.

3.2. Muon reconstruction

Three reconstruction algorithms are currently used in ATLAS. One of them uses only
the muon spectrometer information (Muonboy). Two other algorithms combine the ID
and spectrometer information (STACO and MuTag). Further details are in ref. [45].

The strategy of the Muonboy algorithm is to look first for regions of activity in the
muon system. In these regions of activity, local segments are reconstructed for each
system and then combined, from which first preliminary muon track candidates are
built. For each of the candidates, a global track fit is done using the individual hit
information.

Muon tracks, reconstructed by Muonboy, can then be used for the STACO algorithm,
which is a combined reconstruction algorithm. The STACO algorithm performs a statis-
tical combination of the two independent measurements in the muon spectrometer and
the ID using the parameters of the reconstructed tracks and their covariance matrices.
This allows to reject muons coming from secondary interactions or 7 /K decays in flight.

Another combined muon reconstruction algorithm is MuTag. It was developed to
identify low Pr muons and uses first the ID track information. The ID tracks are then
extrapolated to the muon spectrometer and tried to match with reconstructed muon
segments that are not associated to a STACO track. In this algorithm, the ID track is
used to measure the muon kinematics.

The energy calculation of the muon candidates uses the muon momentum measured
in the muon spectrometer. The momentum measurement for low momentum muons
(Pr < 30GeV) can be improved by the additional use of the ID track.

3.3. Jet reconstruction

Quarks and gluons can arise in the "hard" short distance (high energetic) interaction
process of the collision. Due to the confinement, these partons produce several other
gluons and quark-antiquark pairs (see section 1.1.2), which will then form a large amount
of hadrons. This process is called hadronisation. In addition, hadrons can be composed
from partons appearing in the so-called "underlying event". This contains partons from
initial and final state radiation (ISR and FSR; gluons radiated from the initial and final
state quarks) and from the beam-beam remnants (quarks remaining after the protons
break up).
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3.4. Missing energy

The produced hadrons form so called jets. Jets are features of the final state of the
process after the hadronisation and have integer electric charge and zero color charge.
Two different kinds of jet reconstruction algorithms are used in ATLAS, namely cone
and cluster algorithms. The analysis in this thesis will use jets reconstructed by the
ATLAS cone algorithm that will be described in the following section. The information
are taken from ref. [46], which also provides further details.

A typical resolution for the measured jet energy is

60%

VE[GeV] '

which is obtained by detector simulations in [47].

3.3.1. Cone algorithm

The basic idea of the cone algorithm [48] is to maximize the energy, measured in the
calorimeter cells in a given cone. Key parameter is the quantity AR (see equation 2.7),
that specifies the solid angle of the cone in the n — ¢ space.

The standard ATLAS cone algorithm starts with a seed, in order to initiate the first
candidate cones. The seed is usually an energy deposit in a calorimeter tower or cluster
(these are in general areas in the n — ¢ space) above a specific threshold. By summing
up all the momenta and energy deposits of the clusters/towers inside a cone with radius
AR, one obtains the four momentum vector of the candidate cone

Pr=> . (3.2)

%

The three-momentum is obtained by using the cluster position in the 1 — ¢ space as the
direction and |p] = E (assuming zero mass) as the magnitude. The final direction of the
three-momentum contained in p* will be in the following referred to as the central track
of the jet.

After forming the candidate cone, the p’ of the objects within the same AR around the
direction of the calculated four-momentum in Eq. (3.2) are then again summarized, in
order to form a new four-momentum of the cone. This will be repeated until the cone is
stable.

After identifying all stable cones, those that share energy are either split into two jets
or merged into a single jet.

Typical values for AR in ATLAS are 0.4 and 0.7. A cone algorithm with AR = 0.4 will
be used in the analysis presented in this thesis (see also section 4.4.3).

3.4. Missing energy

Assuming no transverse component in the momenta of the colliding partons, the trans-
verse vectorial energy components of all detected particles have to sum up to zero, due
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3. Reconstruction of physical objects at ATLAS

to momentum and energy conservation:

\/(Z Er cos ¢)2 + (> Brsin ¢)2 =0. (3.3)

But particles traversing the detector undetected (such as neutrinos or particles outside
the detector acceptance region) result in an energy summation unequal to 0 in Eq.
(3.3), which is also called "missing transverse energy" (EM% or Fr). This quantity is
calculated by using the energy deposited in all calorimeters (from electrons, v and jets)
as well as the measured energies of all muons. The energy loss of the jets in the cryostat
is also taken into account as well as the electronic noise of the detector components.

A typical resolution for the K given in units of GeV is

o[GeV] =a-\/Er[GeV] , (3.4)

where a is between 0.53 and 0.57 [47].
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4. Search for a fourth generation signal in
same-sign dilepton final states

In the following, a method for the search for fourth generation quarks at ATLAS will be
discussed. At first, the considered decay channel will be introduced (section 4.1), followed
by a discussion of the possible background processes and a listing of the simulated
samples used in this analysis (section 4.2). Furthermore, the particle and event selection
criteria are introduced (section 4.4), which are used in the signal extraction method
described in the following (section 4.5). This method is based on a simple counting
analysis with a data-driven background estimation and will be tested using pseudo-data,
which is created from the simulated data sets (section 4.6). In addition, a dedicated
toy Monte Carlo study is performed (section 4.7). At the end, an optimisation of the
previously used event selection criteria using a multivariate analysis will be discussed
(section 4.8).

4.1. Search for fourth generation quarks at ATLAS

The aim of this thesis is the search for heavy fourth generation quarks @) produced as
quark pairs QQ. These can appear in the decays of neutrally charged gauge bosons,
namely gluons g, Z-bosons and photons . At a hadron collider like the LHC, gluons
are produced either via gluon-gluon fusion or quark-antiquark ¢g annihilation in strong
interactions. The photons/Z-bosons are formed in electromagnetic/weak interactions
after gg annihilation. This yields in the following possible production channels:

1. g9 — g — QQ
2. g7 — g — QQ
3. 90 —/Z — QQ

At the LHC, gluons carry a large fraction of the protons momentum (see the discussion
about the PDFs in section 1.3). Hence, the production process 1 will dominate. Only in
the case of very large heavy quark masses mg, a large momentum fraction is needed for
the two interacting constituents of the protons. At momentum fractions x 2 0.1, gluons
no longer dominate and the production channels 2 and 3 will prevail for large mg.

The possible and preferred decay channels of the produced heavy quark pair QQ
depend on the masses of the fourth generation quarks and the magnitudes of the CKM
matrix elements. This thesis will concentrate on the studies of the decays of b'b quark
pairs. The following discussion about the decay channels will focus on these fourth
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4. Search for a fourth generation signal in same-sign dilepton final states

generation quarks.

From the allowed ranges of the absolute values of the CKM matrix elements in Eq.
(1.55), one knows that a sufficient large mixing between the fourth and the third family
is possible (with respect to the mixings between the fourth and second or rather the
fourth and the first family). As a result, the relations

|Vaa| > V14| and |Vaa| > |[Vau| (4.1)

will be assumed in the following®, where the CKM matrix element |V;;| describes the
mixing between fermion family ¢ and j (e.g. the elements |V | and |Vy in the case of
[Va4]). This will prefer decays b’ — tW and b — t'W (if it is kinematically possible).
Decays b — t are accompanied with the production of a W-boson. Hence a sufficient
mass difference is needed, if these decays are allowed:

my — Mg > My (42)

The mass difference between o and ' is currently not well constrained. With the as-
sumptions in Eq. (4.1) and (4.2), one can distinguish between several mass scenarios.
These are summarized in table 4.1.

m(t))-m(b’) > m(W) | b0 — tW W+ — bb2W 2~

m(t’)-m(b’) < m(W) | b0 — tW—tW+ — bb2IWW 217~
VY — W tW+ — bb2W 2w~

m(b’)-m(t’) > m(W) _ _ _

m(b’) > m(t) VY — tW—tW+ — bb2W 21~

m(b)-m(t’) < m(W) | b0 — tW—tW+ — bb2IW 211~

m(t’) > m(b)

Table 4.1.: Possible final states of o’ decays, depending on the masses of ¥ and /. A
sufficiently large CKM element Vj; (with relation to Vi, and Vi) is assumed.
At the same time, the difference between the b’ mass and the ¢t quark mass
has to be larger than the W-boson mass.

If the ¢’ is heavier than the o', then the ¥’ is not capable of decaying into a ¢’ and W.
Hence in the scenario my > my, the decay channel b’V — tt + WHW ™ is independent
of the mass difference between b’ and t'.

In the case of my > my, one can distinguish between two scenarios for the mass differ-
ence of ¥’ and ¢': On the one hand, one can have my —my < myy, which means that the
b can not decay into ¢ +W. The b’V pair would then preferably decay into tt+W+TW |
too. On the other hand, the mass difference between &’ and ¢’ can be larger than the
W-boson mass. This can result either in the preferred decay b’V — t't' + WHW ™ or in
the decay 't/ — tt + WHW~, which would also have a sufficient branching fraction.
All discussed mass scenarios appear with a t¢ or t't/ and two W in the final state. Con-
sidering only the decays of t and ¢ into b quarks, this will always result in final states

!This is also reflected in the chosen CKM matrix in Eq. (1.58).
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4.1. Search for fourth generation quarks at ATLAS

bb + 2WT + 2W~ with a sufficient branching fraction. The four W-bosons can decay
either leptonically or hadronically. By selecting those events, in which two same-charged
WHWT or W~W ™ decay into leptons and the other two W into quarks, this results in
a final state with same-sign charged dileptons ¢*¢*/¢=¢~. These final states can be
either two same-sign charged electrons, muons or a combination of both. The final state
¢T0t /0=~ is a rare standard model signature and as a result should contain only few

background events.? Moreover, it has been shown that this final state is independent of
the mass difference between b" and t'.

The presence of the two b quarks and the quarks from the two W decaying hadronically

results in a high jet multiplicity in the signal events. This could be additionally used for
background suppression and will be discussed at the end in section 4.8.

The Feynman graph, illustrating the considered ' production and decay process with
two same-sign leptons in the final state (here: positively charged), is shown in figure 4.1.
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Figure 4.1.: The production of a b'b pair and the decay channel with two same-sign
leptons in the final state.

In the following, the "signal candidate events" are events lying in the "signal region" de-
fined by exactly two same-sign charged leptons in the event and several event selection
criteria, which will be described in section 4.4.5. Additional leptons to the two same-
sign charged leptons are not allowed. Heavy quark masses of at least m > 300 GeV will
be assumed in the following analysis, due to the known mass limits obtained by other
experiments (see section 1.2.2).

2See section 4.2 for a discussion of possible background channels. A discussion of further event selection
criteria, in order to additionally suppress the background contributions, is given in section 4.4.5.
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4. Search for a fourth generation signal in same-sign dilepton final states

The number of fourth generation quark pairs produced depends on the production
cross section. These cross sections were calculated using a tool called HATHOR [49],
which allows the calculation of the heavy quark pair production cross sections up to
next-to-next-to leading order (NNLO). Figure 4.2 shows the calculated cross sections
for different quark masses and center-of-momentum energies. The difference between
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Figure 4.2.: Approximate next-to-next-to-leading order (in the sense some terms of
NNLO contribution are calculated in an approximate way) cross sections
for heavy quark pair production as a function of the heavy quark mass and
for different center-of-mass energies [49]. The cross sections are calculated
for pp (LHC: green, blue and black) and pp (Tevatron: red) collisions.

the cross sections for the current colliding energy (/s = 7TeV) and the design energy
(v/s = 14TeV) of the LHC is about one order of magnitude. The cross sections for pp
collisions decrease with increasing quark masses, but not as strongly as for pp collisions.
Assuming a quark mass of 300 GeV, one obtains a cross section of about o ~ 9pb at
the current center-of-mass energy of the LHC (y/s = 7TeV). Assuming the expected
integrated luminosity of about £ ~ 1fb~! at the end of the year 2011, one would expect
the production of approximately

N=c¢-L=9pb-1fb! (4.3)
= 9000 (4.4)

Y or t't! quark-antiquark pairs with a mass of 300 GeV.
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4.2. Simulated signal and background samples

A set of simulated event samples is needed for the extraction method in order to estimate
the background contributions. In addition, the simulated signal and background data
sets are used to create pseudo data for tests of the extraction method. The simulated
samples have to contain all physics processes that can contribute to the signal region.
A detailed description of the sample production process at ATLAS can be found in refs.
[50] and [51].

The production of the simulated samples is explained using the example of the fourth
generation samples. In the first step of the simulation, the Monte-Carlo (MC) generator
Pythia [52] is used to simulate the parton-parton interaction, in order to produce signal
events with fourth generation quark pairs (for the background samples production other
generators are also used, e.g. Alpgen [53] or MC@NLO [54]). Then, starting with the
produced final state, a simulation of the parton shower and the underlying event is
done. At the end of the shower simulation, the quarks and gluons are combined in
the hadronisation process (all done with Pythia). In order to produce only events with
desired final states, a generator filter can be applied, which rejects all events that does
not fulfill specific constraints (e.g. at least one high energetic lepton). This enhances
the fraction of signal events in the samples. Moreover, to simulate the interaction of
the particles with the detector material and the responding of the detector parts itself,
a detector simulation is done afterwards (Geant4 [55]). The electronics response is
simulated by the digitization algorithm. Finally, the reconstruction algorithms detailed
in chapter 3 are run.

There are currently four signal samples available, generated with different scenarios
for the initial quarks, their decays and masses. The number of produced events N, the

Process Mass Number of | Cross section | £ [pb™!]
mgq [GeV] events o [ph]

b'(350 GeV) — t 350 149726 0.843 177610.92

t'(350 GeV) — ¢ 350 149803 0.03634 4122262.25

(350 GeV) — b 350 148823 1.08272 137452.89

/(440 GeV) — V/ 440 9980 0.11475 86971.68

Table 4.2.: MC samples containing the production of fourth generation quark pairs used
in this analysis. For each process, the number of produced events, the cross
section o (obtained from the MC generator) and the integrated luminosity
L is given. mg is the mass of the produced heavy quarks, which is also
contained in the brackets of the process name (e.g. ¥ (350GeV) — t). ¢
defines the light quarks d and s.

cross section o obtained from the generator and the corresponding integrated luminosity
L are summarized in table 4.2. The luminosities are calculated by the formula:

L= — (4.5)
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4. Search for a fourth generation signal in same-sign dilepton final states

Besides the signal process other background (BG) processes can contribute to the
signal region of two same-sign charged leptons. This final state has been chosen, because
it is a rare standard model signature. Nevertheless, BG processes can contribute to the
signal region for several reasons:

e The final states of background processes can already contain same-sign dileptons,

together with additional leptons (e.g. WZ — (X410~ or ZZ — (14— 447). It
is possible that not all leptons are reconstructed and only those two same-sign
charged ones remain. For instance, this can occur if leptons are low energetic,
outside the acceptance region of the detector or inside a jet.

