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Abstract

After the successful rediscovery of the top-quarks at the LHC whose properties have
already been described satisfactorily by Monte Carlo simulations, precision measure-
ments are now the next step. The aim of this thesis is to study the properties of
the additional jets to the top pair final state and to compare the predictions from
Monte Carlo simulations with real data. Various sensitive kinematical distributions
of these jets have been studied using a kinematical fit for the final event selection.
The influence of different top reconstruction algorithms on the variables have been
studied and the systematical uncertainties derived.

Kurzdarstellung

Nach der Wiederentdeckung des Top-Quarks am LHC beginnt nun die Zeit der Prazi-
sionsmessungen im Bereich der Top-Physik. Die dabei verfolgten Ziele sind zum einen
die Vermessung der Eigenschaften des Top-Quarks mit moglichst hoher Genauigkeit
sowie die Detektorkalibration fiir die Prozesse der Top-Physik als Standardkerze di-
enen sollen. Das Ziel dieser Arbeit ist die Untersuchung der Eigenschaften zusatzlicher
Jets, die neben den Objekten des Top-Paar Endzustandes im Event auftreten und
deren Vergleich in Daten und Monte Carlo Simulationen. Die schnitt-basierte Eventse-
lektion wird durch die Rekonstruktion des Top-Paares mittels einen kinematischen
Fits erganzt um die kinematischen Figenschaften der zusatzlichen Jets zu bestim-
men. Der Einfluss verschiedener Algorithmen zur Top-Paar Rekonstruktion wurde
untersucht und deren systematische Fehler ermittelt.
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1 Introduction

At the time of writing the Large Hadron Collider (LHC) [1] has been collecting data
for about two years. After a difficult start in September 2008 due to technical problems
concerning the magnets of the LHC it resumed operation in November 2009 [2]. After
a steady increase of the center-of-mass energy (1/s) it now operates at a /s of 7 TeV
which is half the design value. Still this is the highest ever achieved /s of any collider
every built.

In the year 2010 enough data was accumulated for early physics studies. In 2011 the
same amount of data that was taken in about eight months in 2010 can be recorded in
less than a week. [3] This marks the transition to high precision measurements with
new and exciting physics results.

A field of utmost importance is top physics. The top quark discovery in 1995 at the
Tevatron [4,5] marked the completion of the third generation of quarks.

The top quark has a variety of unique properties and their precise measurement is an
ongoing effort. Not only is the top quark the heaviest quark of all (about 30 times
heavier than the second heaviest quark, the bottom quark) it is also the one with
the shortest lifetime. In fact its lifetime is shorter than the time it takes for it to
hadronize, meaning that there are no bound states of top quarks which sets it apart
from all other quarks. This makes it an especially interesting object for QCD studies.
The high 1/s' and luminosity reached at the LHC an abundant amount of top quarks
will be produced at the LHC making it a real “top factory”. Precision measurements
in the field of top physics will be limited by systematics not by statistics. Therefore
processes involving top quarks will be used for detector calibration and the improve-
ment of Monte Carlo (MC) simulations.

But top physics is also important for the discovery of new physics. Events involving
top quarks exhibit rich final states with a plethora of physical objects. These might
mimic events involving new physics e. g. that of hypothetical particles with masses
approximately the same as the top mass. For some hypotheses involving Higgs parti-
cles this is exactly the case making top pair events an important background for such
searches [6].

Therefore top physics is a real workhorse and major key for physics at the LHC and a
deeper understanding of the physics involving top quarks is beneficial to a multitude
of studies.

1.1 Motivation

Many analyses at the LHC are performed via the creation of predictions using a
MC Generator which incorporates various assumptions. These predictions from MC

L As can be seen in Figure 2.1 the production rate of events involving top quarks is directly propor-
tional to the /s



1 Introduction

simulations (e.g. a cross-section of a given physics process) are then compared to
the measured data. Deviations between both might lead to the discovery of new
particles or physical phenomena. This demands very sophisticated theories and MC
Generators delivering predictions that are precise and well understood because if there
are conflicts between predictions of theory and measured data their sources have to
be identified in order to extract meaningful information.

The theoretical descriptions employed by the generators are not entirely stemming
from first principles. Some generation steps like the evolution from quarks to jets are
not describable with perturbative theories and have to be dealt with via phenomeno-
logical models. These models work with input parameters which have to be measured
in the experiment.

One interesting set of variables are the properties of jets that do not originate from
the hard scattering process but from other sources such as initial state radiation.
The distributions of the kinematic variables such as momentum, pseudo-rapidity or
azimuthal angle of these extra jets can be measured and then be compared to theo-
retical predictions.

Another field of interest are the flavor specific variables of the extra jets. Using
these variables statements about the probability that a certain jet originates from a
quark of a specific flavor can be made. These probabilities are input variables for the
aforementioned phenomenological models. Therefore the determination of the flavor
fractions of jets contributes to the improvement of MC simulations.

1.2 Outline

Chapter 2 is a general overview of the theory that is the current and best explanation
of the nature of elementary particles, the Standard Model (SM). This will be followed
by a short description of the physics involving top quarks at hadron colliders.
Chapter 3 describes the LHC and the ATLAS detector. How the detector response
is translated into physical objects is explained in Chapter 4. Additional information
on the techniques of b-tagging will be given as these are crucial to the analysis.
Following these general parts will be Chapter 5 which deals with the analysis algo-
rithms used in this study. First the prescriptions that define the physical objects
used for analysis will be given. Then the event selection and top quark reconstruction
strategies will be illustrated followed by a deeper analysis of the used top recon-
struction algorithm. This will be accompanied by a possible way of correcting the
shortcomings of said top reconstruction algorithm.

In Chapter 6 the results of the reconstruction and correction endeavors will be pre-
sented followed by Chapter 7, the conclusion.

Additional information concerning the analysis may be found in the appendix.



2 Theoretical Basics - The

Standard Model of Particle
Physics

The set of theories describing the interactions occurring in particle physics is called
the Standard Model (SM). One cannot pinpoint one physicist who has done the main
work of conceiving the theory. Overall about 50 physicists largely contributed to this
framework with many of them receiving nobel prizes for their work!. The SM consists
of the electroweak theory describing the weak and the electromagnetic interaction and
Quantum Chromodynamics (QCD) describing the strong interaction.

All of the interactions in the SM are gauge theories and are described by quantum field
theory. In a gauge theory the Lagrangian describing the physics is invariant under a
specific set of continuous local transformations. An example for such a theory is the
electroweak theory which will be discussed in Section 2.3.1.

It is remarkable that the SM although conceived mainly in the 60s and 70s of the
last century has passed every experimental test done to this date with astonishing
precision [10]. Although being capable of describing literally any physical process in
particle physics, it fails to be a theory of everything.

One major drawback is the not yet successful implementation of gravitation into the
context of gauge theories. Although being of negligible impact in particle physics,
gravity should be incorporated into a theory that attempts to describe every physical
process known to man.

Another possible drawback is that the SM does not offer a candidate for dark matter.
Dark matter has not been observed directly but there is evidence for its existence [11].
Therefore dark matter may necessitate new physics beyond the SM.

2.1 Particle Content of the Standard Model

The SM describes nature with a set of elementary particles, which are defined as
objects without a permanent substructure. In the SM there exist three generations
of fermions (particles with spin 1/2), each consisting of a pair of quarks and a pair of
leptons.

Some of their properties are listed in Table 2.1. Further information may be found
in the recent issue of the Review of Particle Physics provided by the Particle Data
Group [12]. For each of the fermions in Table 2.1 there is an antiparticle with same

!Some key papers can be found in [7-9]
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| Generation | 1 2 3 | Q nv C | Interaction
Quarks u ¢ t +2/3 +1/2 r,gb | weak, strong,
(up) (charm) (top) electromagn.
d S b -1/3 —=1/2 rgb
(down) (strange) (bottom)
Leptons e o T~ -1 +1/2 - weak,
(electron)  (muon)  (tauon) electromagn.
2 Vo U3 0 —1/2 - weak
(neutrinos)

Table 2.1: The fermions of the Standard Model. Each quark carries an electro-
magnetic charge ), a weak isospin . ;)/V and a color charge C. These charges belong
to the electromagnetic, weak and strong interaction respectively. In contrast the
charged leptons are missing a color charge and the neutrinos have only a weak
isospin.

mass but oppositely signed charges, e. g. the antiparticle of the electron is the positron
which has an electrical charge Q = +12.

Apart from their mass they have a set of quantum numbers governing their interactions
and defining their place in the particle zoo of the SM. The nature of a quantum
number is determined by the theoretical description of its associated interaction. For
instance while the electrical charge () of an elementary particle is an integer value its
color charge C' (the charge associated to the strong interaction) is a three-dimensional
vector. Interestingly some of the particles have the same quantum numbers concerning
the forces that affect them but different masses providing means of classification e. g.
the three generations.

There are three generations of quarks and leptons. Only the elementary particles
of the first generation are stable. Inside the generations quarks as well as leptons
form pairs consisting of an up-type and a down-type. Through the weak interaction,
discussed in Section 2.3.1 the particles inside the pair can be transformed into each
other.