There can be sources of leptons, which provide additional leptons to processes that
only contain single or opposite-sign charged leptons.

One of these sources is bremsstrahlung: Accelerated charged particles (with mass
m) radiate photons with a probability that is proportional to oc 1/m?*. This
mainly occurs for light particles like electrons. Considering an electron pair pro-
duction process, like in fig. 4.3, one of the electrons (e; ) could radiate a photon
when traversing the detector. This photon then can convert into another lepton-
antilepton pair (by interacting with the detector material). Again, it is possible

Figure 4.3.: Feynman graph showing the production of a Z-boson and the decay into two
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oppositely charged leptons (here electrons). One of the electrons radiates a
photon, which converts into another lepton-antilepton pair.

that only two same-sign charged leptons are reconstructed, while the other leptons
do not pass the reconstruction process. This conversion process will mainly occur
in processes with electrons in the final state (e.g. Z — ete™ or W — ev).

Another source of leptons are unstable hadrons inside jets, especially inside B-jets.
B-jets are formed by B-mesons that originate in b-quarks after the hadronisation.
The B-mesons are unstable and can decay into leptons. Hence, this is a significant
source of leptons in processes containing b-quarks in the final state (such as tt —
bOW W ).



4.2. Simulated signal and background samples

e Beside the sources of real leptons, additional leptons can occur due to misidentifi-
cation in the detector. These wrongly reconstructed leptons are called "fakes". For
instance, this effect can arise if charged hadrons inside jets generate showers in the
ECAL and then are reconstructed as electrons. Nearly all background processes
are affected by fakes.

In the following, the different background processes are discussed, which can contribute
to the signal region due to the above reasons. The available simulated samples that
contain these BG processes are combined to several BG categories:

e tt: The decay chain of the ¢ process is very similar to the decay of the fourth
generation quark pair, but only with two oppositely charged W-bosons and two
b-quarks bb in the final state: t& — bbWTW~. The two W can either decay
leptonically or hadronically.

e Z-+tjets: In this process, a Z-boson is directly produced and decays into ete™,
urp~ or 777 pairs. The Z-bosons are produced together with several numbers
of additional partons (npX) forming jets in the final state. The additional partons
can have several sources: one source is the radiation of gluons by the initial partons.
Another source are splittings of the initial state gluons before the scattering process

Figure 4.4.: Feynman graph showing the production of a Z-boson together with an addi-
tional parton. This occurs, if the initial gluon splits into a quark-antiquark
pair before the scattering process.

(fig. 4.4). One of the produced quarks participates in the interaction with the other
initial quark. The other quark does not take part in the interaction and can form
a jet.

In each decay channel there are simulated samples available with up to 5 additional
partons.
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4. Search for a fourth generation signal in same-sign dilepton final states

e Wjets: Like for Z+jets, the W-boson is directly produced with several addi-
tional partons. The W decays into ev, uv or Tv. The available MC samples contain
up to 5 additional partons.

e Dibosons+jets: These samples contain pairs of bosons (WW, WZ and ZZ)
with additional partons, where the bosons decay leptonically into electrons, muons
and taus. The available MC samples contain up to 3 additional partons for each
diboson production process.

e Drell Yan: Drell Yan processes are lepton-antilepton £7¢~ pairs produced by a
virtual photon or Z-boson. The available MC samples contain £/~ final states
with electrons or muons. The invariant mass

of the two leptons does not have to be within the Z resonance (E; and ]3; are the
energy and the three momentum of the lepton 7).

e Single top: In single top (sgtop) events, only one top quark is appearing (in

contrast to tt). This can happen in either a t-channel, s-channel or Wt-channel
process (see fig. 4.5).

e QCD bb jets: b-quark pairs with additional partons are produced by QCD pro-
cesses qG/g99 — g — bb. Like in the case of Z+jets, the available samples consist of
several numbers of additional partons produced. Moreover, the simulated samples
are split into several processes with different energy ranges for the jets (marked by
j1-j5).

e W4bb-+jets, Z+bb+jets: These processes are similar to Z+jets and W+jets,
but with an additional bb-quark pair. The pair occurs, if the initial gluons split
into quark-antiquark pairs before the scattering process (fig. 4.6). The available
samples consist of up to 3 additional partons produced.

A detailed overview of the MC samples used, their file names and the available numbers
of events with the corresponding integrated luminosities can be found in appendix A.

The mainly used signal sample in the following analysis is the fourth generation sample
containing the production of b'¥/-quark pairs (my = 350 GeV) with decays into t-quarks
and W-bosons (b'(350 GeV) — ¢). This sample will be in the following referred to as
"signal sample".

4.3. Analysis framework

The event information in ATLAS is stored in different output formats. These are directly
produced from the raw data. The mostly used formats for common analyses are ESD
and AOD [51]:
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)_,_,/'f v
t
(a) s-channel (b) Wt associated production
b W
t
9 t
(c) t-channel (d) Wt associated production

Figure 4.5.: Production processes for single tops in the s-channel (a), t-channel (c¢) and
in Wt associated production ((b) and (d)).

Figure 4.6.: Feynman graph showing the production of a Z-boson together with an addi-
tional parton. This occurs, if the initial gluon splits into a quark-antiquark
pair before the scattering process.
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4. Search for a fourth generation signal in same-sign dilepton final states

e ESD (Event Summary Data): This format contains detailed output of the
reconstruction algorithms and is directly produced from the raw data. Beside
of particle identification the content of ESDs allows to e.g. perform a track-
refitting or change the jet calibration. The stored event size from the raw data
(~ 1.6 MB/event) is reduced to ~ 1 MB/event.

e AOD (Analysis Object Data): AODs contain a summary of the reconstructed
events. The information are sufficient for common analyses. AODs can be pro-
duced from the ESD and the event size is ~ 100 kB/event.

This analysis will use the samples in the AOD format, which contains all necessary event
information.

The analysis codes used in this thesis are written in C++ using the classes and objects
of the A++ framework (described in the following section 4.3.1) and ROOT [56]. ROOT
is an object-oriented software framework, which contains several packages and classes
for the analysis of data, statistical analyses and the production of plots and histograms.
The ROOT version used is v5.22/00.

4.3.1. A++

A++ [57] is an object oriented analysis framework to be used for the analysis of ATLAS
data sets. It is written in C++ and is heavily based on the ROOT libraries.
The framework is split into two parts: one, the converter, is an interface, that converts
the ATLAS data sets (here: AODs) into object based A++ ROOT event files. The
other part is a set of event classes and analysis libraries, written for several analyses
(e.g. fourth generation analysis). Within this framework, the analysis will use these
A++ event files. Particles and events can be selected according to specific selection
criteria (see section 4.4). Histogram files can then be produced for each MC or data
sample.

These final histograms are later on used to perform further studies, like the counting
analysis (described in section 4.5).

4.4. Selection cuts

In the analysis, specific reconstruction algorithms and cuts on kinematic variables have
to be chosen, in order to select well reconstructed particles and jets. After selecting the
desired particles and jets, one needs to apply additional cuts in order to suppress BG
processes.

All cuts and variables used are described in the sections 4.4.1-4.4.5. The chosen cuts
are mainly adopted from the CMS analysis in [58], which is based on the same search
strategy. Section 4.4.6 then presents the effect of the event selection cuts on the signal
and background events.
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4.4. Selection cuts

4.4.1. Electrons

In this analysis, electrons reconstructed with the standard algorithm will be used (see
section 3.1). For a good suppression of fakes and electrons from secondary processes,
the isEM flag tight is selected.

Leptons from W-decays that have been produced in the decay chain of fourth generation
quarks are high energetic due to the large heavy quark mass in the initial state. Hence,

Variable Selection
Author | Standard/HighPt
IsEM Tight
Pr > 20 GeV
n] <25
Egone20 < 8GeV

Table 4.3.: Electron selection criteria including the cuts on the transverse momentum
Pr, pseudorapidity 7 and an isolation cut Egondo. The "author" defines the
electron reconstruction algorithm used.

BG can be suppressed by rejecting events with low Pp electrons.

Electrons inside jets can be removed by the isolation criterion Eg‘mem. This requires
an energy deposition in a cone (radius AR = 0.2) around the electron candidate in the
calorimeter of less than 8 GeV.

A n cut of |n| < 2.5 is needed, because the ID only covers a region up to |n| = 2.5.
Outside this region no electron candidates with reconstructed ID track are available.
Table 4.3 summarizes the electron selection criteria.

4.4.2. Muons

For the muon selection the STACO reconstruction algorithm is used, which combines
information from the muon spectrometer and the ID (see section 3.2). For the same

Variable | Selection
Author STACO
Pr > 20 GeV
| <25
EGone20 | <10 GeV
x2/ndf <5

Table 4.4.: Muon selection criteria including the cuts on the transverse momentum Pr,
pseudorapidity n and an isolation cut Eg‘mem. Additionally, there is a cut
on the x?/ndf, describing the fit between the muon spectrometer- and the
ID-track. The "author" defines the muon reconstruction algorithm used.

reasons as in the electron selection, cuts on the muons momentum, 1 and the isolation
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4. Search for a fourth generation signal in same-sign dilepton final states

variable Eg"”em are applied.

Furthermore, a cut on the x2 of the global track fit is done, which combines the measured
muon spectrometer- and ID-tracks. The obtained y? describes the goodness of this fit.
The variable is divided by the number of degrees of freedom (ndf), that depends on the
number of track parameters. Wrongly combined tracks or misidentified muons in the ID
should result in high x2/ndf. All muon selection criteria are given in table 4.4.

4.4.3. Jets

The jets, used in this analysis, are reconstructed by the ConejHITower algorithm.
This is a cone algorithm, maximizing the energy in a cone of radius AR = 0.4 (see
section 3.3.1). The inputs to the jet finder are calorimeter towers. These are formed
by summarizing the energy deposits inside a Anp x A¢ = 0.1 x 0.1 bin. After the jet
finding, a H1 jet calibration is done. This approach has been developed for the Liquid-
Argon-Calorimeter of the H1 experiment [59]. Further information to jet finding and
calibration can be found in sections 10.5.2 and 10.5.3 of ref. [3].

Such as for electrons and muons, jets produced in the decay chain of the fourth generation
quarks should be high energetic due to the large heavy quark masses. Therefore jets with
Er > 25 GeV are required.

The problem of the jet reconstruction algorithm is, that leptons and photons can
also be reconstructed as jets. This is due to the cone algorithm, which searches for
energy deposits in the whole calorimeter (both ECAL and HCAL). The jet search is not
restricted to the HCAL, because low energetic hadrons inside the jets may deposit all
their energy in the ECAL and do not reach the HCAL. To reject such leptons and photons
that are misidentified as jets, an overlap removal is done described in the following.
Figure 4.7(a) shows the transverse energy distribution of jets in the Wer Np0O sample
(0 additional partons produced). This samples contains directly produced W-bosons

x10® 10°

- 200 3 '_'> 200?‘ E
‘-8 180~ E —Q 180/ =
- 160 E ‘2 160 E
140 E — qa0f E
%|u.i' 120~ E Z||_|_'|_ 120 E
© 100~ = ©Is 100F- =
80 = 80F- E
60— E = E
40 = T E
20— = 20 E
O B 100 % N 20 U R T
E; [GeV] E; [GeV]

(a) Er of jets (b) Er of jets with overlap removal

Figure 4.7.: Ep of jets distribution in the Wer Np0 sample. In (a) one notices a peak at
the half W-boson mass, coming from electrons falsely reconstructed as jets.
This peak vanishes after performing an overlap removal (b).
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decaying into an electron and an electron neutrino. In this process should not be any
jet with high transverse energy, besides of low energetic jets coming from initial and
final state radiation of gluon from the partons. One notices a peak at about half of the
W-boson mass (my ~ 80GeV). In the rest frame of the W, the two decay products
have both a transverse energy of Er = myy/2. Hence, the peak has to originate from
the electrons of the W-decay, falsely reconstructed as jets. The peak is not exactly at
the half W-boson mass, because the W is generally not produced at rest. The overlap
removal aims at rejecting jets that have a reconstructed lepton or photon inside a cone of
ARCPE = (0.2 around the jets central track. Only leptons with the criteria listed in tables
4.3 and 4.4 are used for the overlap removal. Figure 4.7(b) shows the jet distribution
after the overlap removal and one notices that the peak is significantly reduced. There
are still some events remaining, which indicates that the overlap removal procedure can
be improved.

A requirement of || < 2.5 is chosen for the jets, since only leptons selected within the
same range are used for the overlap removal.
Table 4.5 summarizes the jet selection criteria.

Variable ‘ Selection
Type Cone4H1Tower
Er > 25 GeV
I <25
AROR <0.2

Table 4.5.: Jet selection criteria including the cuts on the transverse energy Er, pseudo-
rapidity n and the cone radius ARPF for the overlap removal.

4.4.4. Trigger selection

As discussed in section 2.4, the high event rate at ATLAS needs to be reduced by the
trigger system. Each trigger level (LVL1, LVL2 and EF) consists of several trigger items,
which combine specific requirements for the events. The trigger items are assigned to
an event, if it fulfills these requirements. When asking for a specific trigger item on EF
level, this corresponds to a trigger chain. That implies that also specific LVL1 and LVL2
items have been assigned to the considered event. All trigger items and trigger chains
are listed in the ATLAS trigger menu.

In the search for fourth generation quarks with two same-sign charged leptons in the
final state, one needs to select events with high Pr leptons. Therefore the trigger items
selected for this analysis require at least on high Pr electron or muon. The chosen trigger
items on event filter level are:

e EF_el10__medium: This trigger item requires an electron above a threshold
momentum of 10 GeV (with ~ 60% efficiency) and medium selection criteria. The
corresponding trigger chain is L1_EM5 — L2_el0_medium — EF_el0_medium.
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4. Search for a fourth generation signal in same-sign dilepton final states

e EF_mulOi_ loose: For the muons, there is also a momentum requirement of
10 GeV and loose selection criteria. In addition, only isolated muons are cho-
sen. This criterion rejects muons that are surrounded by other particles. The
rejection performed is based on an analysis of the energy patterns in ECAL and
HCAL released by the muons. The corresponding trigger chain insists in the items
L1 MU10 — L2 mulOi loose — EF mulOi loose.

4.4.5. Event selection

As previously discussed, the final state same-sign charged dileptons (¢T41/¢7¢7) is a
rare standard model signature. Figure 4.8(a) shows the number of jets distribution in
the £T¢% /¢~ 0~ region (events with ¢T¢T /¢~¢~ final state), which is largely dominated by
several backgrounds. These backgrounds are mainly the production processes of Z+jets,
W+jets, tt and bb jets. Hence, additional kinematical cuts are necessary in order to
suppress the background processes. A zoom into the area of small number of entries

= P -
8 ]
I vicbb gets . % zo 10 I v b gets ]
[ MC Drell Yan ] = [ MC Drell Yan ]
I:l MC Diboson+jets ] 8| I:l MC Diboson+jets —
- MC single-top B - MC single-top ]
[ ] MC W+bb+jets R 6 [ ] MC W+bbjets —
MC W-jets ] B MC Wejets ]
[ i [ i
I MC Z+bbjets 7 4 I MC Z+bbjets J
[ MC Z+jets 1 B [ MC Zjets ]
B mc N 2 B vic 3
Il MC b’ (350GeV)—>top | B Il MC b’ (350GeV)—>top |
4 6 8 10 12 14 16 2 a 6 8 10 12 14 6
NJets NJets
(a) Number of jets (b) Number of jets (zoomed)

Figure 4.8.: Distributions of Ny for same-sign charged dileptons. No additional cuts
are applied. The signal entries are not visible in (a), but when zooming
into the area of small entry numbers, the signal entries appear (b). The
histograms are rescaled to an integrated luminosity of £ = 50 pb~1.

(figure 4.8(b)) reveals the presence of the signal entries. The idea of the event selection
cuts is to lower the background contributions while maintaining the signal contribution.

As mentioned in the beginning of section 4.4, the selection criteria used in this analysis
are mainly adopted from the CMS analysis [58]. These cuts have been chosen to start
with the analysis. Nevertheless, a method for optimising the event selection criteria has
been performed at the end. This will be presented at the end of this thesis (section 4.8).

The chosen cuts, based on the CMS analysis, are listed in the following. The discussion
is based on the analysis of the BG samples listed in section 4.2 and the (b'(350 GeV) — t)
signal sample. In all shown distributions the trigger items, presented in section 4.4.4, and
two same-sign charged leptons are required. All histograms are rescaled to an integrated
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luminosity of £ = 50pb~!. The chosen event selection cuts are:

]

1

5GeV

[

Miss
T

dN

dE

Missing transverse energy Er: Missing energy mainly appears in events with
neutrinos or if particles pass the detector outside the acceptance region. By re-
quiring a minimum on F7, one can suppress processes without neutrinos. These
are mainly processes containing Z-bosons or photons decaying into charged lep-
tons. Processes with leptonically decaying W-bosons (e.g. signal ¥’ — tW or top
t — bW processes) are in general not affected due to the neutrinos appearing. The
distribution of the K for same-sign charged dilepton events can be seen in figure
4.9. A cut of £ > 20 GeV is chosen, because this rejects mainly BG and barely
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Figure 4.9.: Distributions of K for either signal+BG (a) or only signal (b) in same-sign

charged dilepton events. The entries are rescaled to an integrated luminosity
of £L=50pb L

affects the signal. A higher value could completely remove the Z+jets BG, but
would also reject many signal events at the same time.

Transverse energy of leading jet E%ead']et and transverse momentum of
leading lepton P%eadl‘ep: The decaying WW-bosons in the signal process will result
in high energetic jets and leptons. The final state b-quarks are another source of
high-E7 jets. Therefore cuts on the energy or momentum of the leading jet and
lepton allow to suppress SM background processes as well. Leading jets/leptons
are those with the highest energy/momentum in the event. The distributions for
the leading jets energy and leading leptons momentum are illustrated in figure

4.10. The chosen cuts, adopted of the CMS analysis, are E{p:e“d‘] ¢ > 85GeV and

PTLeadLep > 35 GeV. Despite of that, stronger cuts could result in a higher BG

suppression and a still low signal rejection.

Pseudorapidity of leading lepton |n"¢24LeP|: Depending on the event topol-

ogy, the lepton n distributions have different shapes. Considering a directly pro-
duced vector boson (W, Z) at rest, this will decay isotropically. A W-boson arising
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Figure 4.10.: Distributions of ELead/et and PP for Sional+BG ((a) and (c)) and

for only the signal ((b) and (d)) in same-sign charged dilepton events. The

entries are rescaled to an integrated luminosity of £ = 50 pb~!.
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from a heavy quark decay (e.g. b’ — tW or t — bW) will have a large boost trans-
verse to the beam direction. The decay products of the W will then mainly move
along the central direction. This behavior is visible in fig. 4.11. The left plot shows

LeadLep
n

(a) |n=eadleP| for W4jets

(b) |nFeadlep| for signal and tt

Figure 4.11.: Distributions of [pf¢@@eP| for either Wjets (a) or signal+tt (b). The
entries are rescaled to an integrated luminosity of £ = 50 pb~!.

the n distribution of the leading lepton of W+jets events. The same distribution
is illustrated in the right plot for the b0/ and tt events. While the distribution
is flat for the W +jets samples, it peaks in the central region for the heavy quark
decays V' — tW and t — bW. For |n| = 0, there exists a dip due to the small gap
between the half-barrels of the calorimeters (see section 2.2).

The 7 distribution of all backgrounds and the signal is plotted in figure 4.12. At
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Figure 4.12.: Distributions of [nZ@LeP| for either signal+BG (a) or only signal (b) in
same-sign charged dilepton events. The entries are rescaled to an integrated
luminosity of £ = 50 pb~1.

n ~ 0.3 is a large bin entry from the bb jets BG. It has been upscaled due to low
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4. Search for a fourth generation signal in same-sign dilepton final states

statistics in the sample. One notices also a non-flat distribution for the Z+jets
background. This is affected by the Z — eTe™+jets samples, as can be seen in
figure 4.13. This reflects the contribution from photon conversions (see section 4.2),
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Figure 4.13.: Distributions of |n¢®LeP| for different Z decay channels in same-sign
charged dilepton events. One notices an increase in the forward region
for the Z — ete™ channel. The entries are rescaled to an integrated lumi-
nosity of £ = 50pb~'.

which obviously dominate with decays into the forward region in Z — ete™ events
due to the presence of more detector material. There is only a low contribution
from the p+p~ and 7777 decay channels in the Z+jets events.

A cut of [pleedler| < 1.0 will reject ~ 25% signal events, but largely removes the
background processes containing directly produced vector bosons.

All event selection criteria, including the chosen trigger items, are summarized in
table 4.6. The distributions of the number of jets for different same-sign dilepton fi-
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Variable Selection
Trigger | EF_el0_medium OR EF__mulOi_loose
ET > 20 GeV
pheadber > 35 GeV
Efeadlet > 85 GeV
‘nLeadLep’ < 1.0

Table 4.6.: Event selection criteria including the trigger items and cuts on the the en-
ergy/momentum of the leading jet/lepton, on the missing transverse energy
and the pseudorapidity of the leading lepton.
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Figure 4.14.: The number of jets distribution after applying all event selection cuts for
different same-sign dilepton categories. £T¢*/¢~¢~ shows the sum of all
plots. The entries are rescaled according to an integrated luminosity of
L =50pb~ 1.
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4. Search for a fourth generation signal in same-sign dilepton final states

nal states after applying all the event selection criteria are shown in figure 4.14. The
figures illustrate the distributions for events in the lepton categories ete™/e~e™ (b),
wrpt/ump~ (c), etut /e (d) and the combination of all three categories £1¢F /¢~ ¢~
(a). The background contributions are all lowered in comparison to the distribution
without event selection (figure 4.8). Moreover, the signal entries are much more signifi-
cant now.

The remaining main backgrounds are tt and Z-+jets. The contribution from Z-+jets
appears in the etet /e~ e~ category, due to the photon conversion processes (see section
4.2). A stronger requirement on the 7 could further reject this BG. The tt background
mainly influences the pu™p®™/p~p~ and e™pt /e~ pu~ categories. This is possibly due to
fake muons that enter the final selection and provide a same-sign charged dilepton sig-
nature for the t¢ background. Thus, a further investigation of the muon selection will
be needed.

Although there are no W+jets and bb jets events visible anymore, this backgrounds can-
not be neglected. The complete lack of these events after the final selection cuts is an
effect of low statistics in the MC samples.

A detailed discussion on the effects of the cuts on the different samples is given in the
following section.

4.4.6. Cut efficiencies

In the following, the cut efficiencies for signal and background events selection determined
from the MC simulation are presented, which highlights the capability for each cut to
reject background events. The efficiency ¢; of event selection cut i is defined as

1y

€ =

— (4.7)
where n; is the number of events passing cut ¢ and all previous cuts and n;_; is the
number of events fulfilling all previous cuts.

The error estimation of these efficiencies is based on a frequentist approach for binomial
distributed values. This results in asymmetric errors, in particular for efficiencies close
to 0, which can occur due to the "hard" event selection cuts. For further details see
section 32.3.2.5 in ref. [4]. The lower (¢;,) and upper (€,y) limits on the efficiencies are
then defined as:

ni Fr ouos2n 2(ni—1—ni+1)]
ni—1—ni+14n Fr ' 040:2n6,2(ni—1 —ni+1)]

(m+1)F;1 [1—aup;2(n;+1),2(ni—1—n;)]
(ni—1 —ni)-l—(n,-—‘rl)F;l [1—cvup;2(ni+1),2(ni—1—ny)] ) (4.9)

(4.8)

€lo

€up

where ! is the quantile of the Fisher-Snedecor distribution and (1 — ) and (1 — )
are the confidence levels for the lower and upper limit on the efficiencies. In this case
Qo = ayp = 0.16 is used, which corresponds to a 68% confidence interval.

Tables 4.7 and 4.8 show the number of events and efficiencies for all generated events,
after the generator filter (see the discussion of the MC sample production process in
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4.4. Selection cuts

section 4.2) and events after the trigger selection. The column e, jgge, is defined as the
number of events after the generator filter and trigger divided by the number of gener-
ated events. This is the total trigger efficiency.

The background samples are combined to the background categories introduced in sec-
tion 4.2. This is denoted by the symbol "> ". For instance, the BG category > Z-+jets
contains the processes Z — ete™, Z — putp~ and Z — 7777, each with different
numbers of additional partons produced (np0O-np5). A single sample of a process with a
specific decay channel and a specific number of additional partons will be referred to as
"'sub-sample".

The efficiencies for each cut are calculated for each sub-sample. The combined efficiency
€ for a whole category is then calculated by summing up the weighted efficiencies w; - €;
of the sub-samples:

€= wi-g (4.10)
zni

= )
Zj Uz

w; (4.11)

where n;/; denotes the number of events passing the cuts for sub-sample i/j and the
sum »_; runs over all sub-samples of the considered background category. The upper
o™ and lower o~ limits on these combined efficiencies are obtained by

ot = /Zw? (0?)2 , (4.12)
+

where o~ are the upper/lower limits on the efficiencies of sub-sample 7. Tables with
the detailed information of every sub-sample are in appendix B.1 (tables B.1 and B.2).
If no generator filter exists, the corresponding efficiency is 1, as for all samples beside the
signal and t¢ samples. In the case of the signal samples there is a requirement of at least
one lepton with Pr > 10 GeV and 1 < 2.7 at generator level. The tt category consists of
two MC samples: In one sample the generator filter requires a leptonic or semi-leptonic
decay chain (this means at least one lepton in the final state). A full hadronic decay is
required in the other sample.

The lepton triggers suppress very well (efficiency ~ 2%) the QCD-bb-jets background,
since it should not contain any isolated leptons. The remaining events of the QCD-bb-jets
sample must be fakes or leptons coming from the b-jets passing the isolation criteria.

Figure 4.15 shows the cut flow for the efficiencies after the different event selection
cuts, described in section 4.4.5. They are plotted for the (¢'(350 GeV) — t) signal sample
and all BG categories. Tables with the numbers for the events passing the cuts and for
the plotted efficiencies are in appendix B.2. The plots for the other signal samples are
shown in appendix B.3.

The requirement of two same-sign charged leptons has a large effect on all samples. All
efficiencies are below 10%.
The following cut on the missing transverse energy Frp affects mainly the backgrounds
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4. Search for a fourth generation signal in same-sign dilepton final states

Sample Generated events After filter | EF_el10_medium OR

EF mulOi loose
b'(350GeV) — t 1.96 - 10° 4 443 1.5-10° + 387 1.04 - 10° 4 323
t'(350 GeV) — ¢ 3.26-10° £ 571 1.5-10° £ 387 1.08 - 10° £ 329
t' (350 GeV) — b 2.22-10° £ 472 1.49 - 10° + 386 7.72-10* £ 278
' (440 GeV) — V 1.16 - 10* 4+ 108 9.98 - 10% £ 99.9 7.46 - 10% £ 86.4

] St 6.93 - 10° £ 832 3.5-10° £ 591 1.24-10° £ 352 \
] > Z+jets 1.18-10°4+1.08-10% | 1.18-10° +1.08 - 10® 7.01-10° £ 837 \
| 3= Z + bbets 8.99 - 10° + 948 8.99 - 10° + 948 6.01-10% + 775 |
] > Wjets 5.67-10° £2.38-10° | 5.67-10° £2.38-10° | 2.43-10° £1.56 - 10° \

| | |
| | |
| | |
| | |
| W + bbtjets | 1.65 - 10" £128 | 1.65- 10 £ 128 | 8.24-10° £ 908 |
| | |
| | |
| | |
| | |

] 3 sgtop 5.65 - 10* + 238 5.65 - 10* + 238 2.75 - 10* + 166 \
| 3" Diboson 1.57 - 10° £ 396 1.57 - 10° & 396 1.17-10° £ 342 |
| 3" DrellYan 2-10° +1.41-10° 2-10° +1.41-10° 4.89 -10° + 700 |
] S bb jets 2.09 - 10° £ 457 2.09 - 10° £ 457 4.73-10% +68.8 \

Table 4.7.: Number of generated events, events after the filter and events after the trigger
used in the simulation.