Because of the coupling of the strong interaction being close to 1 at low energies,
quarks can not be observed as isolated elementary particles but form composite par-
ticles called hadrons. Mesons are hadrons formed by a quark and an antiquark (e. g.
pions, kaons) with integer spin while baryons are hadrons consisting of three quarks
(e. g. neutrons, protons) exhibiting spins of 2n+1/2. A peculiar property of quarks is
that they are not observable as isolated elementary particles (in contrast to leptons)
but that they can only be found as constituents of hadrons. This is called confinement

2There are other quantum numbers beside the electrical charge e.g. the third component of the
weak isospin. All additive quantum numbers of an antiparticle are oppositely signed to the ones
of the particle.



2.2 Forces

] Interaction \ strong el.-mag. weak gravitation ‘
physical nuclear electricity, radioactive curvature of
phenomena binding magnetism, decay space-time

optics continuum
rel. strength 1 1072 107° 10738
range 107%m 00 107 ¥ m 00
force carrier gluons photons W and Z bosons gravitons?
(mass) exp. <few MeV <1x 107" &V ~ 100 GeV -
(mass) theor. |0 0 0
couples to quarks quarks, quarks, all massive
el. charged leptons particles
leptons
effect between | repulsive repulsive repulsive attractive
ident. particles

Table 2.2: The four fundamental forces of nature

and it bears some troubling implications for reconstruction algorithms which will be
discussed Section 5.4.2.

2.2 Forces

The SM of particle physics explains three of the four interactions known to man
namely the electromagnetic interaction described by Quantum Electrodynamics (QED)
[13-15], the weak interaction described by Quantum Flavordynamics (QFD) and the
strong interaction described by QCD [16-18].

The forces in Table 2.2 are all mediated via elementary particles called gauge bosons.
In contrast to fermions these particles have a integer spin.

2.3 Theoretical Description

The starting point for the theoretical description is the Lagrangian of a free fermionic
field

£ = it O — mipu. 21)

By applying the Euler-Lagrange equations one obtains the Dirac equation from equa-
tion 2.1.
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As mentioned before the theories describing the three interactions between particles
are gauge theories. These theories are quantum field theories that include the con-
straint of local gauge invariance meaning that the Lagrangian representing the physics
is invariant under a continuous location dependent transformation. These transforma-
tions are governed by group theory. Transformations are classified by the properties
of the generators that describe them.

For example the U(1) gauge symmetry for a fermion field is defined as

(@, ") = W (2, ") = €@, p) (2.2)
z/j(x#,p“) — &l@mpu) = eiw(m#)Q&(wﬂvp“)' (2.3)

When applying the transformation to the Lagrangian it can be seen that it is not in-
variant under this transformation. Therefore it is necessary to introduce an additional
term to the Lagrangian

£ = i (D, + i€ QAN — mie, (2.4)

where the field A, transforms as

1
Ay, = A= ~0,0(z). (2.5)

Now the Lagrangian is invariant under the U(1) gauge transformation thus satisfying
the requirement of the gauge theory. The newly introduced interaction term describes
the interaction between the gauge field A, and the fermionic field

Lint = —e@/_w“QQﬁAM. (2.6)

This expression corresponds to the interaction of photons with charged particles.

2.3.1 The Electroweak Theory

The electroweak theory is a prime example for a gauge theory, an integral part of
the SM describing the decays of unstable particles and one of the great successes of
theoretical physics in the 20th century.

The Lagrangian of the theory which is invariant under the group SU(2) x U(1) may
be written as follows:

_ R 7 Y
L =F;y" (zﬁu ~ 95T Wi — Q,EB”> Fr, + Fpy* <z@u — g,EB“> Fr .
2
1 (2.7)
4

Here F, denote left-handed fermion fields while Fz denote right-handed fermion fields.
The left-handed fermionic fields are doublets under SU(2)

Car ) () G ) () O ) ()
dL ’ SI, ’ bL ’ 62 ’ [IJZ ’ TE ’

1 a 14 v
— WA Wi — BuB"



2.3 Theoretical Description

while the right-handed fermionic fields are singlets:
ugr, dr, Cr, Sr, tr, DR, €R, R, TR, Ve,Rs Vu,R, VrR-

The fields introduced by the gauge symmetry are the three W, and the B with their
couplings g and ¢’. One representation of the generators 7, of the SU(2) are the Pauli

matrices
01 0 — 1 0
le(lo), ’7'2:(7; O), 7'3:<0 _1) (28)

while the generator of the U(1) part is Y.
With this in mind the interaction terms for the left-handed fermionic fields may be
written as:

no L gWE+gY B g(WY —iWY)

1y ( g(WE +iWe) —gWe + g'Y B ) Fr. (2:9)
The diagonal terms describe the interaction between left-handed fermionic fields of the
same flavor while the off-diagonal terms describe the interactions between left-handed
fermionic fields with different flavors. The gauge bosons that are realized in nature
have to be linear combinations of the fields W, and B. By demanding experimentally
known facts like the parity conservation of the electromagnetic force® and that the
photon only couples to charged particles the relationships between the photon field A

and the W boson fields W~, W and Z; as well as between the couplings ¢, ¢’ and e
and g, are

W, =W, +iW2, (2.10)
W =W, —iW:, (2.11)
A, = cos(Ow) B, + sin(y )W}, (2.12)
Z,, = —sin(bw) B, + cos(Ow )W}, (2.13)
Gw = 9, (2.14)
e = gsin(Oy), (2.15)

with Oy, being the Weinberg angle defined as:

/

tan(fy) = % (2.16)

With these relationships it is now possible to calculate observables of processes de-
scribed by the electroweak theory and test them experimentally.

3The parity conserving nature of the electromagnetic interaction is reflected by the fact that the
photon couples to both left-handed and right-handed particles with the same coupling.
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2.3.2 CKM Matrix

In the short description of the electroweak theory one important fact has been ne-
glected. While the interactions take place between the flavor eigenstates of the fields
their propagation is governed by their mass eigenstates. These two are linear combina-
tions of each other and their transformation is described by the CKM matrix* [19,20]

d/ Vud Vus Vub
S/ = ‘/cd Vcs Vcb S . (2. 1 7)
v Via Vis Va b

Here the primed quarks are the flavor eigenstates while the unprimed ones are the
mass eigenstates. The magnitudes of the matrix elements are (errors were neglected
for readability) [12]

0.97428 0.2253  0.00347
0.2252 0.97345 0.0410 | . (2.18)
0.00862 0.0403 0.999152

The implications of the concrete values of the CKM matrix directly affect the analysis.
The matrix element V};, is almost one and the elements V,, and V4 are close to zero.
This leads to the fact that the top quark almost exclusively decays to a bottom quark
and a W boson making tagging techniques which identify bottom quarks a viable
ingredient for an analysis.

In addition the small sizes of V,;, and V,, suppress the decay of the bottom quark to
the lighter charm and up quark. The decay into a top quark is kinematically forbidden
as the top quark is much heavier than the bottom quark. Therefore hadrons that have
bottom quarks as constituents exhibit long lifetimes. This leads to measurable decay
lengths which are one possibility of identifying jets stemming from bottom quarks.

2.4 Top Physics

After having already mentioned the implications that arise for the top quark decay
from the CKM matrix it is time to discuss the properties of this remarkable particle
further.

As mentioned before the top quark was observed directly at the Tevatron in 1995 [4,5].
With the discovery of the bottom quark in 1977 [21] there was compelling evidence
that an up-type quark for the third generation has to exist. By exploiting the precise
measurement of the lifetime of the muon and the calculation of the muon decay process
to one-loop order, theorists were able to estimate the top quark mass to be around
160 GeV. Eventually the top quark was found to be in exactly the mass range the
theorists predicted.

The mass of the top quark as found in the Review of Particle Physics [12] is

Mygp = 172.0 0.9 + 1.3 GeV® (2.19)

4CKM stands for Cabibbo, Kobayashi and Maskawa.
5The values are the measured mass and the statistical and systematical error on the mass mearue-
ment.



2.4 Top Physics

which is comparable to the weight of a gold atom. This high mass has consequences
for both production and decay processes of the top.

Top Quark Decay

The top decays almost exclusively via t — Wb. Its decay width according to the SM
is given as [22]°

Gem3 M2 2 M2 2005 (2 2 )
="t (1——?) (1+2—V2V> {1— - (i——ﬂ. (2.20)
812 mg mg 3 3 2

An apparent feature is that with increasing top quark mass its decay width becomes
bigger. This leads to a smaller lifetime. The full width of 1.3 GeV translates to a
mean lifetime of about 5-1072°s. This is one to two magnitudes shorter than the
timescale of hadronization. Therefore the top does not exhibit bound states as the
other quarks do.

Furthermore this short mean lifetime preserves the spin polarization of the top which
affects the subsequent decay. Through precise analysis of the decay products and
their kinematics, conclusions about the original polarization of the top can be made.
The top exhibits the possibilities for such measurements especially well.