Z+jets, Z+bb+jets and Drell Yan (as expected; see section 4.4.5). The efficiencies for
these BG samples are below 40%. A stronger cut on F7 would further reduce the
efficiencies.

As previously discussed, the decay products in the signal process will appear with high
energies due to the large heavy quark masses. This is reflected by the efficiencies for the
cut on E%e“d‘] . 'While the efficiencies for all background channels is between 30% and
60%, the signal stays above 80%.

The following cuts on the momentum and n of the leading lepton have not such big
effects. Only the samples containing W or Z bosons get a bit more suppressed by
the nleedler cut than the signal/top samples, due to the different n distributions (as
discussed in section 4.4.5). While the efficiency after the nrc@@Ler cut for W-jets is
close to 0, the W+bb+jets background has an efficiency close to 1. This is caused by the
low statistics in these samples, which can be seen by the error on this efficiency (table
B.4 in appendix B.2). The efficiency for the W4-bb+jets category after the n=e®ler cut
has a value of 1.007099.

After all cuts, the signal efficiency (=~ 2.5%) is much higher than for the background
channels (e < 0.5% for the diboson BG and € < 0.1% for the other backgrounds).

In addition to the efficiencies, figure 4.16 shows the signal over background ratio as a

function of the event selection cuts. This is defined as follows

S
SBR= . (4.13)
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Selection cuts

Sample Generated events After filter | EF__el0_medium OR E€Trigger
EF mulOi_ loose

V(350 GeV) — t 1.96 - 10° £ 443 | 0.7620075 00090 0.6968310 00115 | 0.5309810:00115

t'(350 GeV) — ¢ 3.26-10° £ 571 | 0.4600070 00057 0.722687 000116 | 0.3324370:000%2

(350 GeV) — b 2.22-10° £472 | 0.6690070 00700 0.5189510 00139 | 0.347181000701

b’ (440 GeV) — b 1.16 - 10* + 108 | 0.859001 00522 0.7472970 00435 | 0.6419370 00335
DG \ 6.93-10% + 832 | 0.5090150:000% | 0.555775000104 | 0.304325900073 |
| = Z+jets | 1.18-10° + 1.08 - 10° | 1.0000075-99500 | 0.7279550:00041 | 0.7279550-00041 |
| S Z + bbtjets | 8.99 - 10° + 948 | 1.0000055:0000 | 0.7970470-0005% | 0.7970479 0003 |
| 32 Wiets | 5.67-10° +2.38 - 10° | 1.0000050-99500 | 0.5523050:00028 | 0.5523070 00023 |
| W + bbtjets | 1.65 - 10" £128 | 1.000000-990% | 0.4998500055% | 0.499857900353 |
| 3 sgtop \ 5.65 - 10" £ 238 | 1.0000070-99000 | 0.6105370:00219 | 0.610537000219 |
| 3" Diboson+jets | 1.57 - 10° £ 396 | 1.00000%0-9900¢ | 0.74605000110 | 0.7460590011 |
| 3= DrellYan | 2-10°+£1.41-10° [ 1.0000055:99500 | 0.2453170-00050 | 0.24531900030 |
| S 0b jets \ 2.09 - 10° £ 457 | 1.0000050:99000 | 0.0254655:00040 [ 0.0254675:00042 |

Table 4.8.: Efficiency after the filter, efficiency after the trigger and total trigger efficiency

€Trigger-

Total Trigger I'I/IT Et"ss gieadet predeP jpleadiep  ctot
Un \ \ \ \ \ \ \

12 =
10-1 E =
102 —
10° = -
. : : : LeadL. é

i T Miss LeadJet LeadLep eadLep tot

Total Trigger I'"/IT Et E; P} | €

= Signal

Z+jets
Z+bb+jets
— W+jets
W+bb+jets
— SOLOP
Diboson
=== DrellYan

= bb Jets

Figure 4.15.: Cut efficiencies (as defined in Eq. (4.7)) for the 0'(350) — ¢ sample (Signal)
and all BG categories.
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4. Search for a fourth generation signal in same-sign dilepton final states

where S is the number of signal events and B the sum of all background events. In

. i LeadL
Total ‘ Trigger ‘ l+l+_I-I- ‘ Et""s ‘ Eyoeet ‘ PP ‘ pleadter|
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Figure 4.16.: Signal over background ratios as a function of the different event selection
cuts. The ratios are calculated for the ¥'(350) — ¢ sample.

the plot, there is an increase in SBR from cut to cut, which is a good hint, that all
the chosen cuts make sense. There is a large improvement in the SBR by the cut on
E%e“d‘] ¢, This is due to the large difference in the efficiencies between the signal and
BG. Moreover, one notices a large raise in SBR by the n¢?@LeP cut. This is due to the
vanishing background contribution from W +jets.
The numbers and plots for the other signal samples are in appendix B.2 and B.4.

The discussed results in this section can be further improved by introducing an addi-
tional cut on the jet multiplicity Nj.s and by applying optimised event selection cuts.
This will be presented in section 4.8.

4.4.7. Significance
The significance is defined by

\/E )
where S and B are the signal and background yields after applying all event selection
criteria. The significance is connected to the probability for a specific deviation of signal
and background. A value of Sign. = 1 would mean a 1o deviation between signal and
the expected background, which corresponds to a probability for this deviation to be a
statistical fluctuation of the background of ~ 1 — 68% = 32% in a Gaussian approach.
As a convention, a deviation of 50 is needed to speak of a discovery of new particles.
This means that between the signal and the expected background has to be a deviation

Sign. = (4.14)
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4.4. Selection cuts

of at least 50. A 5o deviation corresponds to a probability of ~ 5.7 - 1075% for the
occurence of this deviation. This low probability is necessary in order to be confident
that the measured signal is not a statistical fluctuation of the background.

The significance can be used to determine the integrated luminosity £ needed for a
50 discovery. If S and B are the signal and background yields after all event selection
cuts normalised to 1 pb~!, the needed luminosity in pb~! can then be derived by

B 52.B
Lpb~! = o -

(4.15)

This has been done for samples containing b'd’ production with different masses in the
range my € [300GeV, 600 GeV] with steps of 50 GeV. These have been produced in
addition to the already available samples (see table 4.2). Figure 4.17 illustrates the
calculated needed luminosities as a function of the heavy quark mass my . The required

10°

102

Integrated luminosity [fb™]

10

_.
T

30030 400 450 500 550 600
m,. [GeV]
Figure 4.17.: Logarithmic plot of the needed integrated luminosity for a 5o discovery

with significance S/ vB. The luminosity is given as a function of the '
mass.

luminosity for the signal discovery increases with higher heavy quark masses. With
masses of 400 GeV and higher, there is a large increase in the luminosity over several
orders of magnitude. This is due to the higher needed momentum fraction x of the
colliding partons. The PDFs decrease heavily for fractions above ~ 20% (see figure 1.10).
Hence, there is only a low probability for partons colliding with sufficient momenta in
order to produce the heavy quark pairs.
At the lowest mass of my = 300 GeV the needed luminosity is above 2fb~!. With the
expected luminosity of £ = 1fb~! at the end of the year 2011, a &’ quark could be not
discovered at this confidence level (50 = 99.999943%) in the considered scenario.

It will be shown at the end of this thesis (section 4.8) that this result can be improved
by applying optimised cuts.
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4. Search for a fourth generation signal in same-sign dilepton final states

4.5. Counting analysis

In this section, the idea of the counting analysis is described. It extracts the number
of measured signal entries from a data sample with usage of the simulated background
samples. The background is controlled by a data-driven background estimation. The
following sections show results obtained with pseudo data sets and the conclusions from
a dedicated toy MC study.

4.5.1. Basic idea

The idea of this analysis is based on a simple counting method. One chooses a signal
region, where the signal contribution is preferably high, and counts all observed events
Nggfa in this region. From this number is subtracted the sum of all possible back-
ground events N ]ﬁ% in the same region, estimated from the simulated MC samples. The

remaining events Ng;q then should be the number of measured signal events:

ata

Ngiy = N9bs — NBC. . (4.16)

4.5.2. Controlling the main backgrounds

The calculation in equation (4.16) gives only the correct result, if the MC estimations
for the backgrounds are well known. This is not the case for every sample and especially
not for the given cross sections o used in the generator.

First, the counted number of events for a MC sample i with integrated luminosity L;
gets rescaled according to a desired luminosity L* by the weight

0

L*
=2 =2t (4.17)

Yim T TN,

where NN; denotes the total number of events in the sample. If the cross section value
o; used does not equal the correct value realized in nature, then this results in a weight
over- or underestimating the background contribution. In the case of, for instance,
underestimating a specific background by a factor ¢, the applied weight changes to
w; — ~*. Therefore one has to correct the estimation by another factor R; ~ c :
Wi % g, . (4.18)
c c
This correction factor R; needs to be determined from the measured data.
A possible way would be to calculate the ratio between measured data events and sim-
ulated MC events

o Npata

R; =
' Nucy

(4.19)

to correct the contribution from a background ¢. This ratio needs to be determined in
a region with a specific event selection so that the corresponding BG ¢ is dominating.
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4.5. Counting analysis

These regions are in the following referred to as control regions (CR). In this analysis,
the control regions can be found in complementary lepton categories (final states with
different lepton multiplicities and lepton charges), but still using the same kinematical
event selection criteria (as presented in section 4.4.5).

This procedure needs to be performed for the main backgrounds contributing to the
signal region ¢*¢* /¢~¢~. The main backgrounds that dominate in a lepton category are
tt, W+jets in the decay channels W — ev and W — pv and Z-+jets with the decays
Z — ete” and Z — ptu~. All other background processes (introduced in section 4.2)
that are not corrected, including the processes W — 7v and Z — 7777, are in the
following combined to the BG category "other". The controlled background processes tt,
W —ev, W — uv, Z — eTe” and Z — p*pu~ are in the following referred to as unique
background categories. The control regions and the corresponding dominating BG are
listed below:

e et /e” and u"/u~: Single lepton final states are mainly dominated by W — ev
and W — pv events, due to the leptonic W-decays (figures 4.19(a) and 4.19(b)).
When comparing the number of events N /¢ in the electron channel (fig. 4.19(a))
with the number of events N*'/#~ in the muon channel (fig. 4.19(b)), one notices

%‘;;:_ ~ 1.6. Due to the lepton
universality (the weak coupling constant is the same for all lepton flavors), the W-
decays into electrons and muons should appear with the same probability (when
neglecting the different masses of electron and muon). The observed difference

indicates different selection efficiencies for electrons and muons.

a large difference. The ratio is about R+ - =

e e"e” and p"p: These opposite-sign charged dilepton final states are dominated

by Z — ete” and Z — ppu~ events (figures 4.19(c) and 4.19(d)). It was assumed
from figures 4.19(a) and 4.19(b) that there are different selection efficiencies for
electrons and muons. The same difference is not visible between the ete™ and
utp~ categories. Here, the ratio has a value of Ry, = % ~ 0.7.
It has been worked out that the cut on the transverse missing energy (F7 > 20 GeV)
compensates the difference in ete™ and u™p~ events. Figure 4.18 shows the P
distribution for e*e™ and "~ final states. The ratio of the total number of events
between pTp~ and eTe” final states is about 1.6 and so equal to the observed
ratio in the single lepton categories. The Z+jets control regions are obviously also
affected by the different selection efficiencies for electrons and muons. But the
shapes of the two K7 distributions are not similar. The ratios between the number
of events passing the Er cut N(Er > 20GeV) and the total number of events
N (total) differ for the two final states:

. N¢ (Ep >20GeV)

te) = = ~ 4.11 4.2
R(eTe) Nete™ (total) % (4.20)
NHH (Bp > 20 GeV)

N1 (total)

R(p ™) = ~ 2.23% . (4.21)
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Figure 4.18.: Missing transverse energy K7 in eTe™ and p™pu~ final states. One notices

a difference in the shapes of these distributions.

The two ratios differ by a factor of about

R(ete™)
R(ptp~)

The reconstruction of £ is obviously different between events containing electrons
and events with muons. This effect occurs only at low K7 values around ~ 20 GeV.
The single lepton category for the W4jets background is not affected by this
difference, because W-+jets events appear generally with a larger Fr due to the
neutrino from the W-decay. Hence, the difference in the reconstruction efficiencies
for Fr in the Z+jets control regions seems to compensate the different selection
efficiencies for electrons and muons observed in the single lepton categories.

~18. (4.22)

et~ /e pT: This final state is dominated by the ¢t background (figure 4.19(e)).
Although the two leptons are opposite-sign charged, the Z+jets BG does not con-
tribute due to the different flavors. The signal appears as well in this lepton
category, but with small entries.

All control regions are summarized in table 4.9.

Lepton category | Dominant contribution from
et /e W — ev

pt /e W — pv

ete” Z — ee

prp Z — pp

et~ /et tt

Table 4.9.: Lepton categories with the corresponding dominant contribution of back-
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Figure 4.19.: Control regions for the main backgrounds in the counting analysis. These
consist of different lepton categories (with a dominant BG contribution):
et e (W — ev), jit /i (W — ), e+ (Z — ee), = (Z — ) and
et~ /e pt (tt). The event selection cuts in section 4.4.5 are applied and
the histograms are rescaled to an integrated luminosity of £ = 50pb~".
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4. Search for a fourth generation signal in same-sign dilepton final states

As previously discussed, the correction factor for a background, introduced in equation
(4.19), can be simply obtained by comparing the measured data with the MC predictions
in the corresponding control region. Equation (4.16) then has to be modified to

NSig :NSR - Z (N]A\g/[%,z ) Rl) - Z Nﬁ[%viother ) (423)

1 7;othe'r
with the correction factor

NC Ri

= CRji °
Nyc

R; (4.24)

where R; is calculated in the specific control region for background ¢ as listed in table
4.9. The summation over the backgrounds is split into the sum over backgrounds ¢ that
obtain the correction factor R; and all the other backgrounds iyne- (like single top,
dibosons, Drell Yan, etc.).

As seen in the control region histograms (figure 4.19), each lepton category consists not
purely only of one background sample. There are contributions from other backgrounds
and from the signal. These have to be taken into account when calculating the control
ratios R;. Therefore, one has to subtract the other background and the signal estimates
from the number of data events in the control region. These MC estimates should be also
corrected by the control ratios, which turns the calculation into an iterative procedure.
At iteration step 0, the number of signal events are evaluated from equation (4.23)
and the control ratios Rg are obtained. In the next steps k, the correction factors are
calculated by

NCR,i _ Z .kal X NPR
k m##i tim MC,m
Ry = NCOTi ; (4.25)
MC,i

where the ratios Rf ~1 of the previous iteration step k — 1 are used. The summation over
m # i means to sum over all samples except the corrected one. The signal contribution
to the control regions has to be subtracted as well. Hence, a correction ratio Rf will be
also calculated in the signal region.