The experimental identification of top quarks is done through their decay products.
The plethora of possible channels is introduced by the W boson decay whose dominant
channels are [12]:

W — e (10.75 % + 0.13 %)
W — jw,(10.57 % + 0.15 %)
W — 1v.(11.25 % £ 0.20 %)
W — hadrons(67.6 % + 0.27 %)

For top pairs whose first decay step is tt — W+ ~bb there are three possible groups
of channels according to the way the W bosons decay:

dileptonic In the dileptonic channel both W bosons decay to leptons. This channel
provides a very clean signal due to the two leptons with high transverse momen-
tum that may be used for triggering thus suppressing QCD background. Due
to the two neutrinos present in the event the reconstruction of the top pair is
very difficult and error prone. The branching ratio of the dileptonic channel is
about 1/9.

semileptonic Here one W boson decays to leptons and the other decays to quarks.
This channel offers good QCD suppression due to the high pr lepton. Fur-
thermore it exhibits only one neutrino which might be reconstructed from the
missing transverse energy thus making a top pair reconstruction possible. An-
other advantage is the relatively high branching ratio of about 4/9.

6Negligible terms were dropped. G denotes the Fermi coupling constant.
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/s TV [ 1.96 7 14
oinpb || 7.017982 11645771115 [ 8547123
source [25] [26] [25]

Table 2.3: Cross-sections of top pair production at various 4/s.

fully hadronic This channel is characterized by both W bosons decaying to quarks.
The lack of leptons makes it hard to distinguish this channel from QCD back-
ground resulting in the worst signal to background ratio of all three channels’.
In principle the reconstruction of a top pair is possible but the isolation of the
correct set of jets stemming from the top pair is hard due to a multitude of
possible combinations. The channel has a branching ratio of about 4/9.

In this analysis the semileptonic channel was chosen because it presents the best
compromise between very good signal to background ratio and top pair reconstruction.
Apart from this the relatively high branching ratio is a nice feature. Its characteristics
will be reviewed at the beginning of the analysis chapter.

Top Quark Production

Prior to its decay the top quark has to come into existence. Therefore understanding
top quark production is a key to understanding top quark production rate at the
LHC. Figure 2.1 [23] shows the cross-sections for different physics processes at the /s
of the Tevatron, the LHC at design-y/s and at its current /s of 7 TeV (black dotted
line).

It is noteworthy that the difference in the top production cross-section at the Tevatron
and the LHC at design /s spans two orders of magnitude.

There are two production channels of interest for top quark events, the top pair
production and the single top production. As this thesis deals with top pairs only
their production will be described in detail. It should be noted though that single top
production provides a direct access to the measurement of the V};, element of the CKM
matrix making tests of the unitarity of the matrix possible. Further information and
recent results can be found in [24].

The cross-sections of the top pair production at the various energies are given in
Table 2.3. Though results at Next-to-Next-to-Leading order (NNLO) are known,
all cited cross-sections are at NLO for consistency reasons. All calculations such as
weighting of samples were done with the results at NLO.

Top pair production happens mainly through QCD processes. Unfortunately a purely
perturbative approach is not possible when describing the production processes. Fig-
ure 2.2 depicts the whole process that lies behind a top pair event. Relevant for the
discussion of the top pair production is the left side before the top quarks decay.

"This holds true for hadron colliders. At a lepton collider the background from QCD would be
more manageable

10
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proton - (anti)proton cross sections
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Figure 2.1: Cross-sections of physics processes at hadron colliders. [23]
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Figure 2.2: Top pair production at the LHC

The nature of protons is governed by their composite structure. Besides the three
valence quarks (two up and one down quark) there exists a multitude of volatile
quark antiquark pairs called sea-quarks and gluons. The momentum of the proton
is the vectorial sum of the momenta of all these elementary particles. When the
proton is accelerated to high energies all of its constituents travel in the approximately
same direction (momenta transverse to the proton’s direction of flight are considered
negligible). Therefore a proton might be regarded as a beam of elementary particles
with a wide spectrum of energies.

The collision of two protons is determined by the interactions of their partons (quarks
and gluons). Such an interaction can be thought of as a hard scattering process of two
partons from the protons. The momenta of the elementary particles inside a proton
are fractions of its overall momentum, expressed as momentum fractions x.

The calculation of the top pair production cross-section is factorized into two compo-
nents: the probability to find partons with momentum fraction x inside the respective
protons and the cross-section of the actual interaction between the partons. The first
part is expressed via parton distribution functionsf;(z;, ur) where pup denotes the fac-
torization scale. By studying deep inelastic scattering processes, these functions have
been derived which give the probability to observe an elementary particle of the flavor
¢ with a momentum fraction z;. Figure 2.3 shows the parton distribution functions
(PDF) for the various flavors found in a proton.

The second part is calculated using perturbative QCD. Due to the high momentum
transfer and the therefore low coupling constant a; a perturbative approach is possible.
Depending on the physics process in question the cross-sections for the hard scattering
processes are known to NLO or even higher orders.

The overall cross-section is then expressed via the formula [30]

Utt_(\/; my) = Z dxz‘dxjfi(xi,lﬁ%)fj(%,lﬁ%) '5”‘_}5(/77 mf,%,%,as(#fq)#?{)
4,J=4,0,9

(2.21)
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Figure 2.3: Parton Distribution Function (PDF) of the proton that was used in
the generation of the signal sample of this analysis (AcerMC [27]) [28,29].
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where p = 4xm?/V/3, 8 = x;x; - s and g is the renormalization scale. Examining the
formula one can see that the production rate of a given physics process is determined
both by the actual cross-section of the hard scattering and the probability that two
partons with a sufficiently high momentum fraction can be found.
This may be illustrated as follows: The center of mass energy squared for the top
pair production has to be at least § = z;z; - s > 4m?. When assuming that both
momentum fractions are roughly the same the formula

TR 2, (2.22)

Vs

defining the minimal momentum fraction that the particles have to possess for top
pair production is obtained. The /s of the Tevatron gives x = 0.18 while for the
LHC the results are 2 = 0.025 for /s = 14 TeV and z = 0.045 for \/s =7 TeV.
This has two consequences. Overall the number of partons in the proton that lead
to a valid initial state for the hard scattering process increases when x gets smaller.
This by itself leads to higher overall cross-section.
What is even more noteworthy is that the gluon PDF rises dramatically with decreas-
ing x. This shifts the ratio between the production channels gqg — t and gg — tt.
At the Tevatron top pair production via quark interaction is favored whereas the
production processes at the LHC are clearly dominated by gluon-gluon fusion.
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3 The LHC and the ATLAS
Experiment

The LHC is a proton-proton collider at CERN near Geneva, Switzerland. It is a cyclic
particle accelerator situated in a tunnel with a circumference of about 27 kilometers
which lies on average 100 meters below the ground.

The reasons for building the LHC were manifold: discovery of the Higgs boson and
measurement of its properties, studies concerning a possible substructure of quarks
and leptons, finding evidence for the existence of supersymmetric particles, top quark
studies with larger samples than produced by the Tevatron and the generation and
examination of quark-gluon plasma to name just a few.

This ambitious program demanded an accelerator which is able to deliver extremely
high beam energies. The /s of the LHC was designed to be /s = 14 TeV, one
magnitude higher than the Tevatron (y/s = 1.96 TeV).

The construction works on the tunnel began in 2000 after the shutdown of LEP, the
predecessor of the LHC, and lasted until 2008. On September, 10th, 2008 the first
protons bunches (packets of protons) completed a full cycle in the LHC. A technical
incident occurred on September, 19th, 2008 forcing the stop of all activities.

A year of repairs and modifications followed and the LHC brought protons to collision
again on November 23rd, 2009. After initial tests, the new /s was set to /s =7 TeV
in order to prevent further technical failure of this magnitude.

As of now, the LHC is operating reliably and with ever increasing instantaneous
luminosity.

The accelerator provides beams for six experiments:

e ATLAS (A Toroidal LHC ApparatuS) [31]: ATLAS is a general purpose de-
tector suitable for measuring a wide range of physics signals. Its components
and performance will be described below since it is the experiment for which
this thesis is written.

e CMS (Compact Muon Solenoid) [32]: CMS is the second general purpose detec-
tor and somewhat of a counterpart of ATLAS. Both detectors are supposed to
measure the same physics contents but do this with slightly different technolo-
gies.

e LHCD (Large Hadron Collider beauty) [33]: As the other experiments, LHCD is
supposed to find new particles but also to give answers to the question of the
matter /antimatter imbalance in nature. The focus lies on b-quarks and their
decays.

e ALICE (A Large Ion Collider Experiment) [34]: In heavy ion mode lead ions
instead of protons are brought to collision. This is done in order to study a
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Figure 3.1: Cutaway view of the ATLAS detector

unique physical state, the quark-gluon plasma which is believed to represent
the conditions in the early universe. Since lead ions are composite objects the
challenge for ALICE lies in the reconstruction of events with a very high amount
of objects.

e TOTEM (TOTal Elastic and diffractive cross section Measurement) [35]: TOTEM
is dedicated to the measurement of the total cross-section of proton-proton in-
teractions and the examination of the proton structure. It is located near the
CMS detector.

e LHCf (Large Hadron Collider forward) [36]: LHCf studies the particles which
travel closely to the beam line (the so-called forward direction). It is the smallest
of the six experiments and is situated near ATLAS at Interaction Point 1 (IP1).

3.1 The ATLAS Detector

The ATLAS detector depicted in Figure 3.1 measures 44 meters in length and 25
meters in width as well as in height and the total weight of the detector is 7000 tons.
It is situated at Interaction Point 1 and as a general purpose detector its task lies
in the detection of a large variety of physics signals. This requires a list of favorable
properties the detector should have:

e detector hermicity: the whole solid angle has to be equipped with detecting
material

e precise tracking: important for the reconstruction of charged particles, measure-
ments of momentum and advanced techniques such as b-tagging

16



3.1 The ATLAS Detector

e no/low leakage: particles (except neutrinos) should not be able to leave the
detector but deposit all of their energy in it

e fine granularity: low uncertainties on the direction of flight of particles are
important for reconstruction and distinction of objects

e high resolution: the energy information of objects should be as precise as possible
(e. g. for the reconstruction of objects from their decay products)

How these properties are realized in ATLAS will be described in the following sections
concerning the sub-detector systems. But first of all a short introduction to the
coordinate system of ATLAS is necessary.

3.1.1 The Coordinate System of ATLAS

The coordinate system is defined as such:

e the origin (0,0,0) is located at the nominal interaction point,
e the z-axis points to the middle of the accelerator ring,
e the y-axis points upwards,

e the z-axis completes the right handed coordinate system (points into the beam
direction).

This Cartesian coordinate system is used for tracking information and location of
vertices and the likes. When analyzing the direction of flight of objects such as
leptons or jets the two dimensional system is used:

e the azimuthal angle ¢. It is defined as

¢ = arctan % (3.1)
e the polar angle 6, which is defined as
f = arctan L. (3.2)
22

Here the subscripts x,y and z denote the projections of the momentum vector on
the respective axis and T stands for transverse. The transverse momentum itself is

calculated using the formula
pr = /D3 + Py (3:3)

In practice, @ is replaced by the pseudo-rapidity 7. This quantity is defined as
0
n = —log tan 3 (3.4)

If one wants to calculate a distance between two objects in the n-¢-plane, the formula

AR = /(An)? + (Ag)? (3.5)

can be applied.
With these formulas in mind a more precise evaluation of the sub-detector systems is
possible.
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Figure 3.2: Geometry of the Inner Detector. The sizes of the different components
and their positions are given with respect to the z-axis and as radii with the beam
as center.

3.1.2 The Inner Detector

As shown in Figure 3.1 the Inner Detector (ID) is the first sub-detector system a
particle coming from the collision point passes. Its main purpose is the precise local-
ization of tracks and vertices (points where tracks fork). A solenoid magnet provides
a magnetic field of 2T where the ID is located causing charged particles to exhibit
tracks which are bent. The curvature of these bent tracks is used for calculating the
momentum of the charged particles.

All sub-detectors that make up the ID have two regions; a barrel region where the de-
tector modules are positioned on the lateral surface of a thought cylinder around the
beam axis and an end-cap region where they are arranged on circular rings perpen-
dicular to the beam axis. The regions exhibit different arrangements of the detecting
elements and different performances regarding the spatial resolution.

The Pixel Detector

Figure 3.2 depicts the innermost part of the ID, the pixel detector. It spans the
whole azimuthal angle ¢ and the pseudo-rapidity |n| < 2.5. The pixel detector is a
semiconductor detector and consists of about 140 million pixels with a size of 50 pm x
400 pm. This leads to a precision of about 14 pm when measuring tracks.

The Semi Conductor Tracker

The next part of the ID is the Semi Conductor Tracker (SCT). It spans the same
region in the n-¢-plane as the pixel detector. The four layers in the barrel region
contain strip sets (stereo-strips) made of two silicon strips which run at an angle of
40mrad to each other. In the barrel region, these stereo-strips run parallel to the
beam axis and in the end cap region they are arranged radially. The mean pitch
of the individual strips is about 80 pum and they are several centimeters long. The
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3.1 The ATLAS Detector

SCT consists of 4088 detector modules with 768 readout strips per module. When
measuring positions the SCT exhibits a precision of 17 pm(R-¢) and 580 pm(z) in the
barrel region and 17 pm(R-¢) and 580 pm(R) in the end-cap region.

The Transition Radiation Tracker

The outermost part of the ID is the Transition Radiation Tracker (TRT). The covered
region is the whole azimuthal angle ¢ and the pseudo-rapidity |n| < 2.0. It consists
of 4mm wide tubes with a wire in the center. The tubes are filled with a gas mixture
(70% Xe, 27% CO4 and 3% Oy ). In the barrel region the tubes run parallel to the
beam axis and radially in the end-cap region. The length of the tubes (144 cm in the
barrel region, 37 cm in the end-cap region) does not permit a precise measurement of
the z or R coordinates, only ¢ is measured. This is made up for by a high number of
track hits of typically 30 hits per track. Overall the accuracy of the ¢-measurement
is 130 pm.

When a particle passes through the tube it ionizes the gas leading to a measurable
current between the wall of the tube and the wire in the center. In addition highly
relativistic particles emit measurable amounts of photons when traversing radiators
located between the tubes. These radiators are made off foils of differing electrical
permittivity. When a particle crosses the interfaces of the two foils it emits a certain
amount of photon depending on its velocity. The photons that make up this transition
radiation are absorbed by the xenon in the gas mixture and produce a significantly
larger signal in the tubes.

As electrons exhibit on average higher velocities than other (heavier) particles they
will also cause more transition radiation. This provides an additional information for
identifying electrons.

3.1.3 The Calorimeters

Following the Inner Detector are the calorimeters of the ATLAS detector, namely the
Electromagnetic Calorimeter and the Hadronic Calorimeter. Their purpose lies in the
measurement of the energy of the particles coming from the collision. Additionally
they have to supply information about the direction of flight of the particles and their
granularity should be fine enough to separate objects that are close to each other.
This generates a list of desirable properties:

e rapidity coverage: A coverage in n from —5 to 5 is desirable in order to detect
particles with a small angle to the beam.

e thickness: The calorimeters have to be thick enough to stop the passing particles
in order to prevent loss of energy information.

e high reconstruction efficiency: Objects have to be reliably reconstructed in a
large energy range from some GeV to several TeV.

e fine granularity: In order to achieve a separation of objects in crowded events,
the calorimeters have to provide precise spatial information.
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Figure 3.3: Schematics of the Electromagnetic Calorimeter in the barrel region

e particle identification: The response from the calorimeter has to be unique for
different particle types in order to identify them.

e fast response: With higher instantaneous luminosity there will be several colli-
sions per bunch crossing and therefore the detector response has to be fast.

The Electromagnetic Calorimeter

The Electromagnetic Calorimeter is primarily used for measuring the energy of pho-
tons and electrons. Since photons have no charge the Electromagnetic Calorimeter
has to provide the direction of flight information for these particles. In the case of
electrons the calorimeter and the Inner Detector provide more precise information on
the direction of flight measurement.

It is divided into a barrel part which spans the |n| < 1.475 region end-cap region going
from 1.375 < |n| < 2.5. The basic setup is shown in Figure 3.3.

The EM Calorimeter utilizes lead as a showering material and liquid argon as active
material. The two materials are sandwiched in an accordion style to ensure complete
¢-symmetry without cracks. The thickness of the lead absorbers varies with pseudo-
rapidity in order to optimize energy resolution.

As an electron or photon traverses a lead sheet it loses energy due to a showering
process where electrons emit photons and photons split into electron-positron pairs.
The particles in the shower cause ionization in the liquid argon volumes and the
produced ions are collected by electrodes. This signal is then translated into an
energy information. A total thickness of about 24 X! in the barrel region and 26

1X denotes radiation length. It is the mean distance after which an electron loses 1/e of its energy
due to bremsstrahlung or 7/9 of the mean free path for pair production by a photon.
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3.1 The ATLAS Detector

Xp in the end-caps ensures that most of the electrons and photons will deposit their
whole energy in the electromagnetic calorimeter. In the region of || < 2.5 (barrel
region and outer end-cap wheel) the Electromagnetic Calorimeter is segmented in
three samplings as shown in Figure 3.3. The first sampling acts as a “pre-shower”
detector that provides particle identification information. It consists of thin strips
with a pitch of about 4 mm in n enabling precise measurements in this direction. It
is followed by the second sampling which is segmented into square towers. The single
towers have a base area of An x A¢ = 0.025 x 0.025 which corresponds to 16 cm? at
7 = 0. The third sampling is built like the second sampling but the single towers have
a base area of An x A¢ = 0.05 x 0.025 resulting in a coarser granularity than that of
the second sampling.

For the region of |n| > 2.5 (the inner wheel of the end cap region) the Electromagnetic
Calorimeter is arranged in only two samplings with a coarser granularity than in the
barrel region. Therefore precision physics are mainly focussing on the region with
In| < 2.5 but the end cap calorimeter performance is sufficient for jet reconstruction
and missing transverse energy (E¥S5) measurements.

The Hadronic Calorimeter

The Hadronic Calorimeter consists of the Tile Calorimeter (|n| < 1.7) and the Hadronic
Liquid Argon Calorimeter (1.5 < |n| < 3.2).

The setup of the Tile Calorimeter is similar to that of the Electromagnetic Calorime-
ter. Here the showering material is steel whereas the active material is a plastic
scintillator. The particles from the shower cause the emission of light in the scin-
tillator which is then transported by fibers to photomultipliers. There the signal is
extracted and provides the energy information.