The complete formula for the number of signal events after iteration step k is then:

CRyi k—1 CR
N =3 R - N,
k  _arSR SR m##i tim MC,m SR
Ngig =N = > | Nt O ~ > Nt (4.26)
% MC,i tother

4.6. Results for pseudo data

In the following, the signal extraction method described in section 4.5 will be tested with
pseudo data. The pseudo data is created from the MC signal and BG samples. The
creation procedure gives the possibility to vary the contributions of the signal and BG
processes. This is done by modifying the cross section of the processes. The creation
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procedure will be described in the following section. Then the results of the counting
analysis performed on pseudo data are presented.

4.6.1. Creation of pseudo data

The pseudo data is created in terms of a "mixing sample". Basically this is done by
merging a specific amount of signal and background events, taken from the simulated
MC samples. The amount of events N* taken from each sample depends on the cross
sections ¢ of the samples and the integrated luminosity £* under consideration. The
amount N* is selected from a sample with a total of N events with a probability w
calculated as:

N*=w-N =0 -L* (4.27)
o-L*
= . 4.2
= w N (4.28)

For each event of the sample a random number = between 0 and 1 is taken from uniform
probability. If x < w, the event is accepted for the mixing sample, otherwise the event
is rejected and used to build the MC sample.

This procedure only works, if there is a sufficient amount of events available in each
sample. This requires that the available luminosity £ of each sample has to be larger
than the luminosity under consideration £ > £*, which was not the case for the bb jets
background sample. Hence, this sample is left out in the tests of the counting analysis
with pseudo data.

4.6.2. Results with default cross sections

As a first test a pseudo data sample has been generated according to the default MC
cross sections and the counting analysis method has been performed on this pseudo data
set. Therefore one expects that the MC describes the pseudo data distributions very
well and that the calculated control ratios are all close to 1.

The first check is if the iterative method converges. In this run, the number of iteration
steps is set to 10. Figure 4.20 shows the different calculated control ratios as a function
of the iteration step. One notices, that in all cases the ratio is too high at iteration step
0, since there is no subtraction done on the pseudo data in the nominator of the control
ratio (see Eq. 4.24). In the second step, the ratio goes down and fluctuates around the
final value. The method converges already after a few steps (iteration ~ 4).

The final computed control ratios after the 10 iteration steps, together with the final
MC background predictions, are shown in table 4.10. The errors on these values are
obtained from a dedicated toy study that will be described in section 4.7.2. Moreover,
the table lists the expected yields for background and signal. The values are taken
directly from the MC distributions scaled to £ = 50 pb~!.

As already mentioned, the control ratios are all expected to be 1, because there was no
change in the cross sections performed in the creation of the pseudo data. The obtained
control ratios, listed in the table, do all match the expected value of 1 within 1o to 3o
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Sample Measured events Measured ratio Expected events Expected ratio
in signal region | in control regions in signal region | in control regions

pseudo data 5

Wev+jets 0.0£0.0 1.02 £0.05 0.00 + 0.46 1

W pv+jets 0.0£0.0 1.13£0.05 0.00 + 0.46 1

Zee+jets 0.20 + 0.06 0.6 £0.2 0.3+0.3 1

Z ppu-jets 0.0+0.0 1.6+0.3 0.00 +0.28 1

tt 1.1£0.7 0.5+£0.3 2.2+0.2 1

other 0.45 0.4+0.6

Result 3.25+2.34 1.05 £+ 0.02

Table 4.10.: Results for the measured events and control ratios after the counting anal-
ysis. The analysis is run on a mixing pseudo data sample, which is created
with default cross sections and with an integrated luminosity of £ = 50 pb~ 1.
In the measured event yields for the background contributions, the calcu-
lated control ratios are already applied. The errors on the measured quan-
tities are obtained from a dedicated toy study, described in section 4.7.2
(table 4.13). The expected events are taken directly from the MC distri-
butions and the expected ratio is always 1, since there has been no change
in the cross sections of the MC contributions. The last line presents the
measured number of signal events after subtracting the backgrounds.

standard deviations. Indeed, the measured ratios for the W+jets control regions are
closer to 1 than the ratios for Z+jets and tt. The reason can be seen from the control
region histograms, containing the MC distributions and the pseudo data points (figure
4.21). The Z+jets and tt control regions suffer from low statistics in comparison to the
W +jets distributions. This is also noticeable in the much larger relative errors § on the
ratios of the Zee+jets (§ = 33%), Zuu+jets (6 = 19%) and tt (§ = 60%) control regions
in comparison to the errors on the Wev+jets (6 = 4.9%) and Wuv+jets (6 = 4.4%)
regions.

Moreover, one notices a bias in the obtained signal yield after the subtraction of the
corrected backgrounds. The measured and expected signal yield differ by more than 2
events, but still match within the 1o standard deviation.

With higher statistics, the pseudo data could fit better to the MC predictions in the
control regions regions. The same applies on the signal region. A study of the counting
analysis with a pseudo data sample produced with a much higher integrated luminosity
and hence more statistics is discussed in section 4.7.1.

4.6.3. Results with modified cross sections
In the following, the analysis from the previous section is repeated with another pseudo

data sample. The creation method (section 4.6.1) gives the possibility to change the
contributions from samples inside the pseudo data. When modifying the cross section
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Figure 4.20.:

Control ratios as a function of the iteration step.

(e) tt ratios

converges after a few steps.

The method already
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Figure 4.21.: Signal and control regions for the counting analysis with a mixing sample
created of the MC with default cross sections. The histograms are rescaled
to an integrated luminosity of £ = 50pb~!.
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of a specific sample by a factor ¢, the calculated weight changes to:

c-o
w=— L.

~ (4.29)

The modifications in the cross sections for the pseudo data sample used in this analysis
are:

e For signal, tt and single top: +60% = ¢ = 1.6
o For Wjets, Z+jets, W/Z+bb+jets and dibosons+jets: —40% = ¢ = 0.6

The changes of the cross sections should be reflected by the calculated control ratios.
Ideally, the measured ratio in a control region equals the modification factor ¢ that has
been applied to the corresponding BG contribution.

The analysis was performed on this pseudo data set with 10 iteration steps. Figure
4.22 illustrates the calculated ratios as a function of the iteration step, which show a
similar behavior to the plots in figure 4.20. Here, too, one notices a convergence of the
ratios after 4 — 5 iteration steps.

The results, together with the expected values, are shown in table 4.11.  The errors

Sample Measured events Measured ratio Expected events Expected ratio
in signal region | in control regions || in signal region | in control regions

pseudo data 6

Wev+jets 0.00 4+ 0.00 0.57 £0.06 0.00 £0.28 0.6

W uv+jets 0.00 &+ 0.00 0.64 £ 0.06 0.00 £0.28 0.6

Zee+jets 0.31+0.06 1.0+0.2 0.17£0.16 0.6

Z pp+jets 0.0£0.0 0.2+£0.3 0.00 £0.17 0.6

tt 3.3+0.8 1.5+0.4 3.45+0.33 1.6

other 0.45 0.44 £0.42

Result 1.95+2.89 1.68 +0.03

Table 4.11.: Results for the measured events and control ratios after the counting analy-
sis. The analysis is run on a mixing pseudo data sample with modified cross
sections and with an integrated luminosity of £ = 50 pb~!. The errors on
the measured quantities are obtained from a dedicated toy study, described
in section 4.7.2 (table C.2).

are obtained again from a toy study (section 4.7.2).
Such as for the analysis with default cross sections (table 4.10), one notices a good
agreement between the measured and expected ratios in the W+jets control regions.
The ratios for the Z+jets control regions and the measured signal yield again show a
bias. This is due to low statistics, as described in the previous section. In contrast,
the ratio for the ¢ CR appears with a better agreement than in the analysis with the
default cross sections. However, all calculated quantities agree within 1o and 30 standard
deviations with the expected values.

In figure 4.23, the distributions for the signal and the W-jets control regions are
illustrated. The histograms on the left show the distributions before running the counting
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Figure 4.23.: Signal and W+jets control regions for the counting analysis with a mixing
sample created of the MC with varied cross sections. The distributions at
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Figure 4.24.: tt and Z+jets control regions for the counting analysis with a mixing sample
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4.7. Toy studies

analysis. On the right are the same plots after applying the computed ratios on the MC.
In the W+jets control regions, the MC estimations describe the pseudo data distributions
very well after correcting them by the control ratio.

The same distributions are illustrated in figure 4.24 for the Z+jets and ¢t control regions.

4.7. Toy studies

In the following, toy studies are performed on the counting analysis.

In this way, it is possible to obtain errors on the calculated control ratios and event
yields. This will be presented in section 4.7.2. The obtained errors were already listed
in the results of the counting analysis with the two different mixing samples (tables 4.10
and 4.11).

Moreover, one noticed a bias for some calculated quantities due to the lack of statistics
at an integrated luminosity of £ = 50 pb~!. Mixing samples with higher luminosities
are not possible with the current available MC samples. Another way is to use a toy
sample as pseudo data. Thus one can produce a pseudo data sample with an arbitrary
luminosity. The results of the counting analysis performed on such a toy sample are
presented in section 4.7.1.

A toy sample is produced from the final MC distributions of signal and background
after applying all required event selection cuts. First, these MC distributions are rescaled
to any desired integrated luminosity. Then, based on the rescaled MC distributions for
the signal (fig. 4.14) and control regions (fig. 4.19), new histograms are produced using
statistical methods. This is done by calculating for each bin entry b a new pseudo random
number x;, using the ROOT random number generator. The obtained xy is then used as
the new value for the bin entry. The numbers x; are calculated according to a Poisson
distribution with mean value b. The probability P(z;) for getting the random number
Ty is then

el . b

P(xp) = .

(4.30)

4.7.1. Results for single toy samples

At first, a single toy sample is created with an integrated luminosity of £ = 1fb~!. Then,
the counting analysis is performed on this toy sample as a test with higher statistics in
comparison to the analyses with the mixing samples (sections 4.6.2 and 4.6.3). This is
done in order to see if the biases vanish, which appeared due to low statistics.

Table 4.12 lists the results for the counting analysis. The errors on the measured quan-
tities are again obtained from a toy study described in the next section. The calculated
ratios show a good agreement with the expected value of 1 within a 1o standard devi-
ation in the W+jets and Z+jets control regions. A match of the calculated ratio with
the expected ratio 1 within 20 standard deviations is noticeable in the t# CR. All ratios
have an error below 7% now.

A similar analysis was performed on a toy sample with varied cross sections and a lumi-
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Sample Measured events Measured ratio Expected events Expected ratio
in signal region | in control regions in signal region | in control regions

pseudo data 71

Wev+jets 0.0£0.0 1.00 +0.01 0.0+9.2 1

W pv+jets 0.0+0.0 1.01 +£0.01 0.0+9.3 1

Zee+jets 6.0 +0.3 1.04 £0.05 5.7+5.2 1

Z ppu-jets 0.0+0.0 1.06 +0.06 0.0£5.5 1

tt 39.8 2.8 0.92 4+ 0.06 43.1 4.2 1

other 8.80 8.8 +11.3

Result 16.5 £+ 10.6 21.0£0.3

Table 4.12.: Results for the measured events and control ratios after the counting anal-
ysis. The analysis is run on a toy pseudo data sample with an integrated
luminosity of £ = 1fb~!. The errors on the measured quantities are ob-
tained from a dedicated toy study, described in section 4.7.2 (table C.3).

nosity of £ = 1fb~!. The same cross section modification factors as in section 4.6.3 have
been applied. The results are listed in appendix C.1 and show the same good agreement
between measured and expected values as in table 4.12.
In comparison to the results obtained with pseudo data at £ = 50 pb™—!, there is a better
agreement noticeable for the results obtained from pseudo data with higher statistics.
However, the BG contribution of W+jets and Z — uu events to the signal region
still cannot be described well. This is due to the lack of statistics in these samples.
Therefore, MC samples with more statistics would be needed for a better description of
these backgrounds.

4.7.2. Error estimation for counting analysis

For a better understanding of the precision of the calculated control ratios and event
yields obtained by the counting analysis, an estimation of the uncertainties is needed.
A direct calculation of the statistical errors is a quite complicated task. The iterative
derivation of the control ratios of a specific control region includes the ratios of the other
control regions from the previous iteration steps (see section 4.5.2). As a result, all ratios
are strongly correlated at the end of the iterative calculation. This would have to be
considered in the derivation of the statistical uncertainties.

Therefore, another strategy has been followed: A large set (here: 1000) of different toy
samples is created and the counting analysis is performed on each of them. For each toy
sample one obtains the calculated control ratios and event yields.

In the toy sample creation, the bins of each histogram are recalculated according to a
Poisson distribution, starting from the original MC histograms. Thus, the total number
of events contained in a histogram should also follow a Poisson distribution, when re-
peating the creation procedure 1000 times. As a result, the final calculated yields and
ratios of the counting analysis performed on each sample should fluctuate within the
statistical errors. Each quantity is plotted into a histogram and the standard deviation
(or RMS) of these distributions are then taken as an error estimate.
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In the following, such an analysis is presented for an integrated luminosity of £ =
50 pb~! and with the default cross sections.
As an example, the computed signal yield after the counting analysis for the 1000 differ-
ent toy samples is plotted in figure 4.25. The distribution has an asymmetric shape, but
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Figure 4.25.: The computed signal yield after the counting analysis for 1000 different toy
samples.

the RMS will be taken from the histogram as an error estimate under the assumption
of a symmetric Gaussian shape. This was repeated for the BG yields and control ratios
and the corresponding histograms are given in in appendix C.2. Table 4.13 summarizes
the mean (u) and RMS (o) values of all quantities. The obtained o were assigned to

Sample Yield g | Yield o | Yield \/E)W Ratio p | Ratio o | Ratio \/1‘6%
Wev+jets 0 0 0 1.000 0.050 0.002

W pv+jets 0 0 0 1.000 0.053 0.002
Zee+jets 0.287 0.060 0.002 1.008 0.212 0.007
Zpp+jets 0 0 0 0.998 0.273 0.009

tt 2.166 0.649 0.021 0.995 0.298 0.009
Signal yield 1.09 2.34 0.07

Table 4.13.: Mean values 1 and standard deviations o of yields and ratios after the count-
ing analysis with 1000 different toy samples. The analysis was performed
with £ = 50 pb~! and default cross sections.

the yields and ratios calculated in the counting analysis performed on a mixing sample

in section 4.6.2 (table 4.10).
Similar toy studies have been performed on toy samples with different luminosities
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and/or a cross section modification, in order to quantify the uncertainties on the ob-
tained values in tables 4.11 and 4.12. All obtained mean and RMS values for each toy
study are listed in appendix C.3.

However, it is not possible to quantify errors for the W+jets and Z — pp yields, since
they do not have entries in the signal region histogram due to the lack of statistics in
the MC generation for these samples.

The true contribution from the signal is unknown, since it depends on unquantified
parameters like the particles mass or the branching fraction of the decay scenario. Hence,
one needs to study the error dependence on the true signal contribution. This is done by
repeating the previous analysis with several toy samples, that have different contributions
from the signal. For each true signal value Ntyye signal, the analysis is performed again
on 1000 different toy histograms.

At £ = 50pb~ !, one expects ~ 1 signal event with the current search strategy. From
the heavy quarks mass dependence of the cross section (figure 4.2), one can estimate the
change in the signal yield with different masses. For masses between

m € [300 GeV, 500 GeV] , (4.31)
this results in a signal yield range of:
Nrppye € [0.1,2.5] . (4.32)

To study the method also at large Npye, the signal contribution was varied in a wider
range. In order to obtain the different true signal contributions, the signal cross section
was varied by factors between 0 and 40, which results in a Ny, range of Ny € [0,42].
In plotting the mean values and standard deviations (as error bars) from the calculated
signal yield as a function of Nyye signal, One is able to construct a lo-confidence belt
for the measured signal yield Nyfeasured (figure 4.26). Depending on the determined
Nneasured Value after the analysis, one can read off the corresponding 1o uncertainty
for Nyue signal- The obtained Nyjeasurea Values do not show a bias, since they equal the
values for Nmyye signal Within the errors.

The constructed confidence belt is now used to obtain an error on the previously mea-
sured signal yield of 3.25 4 2.34 in the counting analysis performed on a mixing sample
(table 4.10). This is done by a linear approximation of the confidence belt in the con-
sidered region of Nyjeasured = 3-25. The result now changes to:

NSignal = 3295132%5 . (433)

The BG yields and control ratios were also plotted as a function of Nyye signal. These
plots are given in appendix C.4. However, in order to obtain an error estimate depending
on the measured BG yield or ratio, one needs to repeat this toy study with different true
contributions Np,.. for the backgrounds.
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Figure 4.26.: The computed signal yield as a function of the true signal contribution.
Each point consists of 1000 different toy samples. Plotted are the mean
values and the standard deviations are denoted by the error bars.

4.8. Cut optimisation

The event selection cuts used for the analysis (section 4.4.5) were mainly adopted from
the CMS analysis in [58]. It was discussed in section 4.4.7 that a discovery of a b’ quark
in the considered scenario will be not possible with the data set expected until the end of
2011. Therefore, an optimisation of the event selection cuts has been performed in order
to get an optimal significance. The cuts are improved using the Toolkit for Multivariate
Data Analysis with ROOT (TMVA) [60].

The input variables for the optimisation are those discussed in section 4.4.5, namely
the missing transverse energy K, the transverse energy of the leading jet E:%e“d‘] ¢ the
transverse momentum P%eadLep , and absolute value of the pseudo-rapidity |n
the leading lepton. Only events with two same-sign charged leptons after the particle
selection described in section 4.4 are used as input for TMVA.

Figure 4.27 illustrates the input variables distributions of signal (blue) and background
(red). The background includes all processes discussed in section 4.2.

LeadLep| of

The TMVA package contains several algorithms for performing multivariate analyses.
Here, the "Cuts" method with the "Genetic algorithm" (GA) as minimisation algorithm
is chosen for the optimisation. It is a rectangular cut optimisation, which sets the signal
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Figure 4.27.: Input variables distributions of signal and background used for the TMV
analysis. The shown variables are EtMiss = Er, LeadingJetEt = E%ead]et7
LeadingLeptonPt = P:,%eadL‘ip and AbsLeadingLeptonEta = |pleadler|,

84



4.8. Cut optimisation

efficiency eg to a specific value and maximises the background rejection r = 1 — €p,
where €ep is the background efficiency. This is done by varying the input variables, until
the rejection reaches its maximum value. The algorithm iterates over signal efficiencies
es between 0% and 100% in steps of 1%. The result is then a set of optimal minimum
and maximum values for the event selection variables to each signal efficiency eg.

The final background rejection r after the optimisation with TMVA is plotted as a
function of the signal efficiency eg in figure 4.28. It illustrates the correlation between

[ Background rejection versus Signal efficiency |

TMVA
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1 e

09 Ty
08 b G

R wes S S S S o

Background rejection

R N
T ..

e s S S
- MVAMethod: i i b
O3 m——cutsGA T

S S P PUUEE FUNE PSP SRS DR I
0 01 02 03 04 05 06 07 08 09 1

Signal efficiency

Figure 4.28.: Signal efficiency e€g as a function of the background rejection rg =1 —€p
after the cut optimisation.

an increasing signal efficiency and a decreasing background rejection. The curve shows
small fluctuations, which arise from the lack of statistics in some background samples
(mainly W4jets and bb jets).
Each obtained signal efficiency eg corresponds to a set of cut values for the event selection
variables and to a background efficiency ep, which was minimal with these cuts (since
r = 1 — ep was maximised). The signal and background efficiencies are plotted as a
function of the obtained optimised cut values in figure 4.29. The minimum cut values
for B and PE“"P are decreasing, while the maximum value for |needLep| is increasing
with higher signal efficiencies. The value for E%e“d‘]d is almost constant at around
~ 70 GeV for all efficiencies.

The output of TMVA are sets of cuts corresponding to specific signal efficiencies eg.
In order to obtain the optimal cuts, it is necessary to select those cut values which
maximise the significance described in section 4.4.7 (Eq. 4.14):

Sign. = ;E , (4.34)

where S and B are the final signal and background yields after applying the optimised
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Figure 4.29.: Signal eg and background ep efficiency as a function of the cut values after
optimisation with TMVA.

cuts (and rescaling to £ = 50pb~1). Since each set of optimised cuts corresponds to a
specific signal and background efficiency, the significances can be plotted as a function
of the signal efficiency eg and of the optimised cut values (figure 4.30). The significance
in fig. 4.30(a) is almost flat at signal efficiencies between 30% and 70% with a value
of Sign. ~ 0.8. There is a large rise at eg < 0.3, which arises from low statistics in
some background samples that are completely vanishing due to the hard cuts leading
to these low efficiency values. Figures 4.30(b) and 4.30(d) also show such effects of low
statistics, especially at high cut values that result in a large rise of the significance. In
figure 4.30(e) the significance is nearly independent on the cut value |pkeadlep|,
Another definition for the significance is

S
VS+ B

It describes the relative precision of a measurement after performing the analysis in
comparison to the significance in Eq. 4.14, which described the probability of measuring
a specific deviation.

Sign." = (4.35)
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Figure 4.30.: Significance S/v/B as a function of the signal efficiency eg (a) and of the
cut values ((b)-(e)) after optimisation with TMVA.
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Figure 4.31.: Significance S/+/S + B as a function of the signal efficiencies €5 (a) and of
the cut values ((b)-(e)) after optimisation with TMVA.
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Figure 4.31 illustrates the significance (Eq. (4.35)) as a function of the signal efficiency
€s and of the optimised cut values. Since the signal yield S also appears in the denomi-
nator, the significance is not affected by the low statistic effects discussed before. Thus,
the plots in figure 4.31 are more suitable to read off the optimal cut values leading to a
maximum significance.

The significance in figure 4.31(a) reaches its maximum at eg ~ 50% — 70% with Sign.” ~
0.6.

In the case of EF™ (fig. 4.31(b)) the distribution is almost flat between 40 GeV and
80 GeV. We choose E™ ~ 50 GeV as an optimal value.

The entries in the distribution for E%ﬁfl%et (fig. 4.31(c)) concentrate in the range be-
tween 20 GeV and 120 GeV. We choose a cut of E%;Z?,{et ~ 70 GeV that provides the
highest significance.

The distribution for PX*“P (fig  4.31(d)) fluctuates at values above 50 GeV and is

T, min

almost flat between 20 GeV and 50 GeV. Hence, the previous cut on P{i ianL P of 35 GeV
can be maintained. 7

As already noted, the significance is nearly independent on the cut value of |pLeadler)|
(fig. 4.31(e)). We choose to cut at the crack region (see section 2.2), since this should
be excluded anyway to avoid unwanted physical processes in this region.

All chosen optimised cut values are summarized in table 4.14, together with the previ-
ously chosen values for comparison.

Variable | Old value New value

Zr > 20 GeV > 50 GeV
EkeadJet |~ 85 GeV > 70 GeV
pRevdler | 5 35 Gev > 35 GeV
|nleadLep| <1 < 1.37 (Crack region)

Table 4.14.: The final optimised cut values (New value) after the analysis with TMVA.
The values are taken at a signal efficiency of about eg ~ 60%. For compar-
ison, the previously chosen cut values are shown (Old value).

As denoted in section 4.1, the high jet multiplicity in the signal can be also used
for background suppression. A search for the fourth generation quarks with cuts on
the number of jets Njes has been already discussed in [61]. In order to see the effect of
cutting on this variable, the T'M VA analysis is performed also with N j.:s as an additional
input variable. The results for the significances as a function of the signal efficiency eg
and the optimised minimum value for the jet multiplicity N %Zg are plotted in figure
4.32.

When adding Nje:s in the optimisation the significances increase to Sign. =~ 1 and
Sign.! = 0.75 in the eg region between 50% and 70% (figures 4.32(a) and 4.32(b)). The

distributions are more fluctuating, because there are in general less events remaining
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Figure 4.32.: Significances S/v/B and S/v/S + B after optimisation with TMVA and
with additional optimised variable Nj.s. The significances are plotted as

a function of the signal efficiency and NV %Z;L .

due to the additional event selection cut N jes.
The significance in figure 4.32(c) reaches its maximum by requiring at least four jets.

Hence, we choose a cut value of N7 = 4.

The histograms for the other cut variables Zmm, E%%%Et, P’ﬁiﬁ% P and |nkeadlep)
are shown in appendix D.1. The previously denoted cuts on these variables can be
maintained, since the resulting significance plots are similar to those previously obtained
in the optimisation without the variable Nj.s (compare figures D.1 and D.2 with figures

4.30 and 4.31).

4.8.1. Results for optimised cuts

The obtained optimised event selection cuts (table 4.14) are now applied to the signal
and background events from the samples discussed in section 4.2. The resulting N js
distribution for same-sign charged dilepton events £T¢* /¢~ ¢~ is presented in figure 4.33.
In comparison to figure 4.14, one notices a reduction of the BG contributions, while the
signal is nearly maintained.
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Figure 4.33.: Number of jets distribution in the ¢*¢* /¢~ ¢~ signal region. The optimised
event selection cuts from table 4.14 have been applied.

This is also noticeable in table 4.15, which lists the signal and BG yields and the
significances after applying the old event selection cuts and the new optimised cuts.
Furthermore, by additionally applying the cut on the jet multiplicity (Njes > 4), the

‘ Old cuts ‘ New cuts | New cuts and Njgs > 4

Signal yield S 1.05 1.08 0.85
Background yield B 2.96 2.13 0.48
S/V/S+ B 0.52 0.60 0.74
S/VB 0.61 0.74 1.24

Table 4.15.: Signal/background yields and the corresponding significances. The values
are given after using the old event selection cuts (section 4.4.5), the opti-
mised cuts (table 4.14) and with additional cut on the jet multiplicity. The
numbers are given for an integrated luminosity of £ = 50 pb~1.

BG yield is largely reduced.

It was discussed in section 4.4.7 that a b’ can be not discovered at £ = 1fb~! in the
considered scenario with the event selection criteria from section 4.4.5. As shown in
figure 4.17, the integrated luminosity needed for the discovery of a b’ with a mass of
300 GeV was above 2fb~! and increased with higher masses.

The same plot was now produced with the new optimised event selection cuts (table
4.14) including the requirement of at least four jets. The integrated luminosity needed
for a 5o-discovery is derived from Eq. 4.15, where S and B are now the yields after the
new cuts. Again, the luminosities are plotted as a function of the b’ mass. The resulting
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plot is presented in figure 4.34. The required luminosity is reduced by nearly one order of
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Figure 4.34.: Logarithmic plot of the needed integrated luminosity for a 5o discovery
with significance S/v/B. The luminosity is given as a function of the b’
mass and is calculated from the yields after applying the optimised cuts
(table 4.14) including the requirement of Njes > 4.

magnitude in comparison to the plot obtained with the old cuts (fig. 4.17). For a b’ with
a mass of my < 350 GeV, a luminosity of less than 1fb~! is needed for a 50 significance.
Thus, a discovery of a b’ in this mass range could be possible in the considered scenario.
This requires that the LHC reaches the expected integrated luminosity of 1fb~! by the
end of the year 2011.

92



5. Summary and outlook

In this thesis a strategy for the search for fourth generation quarks has been discussed.

The possible decay scenarios of a heavy fourth generation down-type quark ¥’ depend
on the mass difference between the 0’ and the fourth generation up-type quark ¢'. This
mass difference is currently not well constrained. The decay scenarios of a b’ have been
discussed under the assumption of a sufficient large mixing in the CKM sector between
the fourth and third family with respect to the mixings between the fourth and sec-
ond and between the fourth and first family. Then final states with four W-bosons
(2WT2W ™) and two b-quarks appear with sufficient branching fraction and indepen-
dently of the mass difference between b’ and t'. It was required that two same-sign
charged W-bosons decay leptonically. This resulted in the selected rare Standard Model
signature of same-sign charged dileptons £ ¢1 /¢~ (.

The particle and event selection criteria have been discussed next. The selected crite-

ria yield in a further suppression of the Standard Model backgrounds and were chosen
quantitatively based on an analysis from CDF.
Furthermore, the efficiencies of the cuts on the event selection variables have been stud-
ied. The variables are the transverse missing energy Fr, the transverse energy of the
highest energetic jet E£°%/¢t and the transverse momentum PrﬁeadLep and pseudorapid-
ity nleedler of the highest energetic lepton. The studies showed that the chosen cut on
Fr results in a good suppression of the Z-+jets, Z + bb+jets and Drell Yan production
backgrounds with signal efficiencies below 40%. Moreover, the selected cut on E%ead‘] et
affects all backgrounds resulting in signal efficiencies below 60%.