In contrast to the Electromagnetic Calorimeter the Tile Calorimeter does not have an
accordion structure. The 3mm thick steel tiles and the scintillator tiles form stacks
in the z-direction. These stacks are then put on top of each other to form towers that
stand perpendicular to the beam axis. As the petals of a flower a set of these towers
form a ring around the beam axis.

The granularity of the tile calorimeter is Anp x A¢ = 0.1 x 0.1 for the first two
samplings and An x A¢ = 0.2 x 0.1 for the third. This is significantly coarser than
the electromagnetic calorimeter but expected to be sufficient for separating jets coming
from the decays of W bosons with high transverse momentum.

The determination of the top quarks and the calculation of their properties use data
from four jets, therefore the energy resolution of the hadronic calorimeter is an im-
portant quantity. The design goal was an uncertainty of?

AE  50%
E VE

®3% for |n| < 3. (3.6)

In addition the jets should deposit all of their energy in the calorimeter which is
ensured by a thickness of ten hadronic interaction lengths.

2The oplus denotes that the individual values are summed quadratically.
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3.1.4 The Muon Spectrometer

The Muon Spectrometer is used for measuring the direction of flight of muons and
their momenta. It covers the region of |n| < 2.7 and employs four different types
of chambers: Monitored Drift Chambers (MDT), Cathode-Strip Chambers (CSC),
Resistive Plate Chambers (RPC) and Thin Gap Chambers (TGC). This multitude of

technologies is made necessary by differing demands in the respective regions.

3.1.5 The Trigger System

When the LHC reaches its design luminosity there will be bunch crossings every
25ns which corresponds to a rate of 40 MHz. Only a few of the collisions that occur
are interesting physics processes which have to be separated from the background.
Additionally it is technically not possible to record all events at this rate. Therefore
a system is needed to reduce the event rate to a manageable size: the trigger system.
It consists of three levels: Level-1 (L1), Level-2 (L2), and the event filter (EF). The
L1 trigger is a hardware trigger that evaluates the response of the calorimeters and
the muon spectrometer and is synchronized with the bunch crossing frequency of
the LHC. All detector data are kept in pipelines for the timespan of the L1 Trigger
decision making process (about 2.5 us). If the L1 trigger fires regions of interest (Rol)
associated with the objects that caused the positive trigger decision are formed and
the readout of the detector data to a distributed buffer system is initiated.

The L2 trigger takes the Rols provided by the L1 trigger and evaluates the data from
the full detector inside these regions. This trigger is a computing cluster and the
algorithms that steer the decision of the L2 trigger are software based. The L2 trigger
further reduces the rate from 75 kHz coming from the L1 trigger to 3.5 kHz.

When the L2 trigger fires the whole detector readout is used and a fast event recon-
struction takes place. These events are evaluated by the EF. As the L2 trigger the
EF is based on software that is executed on a computing cluster. In the case that the
EF accepts the event it is stored for further analysis with a rate of about 200 Hz.

3.1.6 Data Quality

As every complex machinery ATLAS sometimes experiences technical difficulties.
The dysfunction of a certain detector element may spoil the data and introduce arti-
facts in the analysis. To avoid this the detector systems and their sub-detectors are
permanently monitored.

Whether a given block of data meets the quality demands depends on a set of factors.
First of all it has to be decided whether the availability of a certain sub-detector is
crucial to the analysis e. g. an analysis that only concentrates on the central n region
might not be concerned when problems in the end caps arise.

After defining the set of sub-detectors crucial to the analysis these sub-detectors have
to be checked. This is done with a set of flags. As with traffic lights, green represents
for nominal function, yellow is a transient state where a decision on the data quality
is pending and red means that the given sub-detector is not functioning as intended.
The flags are organized tree-like manner, branches describe the different detectors and
their sub-branches describe the sub-detectors they are made of.
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3.1 The ATLAS Detector

The blocks of reprocessed data that meet the quality demands are charted in so-called
good run lists. When analyzing data these good run lists determine whether a given
event is accepted from the data quality point of view.
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4 Reconstruction of Physics
Objects

Detecting particles is a problem of translation. When a particle passes through the
detector it causes is a collection of electric signals. The responses that it may cause
in the Inner Detector and the Muon Spectrometer (called hits) are reconstructed to
tracks and the signals from the calorimeter are translated to energy deposits. These
tracks and energy deposits are the input for reconstruction algorithms which return
physical objects with certain properties.

The process of measuring is not an one-to-one projection. Particles with different
properties may cause a similar detector response. A reconstruction algorithm for a
certain particle type should only accept signals caused by real particles of that type.
Furthermore the properties of the reconstructed physical objects should match those
of the particle causing the signal.

In reality reconstruction algorithms are not able to reconstruct all of the particles
(corresponding to an efficiency smaller one) and they might use detector responses
from other particle types and translate them into physical objects (mis-identification).
The art of inventing a reconstruction algorithm lies in maximizing its efficiency while
keeping the mis-identification rate low. Additionally robustness and simplicity are
desirable.

4.1 Jet Reconstruction Algorithms

A typical name for a jet container is “EMJESAntiKt4Topo”. The name denotes which
clustering algorithm is used (either Tower or Topo [37]), how the jets are reconstructed
from clusters (Cone or Kt [38,39]) and which energy calibration scheme is applied (H1,
EMJES, GCW etc. [40-42]).

4.1.1 EMJESAntikt4Topo jets

The mentioned jet container (a collection of physical objects sharing a common def-
inition) is the one used in this analysis and the specific choices for the individual
reconstruction steps defining it will be discussed in more detail. Information on the
alternative choices may be found in the listed references.

Topological Clustering

The clustering begins with the translation of the electric signal in a calorimeter cell
into an energy information. Various factors that affect this translation such as issues
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in the high voltage supply of the cell are taken into account. The resulting objects
are called CaloCells which will be grouped to CaloClusters.

In the case of Topological Clustering [37], the algorithm searches for seed cells. These
cells have a signal-to-noise ratio ! that exceeds a high threshold ts..q. Each seed cell
constitutes a “proto cluster”. In the next step, the cells adjacent to the seed cells are
evaluated, starting with the neighbors of the seed cell with the highest signal-to-noise
ratio. If a neighbor cell has not been used as a seed so far and its signal-to-noise ratio
lies above a certain threshold fpeighbor, it is added to the proto cluster. Two proto
clusters are merged if they share a neighbor cell satisfying the tpeignbor threshold. If
such a cell only satisfies a lower threshold t.o; it is added to the proto cluster which
is the more significant neighbor of the cell. The original seed cell list is discarded and
the cells added to proto clusters in this step form the new seed list. This is repeated
until an empty seed list is returned.

In a last step all proto clusters satisfying a minimum energy requirement are saved as
clusters and written into a list in descending order with regard to their energy.

The Anti-k; Algorithm

The anti-k; algorithm [39] belongs to a larger class of algorithms employing a metric
for jet reconstruction. The general form of this metric is

2

A2
dij = min(k2p kfsz) e

ti R2 ) (41)
dip = k7.

where k; stands for the transverse momentum of a particle, A?j is defined as

NG = (g —yp)* + (6 — 65)° (4.2)

and a factor R which determines how large a jet may become.? The factor p has a

crucial influence on the behavior of the metric and for the anti-k; algorithm it is set
top=—123

Similar to the clustering algorithm the reconstruction is performed in a loop. In a
first step the distances d;; between entities (particles or pseudo jets) and between the
entities and the beam (“B”) are calculated. The lowest distance is taken. If the lowest
distance? is between an entity and the beam the entity is called a jet and is removed
from the list of entities. If the lowest distance is between two entities they are merged
(which produces pseudo jets). Then the first step is repeated until the list of entities
is empty.

In this algorithm, entities with a high transverse momentum collect entities with a

lower momentum in their vicinity (due to the small value of k; ).> The factor A7/ R?

'Here the signal may be the cell energy while the noise is the expected root mean square (RMS) of
electronics noise under given conditions.

2Here the rapidity y is used which is defined as é In %Zi.

3 Another choice is p = 1 (called k; or Cambridge/Aachen).

4These are not distances in space but rather distances in the k,-y-¢ phase space.

5In comparison: for p = 1 the low momentum particles will cluster among themselves before high

momentum particles are considered.
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is of special interest. For the entity with the highest k; this effectively sets the radius
of the jet since d;p will always be smaller than any d;; for this entity if this factor is
larger than 1. Therefore these entities will be labelled as jets and removed from the
list of entities if there are no particles left in their vicinity.

One virtue of the anti-k; algorithm is that it mostly produces cone shaped jets. There
are some cases where two high momentum entities are separated by R < A;; < 2R.
The resulting shapes of the jets will not necessarily be conical, since the jets will
divide the entities in the overlap region among themselves.

Jet Calibration via Numerical Inversion

The last step before the jet reconstruction is completed is the energy calibration. This
is necessary because the translation from detector signals to energy is not known for
jets but for objects such as electrons. Therefore the energy of a jet is measured at the
so-called “electromagnetic scale” and is then calibrated to the jet scale. The EM+JES
calibration [41] is a straight forward and robust calibration scheme that is used for
early data taking.

The calibration results in a response function R(pF®) = pi/pi® which maps the
P to the real transverse momentum of a given jet via the formula

reco

true pT
P == 4.3
™= RoE) 43)

The response function is derived from MC simulations using a technique called nu-
merical inversion. Jets on detector-level® and on hadron-level” reconstructed by the
same jet finding algorithm are taken and matched to each other requiring that the
distance AR between a reconstructed jet and a hadron-level jet is less than 0.3.