In the presented analysis, the signal is extracted by means of a counting analysis with

a data-driven background estimation from specific control regions. The results of the
counting analysis performed on pseudo data (with £ = 50 pb™!) have been presented.
The pseudo data were created from the simulated MC data set, assuming either default
or modified cross sections for the signal and particular background contributions. All
obtained results showed consistence with the expected values within the errors. It has
been presented that the results were improved by using pseudo data with higher statistics
(L =1fb71).
The statistical uncertainties were obtained by a dedicated toy Monte Carlo study. A
confidence belt has been constructed, which can be used to determine confidence intervals
on the true signal yield. The calculated signal and background yields as a function of
the true signal contribution did not show a bias.

Finally, an optimisation of the event selection criteria has been performed using the
TMVA tool. The study showed that the cut value on E7 has to be increased from 20 GeV
to 50 GeV in order to obtain an optimal significance. The cuts on the other variables
can be nearly kept. An additional requirement of at least four jets further improved the
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background suppression.

The significances have been also studied including an estimation of the required in-
tegrated luminosity £ for a 5o-discovery as a function of the & mass my. The studies
with the old event selection criteria that were used before the cut optimisation revealed
that for my > 300 GeV the required luminosity is above 2fb~!. With the expected data
set at the end of the year 2011 (£ = 1fb~1) at the LHC, a discovery of a b’ would be not
possible in the considered scenario. Lower masses of the b’ are already excluded from
CDF.

This study has been repeated with the new optimised event selection cuts. It was ob-
tained that the required luminosity is less than 1fb~! for my < 350 GeV. In this case,
a discovery could be possible with the data set taken until the end of 2011 at the LHC.

Some results of the analysis showed a lack of statistics in some of the simulated sam-
ples (especially W+jets and bb jets). Thus, larger simulated MC data sets or another
estimation method for these backgrounds are needed.

A large contribution to the final states of same-sign charged dileptons is caused by the tt
background due to misidentified muons. Therefore, a more detailed study of the muon
selection cuts is needed which could lead to a reduction of the tt background resulting
in an improved significance.

Several systematic uncertainties have to be studied, which can have an impact on the
analysis. For instance, the selected PDF set in the creation of the MC samples influ-
ences the simulated collision events. Choosing other PDF sets could result in different
kinematics of the produced final state particles and therefore result in different event
yields after applying the particle and event selection criteria.

The studies should be continued by performing the counting analysis on data taken at
the LHC. The signal and the search limits can then be studied as a function of the CKM
parameters. Moreover, the obtained results can be compared to the results of a Likeli-
hood fit performed on the data set, in order to achieve an identification of the measured
signal.

In the counting analysis the backgrounds are controlled by calculating ratios between
the measured events on data and the expected events obtained from the MC samples. If
the measured distributions for the jet multiplicity IV j¢s are inconsistent to the expected
MC distributions, this could be either considered in an enhancement of the uncertainties
for the yields or in a bin-wise calculation of the control ratios.
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B. Cut efficiencies and event yields

B.1. Generator

B.1.1. Event numbers

Sample Generated events After filter | EF_el0_medium OR

EF mulOi_ loose
b (350GeV) — t 1.96 - 10° + 443 1.5-10° 4 387 1.04 - 10° + 323
' (350GeV) — ¢ 3.26 - 10° £ 571 1.5-10° & 387 1.08 - 10° + 329
t'(350GeV) — b 2.22 - 10° 4 472 1.49 - 10° £ 386 7.72-10* 4+ 278
' (440GeV) — v 1.16 - 10* £ 108 9.98 -10% +99.9 7.46 - 10° £ 86.4
tt 3.65 - 10° & 604 2-10° 4 447 1.17 - 10° + 342
tt FullHad 3.28 - 10° £+ 573 1.5 - 10° £ 387 7.01-10% £83.7
St 6.93 - 10° + 832 3.5-10° £ 591 1.24 - 10° £ 352
Zee np0 2.99 - 10° + 547 2.99 - 10° £ 547 2.39-10° £ 489
Zee npl 6.34 - 10* & 252 6.34 - 10* & 252 5.46 - 10* & 234
Zee np2 1.95 - 10* + 140 1.95 - 10* 4 140 1.7-10* £ 131
Zee np3 5.5-10% 4 74.2 5.5-10% 4+ 74.2 4.88-10% +69.9
Zee np4 1.5-10% £38.7 1.5-10% £38.7 1.34-10° + 36.6
Zee npb 500 + 22.4 500 & 22.4 441 £ 21
Zpp np0 3.04 - 10° £ 551 3.04 - 10° £ 551 2.31-10° £+ 481
Zup npl 6.3-10* + 251 6.3-10% + 251 5.1-10% + 226
Zpp np2 1.9-10* £138 1.9-10* £ 138 1.54- 10" £ 124
Zpp np3 5.5-10% + 74.1 5.5-10% + 74.1 4.56 - 10° £ 67.5
Zpp np4 1.5-10% +38.7 1.5-10% £ 38.7 1.22-10% £ 34.9
Z e np5 499 +22.3 499 + 22.3 3834+ 19.6
Z77 np0 3.03 - 10° £ 551 3.03 - 10° £ 551 5.73 - 10* 4239
Z7r7 npl 6.35-10* £+ 252 6.35- 10* £ 252 1.49 - 10* + 122
Z7TT np2 1.95-10* + 140 1.95-10* + 140 5-10% £70.7
Z7T np3 5.5-10% £ 74.1 5.5-10% £ 74.1 1.49 - 10% £+ 38.6
Z1T np4 1.5-10% +38.7 1.5-10% +38.7 432 +20.8
Z7T npb 499 4 22.3 499 4 22.3 154 +12.4
> Ztjets 1.18-10° £1.08 - 10° | 1.18-10° +1.08 - 10° 7.01-10° + 837
Zee+bb np0 1.5-10° + 387 1.5-10° £ 387 1.36 - 10° + 368
Zee+bb npl 1-10° 4+ 316 1-10° 4+ 316 9.06 - 10* + 301
Zee+bb np2 4 -10* £ 200 4 -10* 4200 3.62 - 10* & 190
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B. Cut efficiencies and event yields

100

Zee+bb np3 9.95-10% £+ 99.7 9.95-10% +99.7 9.01-10% £94.9
Z jup+bb np0 1.5-10° + 387 1.5-10° £ 387 1.28 - 10° + 358
Zpu+bb npl 1-10° £316 1-10° £316 8.39 - 10* 4290
Z pup+bb np2 4-10* 4 200 4-10* £ 200 3.32. 10" + 182
Z ppr+bb np3 1-10* £100 1-10* +£100 8.24 - 10% £90.8
Z77+bb np0 1.5-10° & 387 1.5-10° 4 387 3.59 - 10* 4 189
Z77+bb npl 9.99 - 10* & 316 9.99 - 10* & 316 2.64 -10* £ 163
Z77+bb np2 4 -10* £ 200 4-10* £ 200 1.12-10* + 106
Z77+bb np3 1-10* 4+ 100 1-10* 4100 2.93-10% £54.1
> Z + bb+jets 8.99 - 10° + 948 8.99 - 10° + 948 6.01-10° £ 775
Wev np0 1.38-10° £1.18-10® | 1.38-10° £ 1.18 - 10° 8.35-10° £ 914
Wev npl 2.58 - 10° £ 508 2.58 - 10° & 508 1.72-10°% + 415
Wev np2 1.89 -10° + 435 1.89-10° 4+ 435 1.28 - 10° + 358
Wev np3 5.05 - 10* + 225 5.05 - 10* + 225 3.49 - 10* + 187
Wev np4 1.3-10* £ 114 1.3-10* £ 114 9.08 - 10* £ 95.3
Wev np5 3.45 - 10% £ 58.7 3.45-10% 4+ 58.7 2.43-10% £49.3
W pv np0 1.39-10°4+1.18-10% | 1.39-10° £ 1.18 - 103 7.52-10° + 867
W v npl 2.56 - 10° £ 506 2.56 - 10° & 506 1.48 - 10° + 385
W uv np2 1.88 - 10° £ 433 1.88 - 10° + 433 1.09 - 10° £ 331
W pv np3 5.09 - 10* £ 226 5.09 - 10* & 226 2.97-10* £ 172
W pv np4 1.3-10* £ 114 1.3-10* + 114 7.51-10% £+ 86.7
W v np5 3.5-10% +59.1 3.5-10% +59.1 1.94-10% +44.1
Wrv np0 1.37-10% +1.17-10% | 1.37-10° £1.17-10° 1.29 - 10° + 360
Wrv npl 2.55 - 10° £ 505 2.55 - 10° & 505 3.09 - 10* + 176
Wty np2 1.88-10° £ 434 1.88-10° £ 434 2.47-10* + 157
Wrv np3 5.05 - 10* £+ 225 5.05-10* £+ 225 7.21-10° £ 84.9
Wrv np4 1.3-10* £ 114 1.3-10* £ 114 1.94-10% +44.1
Wrv np5 4-10° £63.2 4-10% £63.2 588 4 24.2
> W-tjets 5.67-10° £2.38-10% | 5.67-10°4+2.38-10° | 2.43-10°+1.56 - 10®
W + bb np0 6.5-10% +80.6 6.5-10° +80.6 3.32-10° £ 57.6
W 4+ bb npl 5.5-10% 4 74.2 5.5-10% +74.2 2.7-10% £+ 52
W + bb np2 3.10% +54.7 3103 +54.7 1.46 - 10% + 38.2
W + bb np3 1.5-10% £ 38.7 1.5-10% £38.7 755 4 27.5
STW + bb+tjets 1.65- 10" £128 1.65 - 10* £ 128 8.24-10% £ 90.8
tchannel ev 5.94-10° £ 77.1 5.94-10° +77.1 4.66 - 10° £ 68.3
tchannel pv 5.98-10° +77.3 5.98-10° +77.3 3.92-10° +62.6
tchannel v 5.93-10% £ 77 5.93-10% £ 77 907 + 30.1
schannel ev 8.42-10% £91.8 8.42-10%4+91.8 6.52-10% 4+ 80.8
schannel v 8.43-10° +91.8 8.43-10° £91.8 5.44-10° +73.7
schannel 7v 8.48-10° +92.1 8.48-10° +92.1 1.38-10° +37.2




B.1. Generator

Wtchannel 1.33-10* £ 115 1.33-10* £ 115 4.69-10° +68.5
> sg top 5.65 - 10* + 238 5.65 - 10* + 238 2.75 - 10* + 166
WWilnln np0 4.98 - 10* 4+ 223 4.98 - 10* + 223 3.69 - 10* & 192
WWinln npl 2.5-10* £+ 158 2.5-10* £ 158 1.89-10* + 137
WWinln np2 1.5 10* £ 122 1.5-10* £ 122 1.16 - 10* + 108
WWilnln np3 1-10* £100 1-10* £100 7.74-10% £87.9
WZincll np0 1.5 - 10* £ 122 1.5-10% £ 122 1.1-10* £105
WZincll npl 1-10* £+ 100 1-10* + 100 7.44-10° £ 86.2
WZincll np2 5-10% £70.7 5-10% £70.7 3.74-10% £ 61.2
WZincll np3 5-10% +70.7 5-10% + 70.7 3.86 - 10% £ 62.1
ZZincll np0 1-10* £ 100 1-10%* +100 7.07-10% £ 84.1
ZZincll npl 4.5-10°+67.1 4.5-10%+67.1 3.22-10% £+ 56.7
ZZincll np2 4.99-10% £ 70.7 4.99-10% +70.7 3.66 - 10° +60.5
ZZincll np3 2.5-10% 4+ 50 2.5-10% 4+ 50 1.8-10° +42.4
>~ diboson 1.57 - 10° & 396 1.57 - 10° & 396 1.17 - 10° & 342
DrellYan ee 1-10%+1-10% 1-10%+1-10% 2.33-10° 4 483
DrellYan 1-10°+1-10° 1-10%+1-10% 2.56 - 10° & 506
3" DrellYan 2-10° +1.41- 10 2-10° +1.41 - 10 4.89 - 10° + 700
bb jets np0 jlx 1-10* £+ 100 1-10* £+ 100 90 + 9.49
bb jets np0 j2 1-10* 4+ 100 1-10* 4100 357 +18.9
bb jets np0 j3 9.94-10% £ 99.7 9.94 - 10 4+ 99.7 222 +14.9
bb jets np0 j4 9.99 - 10% £ 100 9.99 - 10% & 100 112 +10.6
bb jets np0 j5p 2.10% +44.7 2.10% +44.7 12 + 3.46
bb jets npl jlx 9.9-10% £ 99.5 9.9-10% +£99.5 129+ 11.4
bb jets npl j2 9.9-10%4+99.5 9.9-10%4+99.5 232 4+ 15.2
bb jets npl j3 1-10* £ 100 1-10% +100 282 4+ 16.8
bb jets npl j4 9.99 -10% £+ 100 9.99 - 10% £ 100 231+ 15.2
bb jets npl j5p 210 +44.7 2-10% +44.7 274 5.2
bb jets np2 jlx 1-10* £100 1-10* £100 1114105
bb jets np2 j2 1-10* +£100 1-10% +100 2314+ 15.2
bb jets np2 j3 1-10* 4+ 100 1-10* 4+ 100 296 4+ 17.2
bb jets np2 j4 9.99 - 10 & 100 9.99 - 10 & 100 222 + 14.9
bb jets np2 j5p 2-10% +44.7 2.10% +44.7 60 & 7.75
bb jets np3 jlx 1-10* £ 100 1-10% +100 134+ 11.6
bb jets np3 j2 1-10* +100 1-10* 4+ 100 235+ 15.3
bb jets np3 j3 9.99 - 10® 4 100 9.99 - 10% £ 100 307+ 17.5
bb jets np3 j4 1-10* £100 1-10* £100 285 + 16.9
bb jets np3 j5p 2.10% +44.7 2.10% +44.7 65 + 8.06
bb jets npd jlx 1-10* 4+ 100 1-10* 4100 159 + 12.6
bb jets np4 j2 1-10* +100 1-10* + 100 269 + 16.4
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B. Cut efficiencies and event yields

bb jets np4 j3 1-10* 4+ 100 1-10* 4+ 100 330 4+ 18.2
bb jets np4 j4 9.99 - 10% 4 100 9.99 - 10% £ 100 3044+ 17.4
bb jets np4 j5p 1-10° £31.6 1-10°+£31.6 29 4+ 5.39
ST bb jets 2.09 - 10° + 457 2.09 - 10° £ 457 4.73-10° £ 68.8