Hadron-level jets in a small pf*" slice are selected and the pie® of their matched

detector-level jets are plotted providing gaussian distributions of p for the piruth

slices. The average of these distributions is taken as an estimate for pir*°. By applying

this procedure a mapping between pie® and piut! is obtained which is then used to
calculate the response function.

In practice the response function is sliced in 7 as well as in jet pr.

4.1.2 B-Tagging

Many interesting physics processes contain bottom quarks in their final state. There-
fore techniques that are able to separate jets originating from bottom quarks from
those coming from lighter quarks are an important ingredient for analyses of such
processes. It is desired that these techniques provide tags for jets from bottom quarks
with a high efficiency while rejecting jets from light quarks at the same time.

Jets that originate from a bottom quark have properties that make them distinguish-
able from jets stemming from lighter quarks or gluons®. When the bottom quark

SThese are the jets reconstructed from the detector response.

"The constituents of these jets are the particles that come from the MC generator, thus omitting
the simulation of the detector.

81n the following, jets originating from bottom quarks will be called bottom jets whereas jets from
lighter quarks (up, down, strange) and gluons will be called light jets. If not mentioned otherwise
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Figure 4.1: Definition of transverse impact parameter dy (left) and the longitu-
dinal impact parameter zg (right). [44]

hadronizes to a b-hadron, the hadron keeps about 70 % of the original bottom quark
momentum. These b-hadrons exhibit comparatively large masses. Decay products
of these hadrons exhibit larger transverse momenta with respect to the jet axis than
decay products inside light jets. Therefore the angle between the direction of flight of
these decay products and the jet axis is larger. The most important property of the
b-hadrons is their comparatively long lifetime lying in the order of pico-seconds. In
conjunction with the time dilation resulting from the high velocity of the hadron in
a jet with high transverse momentum this leads to flight path lengths in the order of
millimeters. The tracks from the decay products of the b-hadron exhibit a displace-
ment with respect to the primary vertex that is expressed via impact parameters.
Alternatively the vertex formed by the tracks of the decay products of the b-hadron
might be reconstructed and used for evaluation [43].

An appropriate spatial description is necessary for a correct implementation of these
tagging strategies.

The transverse impact parameter dy is the smallest distance between the reconstructed
primary vertex and a given track in the transverse plane (left side in Figure 4.1).
This point on the track is called the point of closest approach (pca). Now the view is
changed to the longitudinal plane (right side in Figure 4.1). A rotation of the detector
around the beam axis is carried out until the pca lies on the z-axis. The measured
distance along the z-axis between the pca and the primary vertex is called z, (the
longitudinal impact parameter). Further information can be extracted by examining
the angle between the track and the z-axis (©). The smallest distance between the
track and the primary vertex in the longitudinal plane can be calculated as zy X sin(0).
Using these definitions the tagging algorithms compute weights for the each jet. In
general these weights are higher for bottom jets than for light jets. The user may
apply a cut on these so-called b-tagging weights thus separating the light jets from
the bottom jets. If a jet is tagged as a bottom jet depends on its properties and the
used b-tagging algorithm.

jets from charm quarks will count as light jets. In all other cases they will be called charm jets.
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4.1 Jet Reconstruction Algorithms

The b-tagging algorithms that will be described here use the secondary vertex re-
construction as well as measured impact parameters. At first the JetProb tagging
algorithm will be discussed as it is the one used in this analysis for b-tagging pur-
poses. Its calibration with 2010 data is described in [45]. The SVO0 tagging algorithm
which provides additional information about the jets will also be presented.

The IP3D + SV1 tagging algorithm is a more sophisticated technique for identifying
bottom jets. It will be used once enough data has been accumulated to carry out its
calibration.

The JetProb Tagging Algorithm

The JetProb algorithm was first used by the ALEPH collaboration and is described
in [46]. It was also used in Tevatron analyses and is one of the b-tagging algorithms
for early physics analyses at the LHC because its calibration is possible with a small
amount of statistics.

The JetProb algorithm exploits the long lifetime of b-hadrons. It evaluates all tracks
of the jet in question with respect to the probability that these tracks originate from
the primary vertex. The combined probability of the tracks then gives a weight for
the jet discriminating between bottom jets and light jets.

The inputs which are used for the track evaluation is the signed impact parameter
significance dy/o,4, which is shown in Figure 4.2 and a resolution function for prompt
tracks R that has to be taken from data. The probability P for a given track ¢ of a
jet to be originating from the primary vertex is calculated as

i /i
|do/‘7d0

\
P = / R(x)dx. (4.4)

The overall jet probability of a jet with IV tracks is calculated via the formula

N-1

—InPy)’

P =Py P (45)

— !

j
where Py is defined as
N . . ~
Pl=" it dj >0

Po=|[P withd ? 2 0= 4.6
’ 11 o {P{:(l—%) it di < 0. (4.6)

The resulting probability for the jet may be interpreted as the compatibility of the jet
with the hypothesis that it is a light jet. The smaller the value of the probability the
more likely the jet stems from a b-hadron. Therefore one would define a maximum
value and jets that exhibit a probability below this value are tagged as bottom jets.

All other b-tagging algorithms exhibit a behavior where a jet is called a bottom jet if
it has a weight above a certain user-set threshold?. Additionally the algorithms have
cut values that lie in the one digit area whereas the probability is a fractional value.

9These thresholds are determined by requiring a desired efficiency of finding bottom jets and that
light jets are rejected with a certain rate
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Figure 4.2: Signed impact parameter significance for tracks in jets of different
flavors. While the distribution is symmetrical for track in light jets it is asymmetric
for tracks from both charm and bottom jets where positive impact parameter
significances are observed more often. [40]
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pr > 0.5 GeV

d(l;’rithx < 2mm

2 TmVEx gin § < 2mm

o (dfTimVex) < 1mm

o (25 TmVEx) < 5mm
X2 /ndof <3
Number of Pixel hits >2
Number of SCT hits >4
Number of Pixel + SCT hits >7

Table 4.1: Track requirements of SVO0 tagging algorithm as defined in [47].

With the calculation of a weight according to

WJietProb = — 1Oglo 7Djet (47)

one obtains a quantity that has the desired properties. This modified weight defintion
is the one actually used in analyses.

The SVO0 Tagging Algorithm

The SVO0 tagging algorithm explicitly reconstructs vertices from the decay products of
the b-hadrons in a jet. These vertices are also called secondary vertices. It employs a
cut on the decay length significance L/o (L) of such a reconstructed secondary vertex,
exploiting the long lifetime of b-hadrons.

The input for this tagging algorithm is a list of tracks associated to the calorimeter
jet that is evaluated. The tracks in this list satisfy the constraint that the distance
AR between a given track and the jet axis is less than 0.4. If a track satisfies this
constraint for multiple jets it is associated to the closest one.

In order to be used in the secondary vertex reconstruction these tracks have to pass
certain constraints which are detailed in table 4.1.

Additionally the tracks have to have a three-dimensional impact parameter signifi-
cance dca/o(dca) > 2.3 with respect to the primary vertex.

After the track selection the SV0 algorithm begins reconstructing two-track vertices
that exhibit a significant displacement from the primary vertex. For this, the sum of
the impact parameters of the two tracks of a vertex candidate has to exceed 6.6. The
fit of the two-track vertices has to yield a y* < 4.5. To make sure, that the vertex is
not a valid primary vertex the y? of the 3-dimensional distance between the primary
vertex and the two-track vertex has to be larger than 6.25.

All two-track vertices with a mass corresponding to K? mesons, A° baryons or photon
conversions and vertices that might stem from material interactions are removed.

In a last step all the two-track vertices are merged into one secondary vertex that is
associated to the evaluated jet.
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The IP3D + SV1 Tagging Algorithm

The IP3D + SV1 tagging algorithm [40] combines the output of two separate b-tagging
algorithms. Both use a likelihood ratio approach that requires the distributions of
discriminative variables for jets from light and bottom quarks respectively.

The IP3D tagging algorithm uses two-dimensional distributions of the transverse im-
pact parameter versus the longitudinal impact parameter obtained for light jets and
bottom jets. The tracks in a given jet are evaluated by measuring their impact pa-
rameters (zo and dy). These are fed into the histograms yielding probabilities for the
light jet and bottom jet hypothesis. Subsequently a jet weight is calculated according
to the formula

track jtrack
w _ b('ZO 7d0 )
track —
u(zgc)rack’ dBrack)

(4.8)

where u is the value coming from the histogram with the distribution for light jets
and b the histogram for bottom jets. The b-tagging weight of the jet is the sum of
the logarithms of the individual track weights

Nrracks Nracks Z dl
0 )

Wier = Z InW; = Zl ) (4.9)
0>

The SV1 tagging algorithm reconstructs secondary vertices similar to the SV0 tagging
algorithm. It uses a two-dimensional histogram of the invariant mass of all tracks
associated to the secondary vertex versus the ratio between the sum of the energies
of the tracks participating to the vertex and the sum of the energies of all tracks in
the jet and a 1D histogram of the number of two-track vertices in the jet.

As in the IP3D tagging algorithm these histograms exist for the light jet hypothesis
and the bottom jet hypothesis. The weight is again a likelihood ratio.

The individual weights of the two tagging algorithms are combined by simply summing
them.

4.2 Electron Reconstruction Algorithms

The electron reconstruction is a two-step process. First energy clusters are formed
and a search for an inner detector track which may be successfully extrapolated to the
energy cluster takes place.!? Following this step an identification scheme is applied
providing a quality label for the electrons that may be used by the analyst.

The cluster finding uses a sliding window algorithm. Here a window of fixed size
(3 x5 cells) is moved across the 1-¢ plane evaluating energy information of the second
sampling of the Electromagnetic Calorimeter. The clusters found in this step are the
seeds for a window algorithm that uses larger clusters ( 3 x 7 cells in the 7-¢ plane in
the barrel region and 5 x 5 cells in the end cap). Tracks from the Inner Detector are
now matched to the barycenters of the energy clusters. If the matching is successful
an electron candidate is found.

10This only applies to electrons in the region |n| < 2.5. For electrons outside this region there is no
Inner Detector information available, these are called forward electrons.
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The electron identification that follows the reconstruction defines several levels (such
as loose, medium and tight) of electron quality. This is necessary since several other
particles such as pions may cause similar signals in the detector.

The loose cuts demand certain qualities regarding the signal in the calorimeters. The
middle and tight cuts include the loose cuts but put further constraints on the track
that is associated to the energy cluster. Identification cuts are being constantly re-
viewed and optimized due to the the amount of gathered data and better understand-
ing of the detectors.

4.3 Muon Reconstruction Algorithms

Muons are part of many interesting physics processes. Therefore they have to be
reconstructed with high efficiency.

There exist two families of reconstruction algorithms for muons: STACO [48] and
Muid [49]. The differences between these families lie in details, the general recon-
struction schemes are the same.

Since there exist two sub-detectors (Inner Detector and Muon Spectrometer) which
are able to record tracks from muons there is a variety of muon reconstruction schemes.
There are standalone muons which take their information solely from the data of the
Muon Spectrometer. So-called Combined Muons are reconstructed using information
from both the Muon Spectrometer and the Inner Detector. Muons with low transverse
momentum may be reconstructed using only Inner Detector information.

The muons used in this study are combined muons as reconstructed by Muid. The
algorithm takes inner detector tracks and muon spectrometer tracks and combines
them via a x? minimization scheme. It incorporates detector response functions and
accounts for possible scattering of the muon between the inner detector and the muon
spectrometer to give realistic results.

For muons with an energy above 20 GeV the reconstruction efficiency is about 95 % —
98 % depending on the used algorithm and the muon kinematics [50].

4.4 Missing Transverse Energy (EX®)

The Missing Transverse Energy ER (abbreviated F where convenient) is a vector
that lies in the transverse plane. Its components JF, and Ey represent energy im-
balances that exist in the respective direction. These imbalances are assumed to be
caused by particles that escape detection, e.g. neutrinos. Therefore the EX is an
important variable for processes with such elusive particles in the final state.!

In general, the EX is calculated from the information of the calorimeter cells and
the muons. There are cells that are associated with physical objects and those that
are not. This may be expressed as

PhysObjs CellOut
El‘,y = Er,y + Em,y I (410)

miss

1 Supposed the E%‘iss in an event is caused by two neutrinos then the EF"* is the vector sum of the
neutrinos in the transverse plane. The resulting vector is not necessarily large.
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where Em’y = —FE,, with I being the energy of the calorimeter cell. The cell cali-
bration differs with the physical objects the cell is associated with. This results in
a variety of calibration schemes depending among other things on the chosen object
reconstruction algorithms. In this study the “RefFinal” scheme was used.

In RefFinal the cells are associated to physical objects. If there are two objects
sharing a cell, the cell is associated to the object coming first in this list: electrons,
photons, hadronically decaying tau-leptons, jets and muons. Furthermore algorithms
to avoid the double counting of cells are applied. The cells are weighted with respect
to the object type they are associated with resulting in an estimate of EX'sS. Further
corrections for energy that might be deposited in the cryostat of the calorimeters are
applied. The final formula used for the calculation of the EMs is

RefFinal _ jne v T Jet m CellOut Cryo
Ez,y _Ez,y+Ex,y+Ex,y+E$,y+Em,y+Eaz,y +Ex,y : (411)

The used calibrations stem from the object definitions used in this study (e. g. EM+JES
for jets).
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5 Analysis

5.1 Motivation

The aim of this analysis is the measurement and understanding of the distribution of
the kinematic variables of so-called additional jets in top pair events. In the context
of the signal process (semileptonic top pair decays) additional jets are jets that do
not stem from the top pair.

The motivation for doing this is manifold. Firstly the comparison between the spectra
obtained from analyzing data and Monte Carlo (MC) simulations enables one to draw
conclusions about the quality of the MC simulations (e. g. how well kinematic variables
are modeled).

Furthermore certain parameters used for the generation of MC samples need to be
obtained from data. One example for such a parameter is the fraction of heavy flavored
jets (jets that stem from b-hadrons).

A third point motivating this study is the better understanding of the distributions
themselves. In searches for electrically charged Higgs bosons in the framework of
models with more than one Higgs doublet field, like supersymmetric theories [51],
channels are examined which look like top pair decays with additional jets which are
decay products of a Higgs boson. Since the properties of the Higgs boson are quite
distinctive (presumably high mass etc.) the distributions of the kinematic variables
of these jets should be unique. By studying both cases, additional jets in top pair
events without Higgs particles and with Higgs particles, one would obtain two sets of
distributions for additional jets. Perhaps differences in these distributions could be
exploited in order to facilitate Higgs searches. In any case a background estimate for
these searches will be obtained.

This analysis is comprised of several steps will be used in order to extract the above-
mentioned distributions. In principle every single one of these steps is worth a thor-
ough and careful examination. This study will concentrate on the way top pairs are
reconstructed in a given event and evaluate possible ways of optimization.

5.2 Prerequisites

In order to motivate aspects of the following analysis the properties of the semileptonic
top pair decay are reviewed in this section.

Figure 5.1 shows the signature of a semileptonic top pair event!. It exhibits a charged
lepton, a neutrino and four jets of which two are bottom jets.

I This is of course just one of many possible Feynman diagrams
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proton

proton

b

Figure 5.1: General layout of semileptonic top pair event. Sources for additional
jets may be initial state radiation e.g. radiation from the gluons, final state radi-
ation emitted from the decay products of the top or remnants from the protons.
Additionally pile-up (proton-proton interactions taking place at the same time as
the event) may introduce additional jets.

All of these objects originate from the decays of high mass particles (top quarks
and W bosons). As these objects are not heavy themselves they should exhibit high
momenta.

Apart from these objects there are additional objects in the event with jets that do
not stem from the top pair being the main focus in this analysis. In principle these
might originate from initial state radiation (ISR), final state radiation (FSR), pile-up
or from the debris of the colliding protons.

In the following the measured objects that meet certain identification criteria will
be called physical objects. The top quarks and W bosons from which some of these
physical objects will be called particles of the event.

5.3 Analysis Algorithm

The algorithm used to achieve the goal of determining the distributions of kinematic
variables of the additional jets and their flavor composition is comprised of five indi-
vidual steps. The first necessary step is to prepare a clean sample of semileptonic top
pair events. In the next step an algorithm that reconstructs the top pair is applied
on the selected events. As soon as it is known which objects are associated to the top
pair it is also known which are not (these are the additional objects).

Therefore a first naive algorithm chain is:

Definition physical objects,

Preparation of a clean semileptonic top pair sample,

Reconstruction of the top pair from its decay products,

Separation of the physics objects in groups (“objects from top” and “addi-
tional”),
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e Determination of the kinematic variables and the flavor composition of the ad-
ditional jets.

For the first two tasks it was decided to follow the prescription regarding object
definitions and analysis cuts provided by the top group of the ATLAS experiment
(see e.g. [26]). These prescriptions were adopted in order to have a common ground
with respect to other top analysis groups making the comparison and evaluation of
tools and techniques that differ between the groups easier. There are points in which
this study deviates from these prescriptions. These cases will be clearly identified and
motivated.

Once the top pair has been reconstructed from its decay products the separation
of physics objects in groups and the determination of their kinematic variables is
straightforward.

A bit more involved is the determination of the flavor composition of the additional jets
since for 2010 data the obtained sample is small. Therefore only statistics inexpensive
methods are applicable and the statistical errors of the measurement are expected to
be large. Fortunately the data collected in 2011 will be about two orders of magnitude
larger which will enable more complicated methods for the determination of the flavor
composition. One of these techniques, the template fit method, will be described and
applied on 2010 data for a first evaluation whether it presents a viable method or not.
Item three remains, the reconstruction of the top pair from its decay products. As
can be seen from the multitude of top pair reconstruction methods that exist (e.g.
the KLFitter [52], x* methods et al. [53], etc.) the task at hand is not easily achieved.
Studies using crude and simple reconstruction methods such as defining that the top
decaying subsequently to three quarks may be reconstructed by choosing the three
jets with the highest energy in the event have shown that such criteria seldom provide
the right answers.?

Therefore more complex algorithms have been developed using both more information
provided by the measurement of the physical objects in the event and more assump-
tions about the particles in the event.