Table B.1.: Number of generated events, events after the filter and events after the trigger used in the

simulation.
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B.1.2. Efficiencies

B.1. Generator

Sample Generated events After filter | EF_el0_medium OR €Trigger
EF_mulOi_loose
V' (350GeV) — t 1.96 - 10° £ 443 | 0.7620070:00000 0.6968370 00115 | 0.530980:00115
t'(350GeV) — q 3.26-10° £571 | 0.4600070 00057 07226870 00110 | 0332437000055
t'(350GeV) — b 2.22-10° +472 | 0.6690070 00700 0.518957 000150 | 0.34718%0:00101
t(440GeV) — b/ 1.16 - 10" £ 108 | 0.8590010 00352 0747297000170 | 0.641937000112
tt 3.65 - 10° £ 604 | 0.5480070 000%3 0.5862170°00110 | 0.3212470:00077
t¢ FullHad 3.28 - 10° £ 573 | 0.4570010- 50057 0.04676 1000027 | 0.0213770:00022
Sott 6.93-10° +832 | 0.5090170000%0 0.5557710 00104 | 0.3043270 00073
Zee np0 2.99 - 10° £ 547 | 1.0000075 30007 0.7991670 0oors | 0.799161 000073
Zee npl 6.34 - 10* £ 252 | 1.0000070 50003 0.8600310 0015 | 0.86003700015%
Zee np2 1.95- 10" £ 140 | 1.0000073:90000 0.873721 00054, | 0.8737210:00%%7
Zee np3 5.5-10% £ 74.2 | 1.00000"0-00053 0.88780" 0 00130 | 0-8878070-00130
Zee np4 1.5-10° +38.7 | 1.00000 000799 0.89326"( 00kaq | 0.89326700072%
Zee np5 500 +22.4 | 1.00000*0 00300 0.882007 001675 | 0.88200%0:01678
Z s np0 3.04-10° £ 551 | 1.000007 000007 0.7613270 000 | 0.7613270:00077
Z s mpl 6.3-10* +251 | 1.0000077 00003 0.809247900125 | 0.80924F0:00125
Zujs np2 1.9-10* £ 138 | 1.0000050:000%0 0.81146+0:99283 | (.8114619-00283
Zppe np3 5.5-10° +74.1 | 1.00000*-00033 0.82863" 00020y | 0.8286310-00207
Zpp npd 1.5-10% £ 38.7 | 1.0000070 00799 0.813887 001084 | 0.81388%0:0105)
Zpe np5 499 4 22.3 | 1.0000077-35587 0.76754 0" 0s0ss | 0.7675410-050%8
Z77 np0 3.03-10° £ 551 | 1.00000"0:00007 0.188827 (0007 | 0.1888270-0007
Z7T npl 6.35 - 10" £252 | 1.0000070 50003 0.23448T0 00155 | 0.2344870-001%%
Z7T np2 1.95-10% £ 140 | 1.0000073-59%59 0.2565710 00515 | 0.2565710:00%15
Z7T np3 5.5-10° +74.1 | 1.0000010:00033 0.271247900000 | 0.2712419-00%10
Z77 npd 1.5-10% £38.7 | 1.0000075-99959 0.288197001755 | 0.2881970:01788
Z7T np5 499 +22.3 | 1.0000077 00500 0.3086270 0517 | 0.30862710:05175
> 7+ jets 1.18-10° £ 1.08 - 10° | 1.0000075 50007 0.7279510 0005 | 0.7279510 0001
Zee+bb np0 1.5-10° £ 387 | 1.0000070:00000 0.9039470: 0007 | 0.9039470-00070
Zee+bb npl 1-10° £ 316 | 1.0000010 00000 0.906600 00005 | 0.9066010-0000
Zee+bb np2 4-10* £200 | 1.0000010:00000 0.9056070 00148 | 0.9056070 00139
Zee+bb np3 9.95-10° £ 99.7 | 1.000007 9 00018 0.9059215:00%00 | 0.9059277 50355
Zpup+bb np0 1.5-10% £ 387 | 1.00000F) 50007 0.8526670 00005 | 0.8526670 0000}
Zpp+bb npl 1-10° £316 | 1.000005:00005 0.8394310:00110 | 0.8394377 00110
Z ppi+bb np2 410" £200 | 1000007950002 0.8307270 00180 | 0830727000150
Zppu+bb np3 1-10* £100 | 1.00000%0:000%% 0.82435710 00asn | 0.8243570:00%50
Z77+bb np0 1.5 10° £ 387 | 1.00000"0 0000 0239517000110 | 0.2395170:00110
Z7r7+bb npl 9.99 - 10* £ 316 | 1.0000070 00005 0.2645410:00139 | 0.2645470 00139
Z77+bb np2 4-10* £200 | 1.0000015:00002 0.2798570 00354 | 0.2798510 00323
Z77+bb np3 1-10* £100 | 1.0000070:00002 0.2928270:00350 | 0.2928270-00150
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B. Cut efficiencies and event yields

| S Z + bbtjets | 8.99 - 10° £ 948 | 1.00000+039000 0797041500058 | 0.7970410-00055
Wev np0 1.38-10° £+ 1.18 - 10* | 1.0000079000% 0.6042970 00091 | 0.6042970090%1
Wev npl 2.58 -10° £ 508 | 1.0000079-90000 0.6649070-50992 1 (.66490 1950092
Wev np2 1.89-10° + 435 | 1.000005-99900 0.6790870-00197 | 0.679087959197
Wev np3 5.05 - 10* 4225 | 1.0000015 52009 0.6912715:50205 | 0.6912710 00202
Wev npd 1.3-10* £ 114 | 1.00000%9:99900 0.69856 7050193 | 0.6985670-09493
Wev np5 3.45-10% + 58.7 | 1.0000079090% 0.7054270 00785 | 0.7054270-00750
W v np0 1.39-10% + 1.18 - 10 | 1.0000077:99900 0.5428570:90042 1 ) 549851000042
W v npl 2.56 - 10° + 506 | 1.0000015-5090 0.58005 059997 | 0.5800510 50007
W pv np2 1.88-10° £ 433 | 1.0000075-59000 0.5817215-80113 | 0.5817270-00112
W pv np3 5.09 - 10* 4226 | 1.0000015 59900 0.5834310 00218 | 0.583437000218
W pw npd 1.3-10* £ 114 | 1.0000079:5990 0.578097050332 | 0.5780970-00454
W pv npb 3.5-10° £59.1 | 1.0000079590% 0.5551710 00828 | 0.5551710 00528
Wrv np0 1.37-10% + 1.17 - 10° | 1.00000*9-99000 0.0948070-5002% 1 () 094801950925
Wrv npl 2.55-10° £ 505 | 1.0000015 5000 0.12114F0 600565 | 0.1211473090%°
Wrv np2 1.88 - 10° 4434 | 1.0000013-95909 0.131270:59978 | 0.13127F0 50078
Wrv np3 5.05 - 10* 4 225 | 1.000007F5:52000 0.1428175-80157 | (.1428170-00157
Wrv np4 1.3-10% 4+ 114 | 1.00000%3:05999 0.14935T0°00317 | 0.1493570-09317
Wrv np5 4-10° £63.2 | 1.0000079-59900 0.147070:59578 | 0.1470779:50578
STW + jets 5.67-10° +2.38-10° | 1.000007 599950 0.5523010 00025 | 0.552307000023
W —+ bb np0 6.5-10° +£80.6 | 1.0000010:00002 0.511311000033 | 0.5113110:00027
W —+ bb npl 5.5-10° +74.2 | 1.00000%0:00033 0.4918271 000050 | 0.4918210-005%0
W + bb np2 3-10% £ 54.7 | 1.0000010 0000 0.486821 0 000as | 0.4868210:000%%
W + bb np3 1.5-10% £38.7 | 1.0000010:00995 0.5033310:0131% | 0.5033317001%:5
"W + bb+tjets 1.65-10* £128 | 1.0000010 30099 0.499851 0 0a05 | 0.4998510:0055%

tchannel ev

5.94-10% £ 77.1

1.0000010 00057

0.7846970 00233

0.7846910 00233

tchannel v

5.98-10% £ 77.3

1.0000075-99999

. 7
0.65519 5 0062

0.6551919-60017

tchannel v

5.93-10% £ 77

1.0000070 00057

0.1530010-00462

0.153001 000167

schannel ev

8.42-10% +£91.8

0.00000
1.0000075-99959

0.77434 %5 00155

0.77434%5 00155

schannel pv

8.43-10° +£91.8

1.0000070 00099

0.64457+0 00223

0.64457+0 00223

schannel Tv

8.48 -10°% £ 92.1

1.0000019-950%9

+0.00409
0.163217 5 00401

0.00409
0.1632115 50999

Wtchannel 1.33-10* £ 115 | 1.0000070:00014 0.3530270 00415 | 0.353020:00417
>~ sgtop 5.65 - 10* +238 | 1.0000019 00000 0.610537000515 | 0.61053%0:00319
WWinln np0 4.98 -10* +223 | 1.0000017 00004 0.7410477 00105 | 0.7410410-0013%
WWinln npl 2.5-10* £ 158 | 1.00000F5-00007 0.7555110:0057% | 0.7555170 0027%
WWinln np2 1.5-10" £ 122 | 1.0000070:00059 0.771011 0 0oate | 0.7710110: 00540
WWinln np3 1-10* £ 100 | 1.000007590018 0.7737370 004ss | 0.7737310 00454
WZincll np0 1.5-10* £122 | 1.0000075 50999 0.7352570:0036% | 0.7352570 50309
WZincll npl 1-10* +100 | 1.0000077 0007 0.743907 000455 | 0.7439010:00537
WZincll np2 5-10° £70.7 | 1.00000"9 5999 0.74895T0 00615 | 0.7489510-00015
WZincll np3 5-10° £70.7 | 1.00000%5900% 0.7716610 0000 | 0.7716610:00%95
ZZincll np0 1-10* £100 | 1.000007909099 0.707510 00455 | 0.7075170005%5
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B.2. Event selection cuts

ZZincll npl

45-10° £ 67.1

1.000005 90099

0.715561 50007

0.71556 1500052

ZZincll np2

4.99-10% £ 70.7

1.000005 00057

0.732025 0063

0.732025 0063

ZZincll np3

2.5-10% £ 50

1.0000050 00099

0.7189815-00995

0.7189815-05995

E Diboson

1.57 - 10° + 396

1.0000070 0004

0.7460515:09119

0.74605 1500119

DrellYan ee

1-10°+1-103

1.000005 60000

. 4
023348 76 00045

. 4
0.23348 7 (0015

DrellYan pp

1-108+1-103

1.000000 00000

0.256101500045

0.2561075-00045

Z DrellY an

2-10%+1.41-10°

1.0000079-05090

0.24531 70 0030

0.24531 70 00030

bb jets np0 jlx

1-10* £ 100

1.000000 00009

0.00900F5:05094

0.00900F5-95094

bb jets np0 j2

1-10* + 100

1.0000075-05009

0.00194
0.0357115-50192

0.0357170 50192

bb jets np0 j3

9.94-10% +99.7

1.000000 00009

0.0223315:00157

0.0223315:00157

bb jets np0 j4

9.99 -10% £+ 100

1.0000079-05009

0.00115
0.01121 450010

0.00115
0.01121¥550 105

bb jets np0 j5p

2.10% +44.7

1.0000055 00099

0.0060170:00720

0.0060110:00%20

bb jets npl jlx

9.9-10% +99.5

1.0000050 00009

0.0130370 00175

0.0130310 00173

bb jets npl j2

9.9-10% £99.5

1.000000 00059

0.0234410:001%]

0.0234415:001%]

bb jets npl j3

1-10* £+ 100

1.000000 50099

0.0282110:001 52

0.02821F0-00172

bb jets npl j4

9.99 -10% £+ 100

1.000005 5001

0.0231270 06150

0.0231270 06150

bb jets npl j5p

2.10% +£44.7

1.0000075 00099

0.0135170-00399

0.0135110-00399

bb jets np2 jlx

1-10* £+ 100

1.0000079-05099

. 4
0.01111+5:50:4%

. 4
0.01111+580: 4%

bb jets np2 j2

1-10* £ 100

1.000000 00009

0.02311%5:00120

0.02311F5:00120

bb jets np2 j3

1-10* + 100

L0000 601

0000 S

0.02060° ] 1%

bb jets np2 j4

9.99 - 10® £ 100

1.000000 00009

0.0222275 00157

0.0222275 00157

bb jets np2 j5p

2.10% +44.7

1.000001% 66002

0.03003 500330

0.03003 10 50330

bb jets np3 jlx

1-10* £+ 100

1.0000050 00009

0.0134015:00174

0.0134015-00174

bb jets np3 j2

1-10* + 100

1.0000070 00005

0.00161
0.02351 %5 00151

0.00161
0.02351 1000151

bb jets np3 j3

9.99 - 10% £+ 100

1.000000 00009

0.0307210 00155

0.0307210 00155

bb jets np3 j4

1-10* £+ 100

1.00000F9 00099

0.0285110-0017%

0.0285110-0017%

bb jets np3 j5p

2.10% +44.7

1.000005:00092

.0044
0.0825270 66305

.0044
0.0825270 00303

bb jets npd jlx

1-10* £ 100

1.000000 00009

0.0159015-00154

0.01590 1050134

bb jets np4 j2

1-10* £+ 100

1.000005: 5001

. 7
0.0269175 0161

. 7
0.0269176 00161

bb jets np4 j3

1-10* £ 100

1.000000 00009

0.0330110:0015%

0.0330110:0015%

bb jets npd j4

9.99 - 10® £+ 100

1.0000075 0001

0.030420:60171

0.030420 60171

bb jets np4 j5p

1-10° £31.6

1.000000 00059

0.0290015:00559

0.0290015-09559

ST bb jets

2.09 - 10° + 457

1.000005 05001

0.02546 55003

0.02546 550038

Table B.2.: Efficiency after the filter, efficiency after the trigger and total trigger efficiency errigger-

B.2. Event selection cuts

B.2.1. Event numbers
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B.2. Event selection cuts

B.2.2. Efficiencies
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