The algorithm used and investigated in this study is the KinFitter [54]. This recon-
struction algorithm uses the kinematic variables of the physical objects in the event
and evaluates how consistent they are with respect to a given fit hypothesis. The
mathematics the algorithm is based on as well as its application, merits and short-
comings will be discussed in Section 5.3.3 after giving more information about the
objects definitions and the applied analysis cuts.

5.3.1 Objects definitions

In general not all reconstructed objects in an event are used in an analysis but a subset
of them satisfying certain criteria. Depending on the physics process in question the
objects in the final state have to fulfill certain characteristics.

An example for such a characteristic is the isolation criterion for muons. In top pair
events it is expected that the muons are well isolated since their origin lies in the hard

2Tt should be noted at this point that the notion of a right answer always depends on the way that
is used to define the right answer.
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scattering process and not from a decay inside a jet. Therefore it is demanded that
only small energy deposits exist in their vicinity. On the other hand if one wants to
specifically select muons from decays inside jets this criterion may be inverted. The
following definitions are the ones recommended by the top reconstruction group of
the ATLAS experiment for the winter conferences of 2011 (see e. g. [26]).

Electrons

The Electrons used in the analysis are required to exhibit a high transverse momentum
and an associated track. Furthermore the tight quality criteria have to be met.

The transverse energy of the electron which is defined as the energy of the cluster
from which the electron was reconstructed divided by the cosinus hyperbolicus of the
n component of the track belonging to the electron (short: FEjuster/ cosh(ack)) has
to exceed 20 GeV. The pseudo-rapidity of the cluster from which the electron was
reconstructed has to be inside the region of 1| < 2.47. Furthermore the crack region®
is excluded, therefore no electrons are accepted with 1.37 < |nq| < 1.52.

The isolation criterion demands that the energy deposited in a cone of AR = 0.2
around the electron does not exceed 4 GeV.

In order to make sure that the electron only traversed regions which are fully operation,
so-called object quality maps (OQMaps) are employed. These are basically maps
of the regions where dead EM Calorimeter electronics are situated. If an electron
traverses a region that is not fully operational it is discarded.

Muons

The muons used in the analysis were reconstructed by the Muid algorithm. They are
required to be combined muons within the tight category. Their transverse momentum
has to exceed 20 GeV and they have to be in the eta range of || < 2.5.

There are several requirements concerning inner detector hits:

e The muon has to cause a hit in the b-layer (the innermost sheet of the pixel
detector) unless its track indicates that the muon traversed a region where the
detector malfunctions.

e The sum of hits in the pixel detector plus the crossed malfunctioning pixel
sensors has to exceed 1.

e The sum of hits in the SCT plus the crossed malfunctioning SCT sensors has to
be greater or equal to 6.

e The sum of the traversed malfunctioning pixels in the pixel detector plus the
traversed malfunctioning SCT sensors has to be lower than 2.

3This region spanning 1.37 < || < 1.52 contains peripheral infrastructure such as cables for the
detectors. Therefore measurements in this region are not possible.
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e The requirements on the variable N denoting the sum of hits in the TRT plus
TRT outliers*, depend on 7 as follows:

For |n| < 1.9 N has to exceed 5 and the number of TRT outliers divided by N
has to be lower than 0.9 while for |n| > 1.9 it is requaired that if N exceeds 5
the number of TRT outliers divided by N has to be lower than 0.9. There is no
requirement for the case where N < 5 and |n| > 1.9.

In order to ensure the isolation of the muon two isolation criterias are implemented.
It is required that the sum of transverse momenta in a cone of AR = 0.3 around the
muon does not exceed 4 GeV and that the measured transverse energy in a cone of
AR = 0.3 around the muon is lower than 4 GeV.

Furthermore, muons that lie within AR < 0.4 around a jet with a transverse momen-
tum higher than 20 GeV are rejected in order veto muons that might originate from
a decay inside a jet.

Additionally muons which might stem from cosmic interactions are discarded by re-
quiring that their point of nearest approach to the beam axis lies in the vicinity of
the primary vertex.

Jets

The jets used in this analysis stem from the AntiKt4TopoEMJets collection. Jets
inside this collection are reconstructed using the anti-k; algorithm (see Section 4.1)
with topological clusters as input. Furthermore the jets are calibrated using the
numerical inversion procedure as described in [41]. From the viewpoint of the objects
definitions of the top group the jets only have to satisfy a few constraints. Jets with
negative energy® are removed. Additionally, jets that lie inside a cone of AR <
0.2 around an electron, as defined by the objects definitions of the top group, are
discarded, ensuring the removal of overlapping objects.

In this analysis only jets satisfying the conditions pr > 20 GeV and |n| < 2.5 are
retained. The pr requirement is motivated by the fact that important calibration
studies such as the b-tagging calibration are only made for jets with pr > 20 GeV.
The motivation for the 1 requirement lies in the geometry of the detector. The
inner detector that is needed for b-tagging techniques roughly spans the n range of
[—2.5,2.5]. Since this study relies on variables coming from b-tagging techniques the
71 range is restricted by the availability of these techniques.

Missing Transverse Energy

The missing transverse energy ET is calculated in accordance to the object defi-
nitions given above. The vector sum of the energy deposits in the calorimeters as
measured with respect to the transverse plane is used for the EM reconstruction.

4According to [55] outliers are either TRT drift tubes with a signal which are not traversed by the
near-by track or TRT measurements which result in a non-smooth trajectory when combined
with Pixel and SCT measurements.

5This may happen due to a bug in the jet reconstruction software that was spotted after the data
and MC simulation samples had been produced. This does not affect the analysis as there are no
jets in the used pr range that exhibit negative energy values.
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The energy calibrations of the muons, electrons and jets characterized by the object
definitions are used in the EX'* calculations. Cells that are not associated to phys-
ical objects (muons, electrons with pr > 10 GeV, photons, taus, jets and soft jets)
contribute with the energy measured at the electromagnetic scale®.

5.3.2 Event Selection

The selection of top pair events is based on cuts recommended by the top group (see
e.g. [56]). These contain requirements for both event selection and event cleaning.
The names of the items are the ones found in Figure 5.2. In order of application,
these are:

e cl - Trigger: This cut requires that either the muon trigger or the electron
trigger has fired. Due to the increase in instantaneous luminosity during the
data taking phase the used trigger changed with time in order to avoid event
rates exceeding the technically possibly data recording rate. All the triggers
work reliably in the transverse momentum range of the electrons and muons
defined by the object definitions.

e ¢2 - prim vtx: The primary vertex has to be the origin of five or more tracks. In
the semileptonic top pair final state there are five charged particles (four quarks
plus a charged lepton). Therefore the requirement reflects the rich final state of
semileptonic top pair events.

e c3 - No bad jets: If the event contains any badly measured jets, it is discarded.
This cut is only applied in data as the variables defining the criteria are not well
modeled in MC simulations.

e c4 - leptons > 1: There has to be at least one electron or muon as specified in
the objects definitions in the event.

e c5 - leptons == 1: The event contains exactly one electron or one muon. The
or is an inclusive or.

e ¢6 - lepton veto: This cut requires either one electron or one muon. In contrast
to the previous cut this is meant as an exclusive or.”

e c7 - trigger match: After the previous cut there is only one lepton left in the
event. This lepton has to be the one that caused the trigger to fire. The event
satisfies the cut if the direction of flight of the lepton matches the region of
interest (Rol) that was defined by the trigger.

e c8 - ¢/mu track share: It is prohibited that electrons and muons near a jet share
a track. The information needed for this cut is determined prior to the cuts on
the leptons.

6This means that the calibration obtained from test beam studies of the detector using electrons is
used

"The lepton cuts were implemented in three steps in order to study the effects on the background
samples more closely. The same reasoning applies for the cuts on the jet multiplicity below.
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Figure 5.2: Cut flow of the top pair analysis in data and MC simulations. Infor-
mation on the used MC simulation samples can be found in Section8.2.

e ¢9 - MET /Triangular: This cut requires that the EX and the transverse mass
of the W boson decaying to leptons which is calculated as

V2B - B (1= con( — 6FF)) 6.)

lie above certain thresholds. If the lepton in the event is an electron, the values
are 20 GeV for the ER and 65 GeV for the sum of the transverse mass of
the W boson and the EF5. In the muon case the E has to be larger than
35 GeV and the transverse mass of the W boson has to exceed 25 GeV.

e c10- jets > 2: There have to be at least 2 jets in the event that are well measured
and have a pr > 25 GeV and |n| < 2.5.

e cll - jets > 4: This cut requires 4 jets which have to have the same properties
as stated in the previous cut.

e cl2 - b-tag: Only events that exhibit at least one jet for which the JetProb
algorithm yields a weight of more then 2.05 (70 % efficiency) are retained.

e c13- KinFitter: This last cut demands that the top pair finding via the KinFitter
algorithm was successful.

The resulting cut flow is shown in Figure 5.2. Mismatches between measured data
and MC simulations stem partly from the omission of QCD and flaws in the modeling
of variables used in the cut flow in MC simulations.

In Table 5.1 and Table 5.2 the event yields after the individual cuts and the cut
efficiencies can be found.
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7 channel 7 no cut cl c2 c3 c4 cH ch c? c8 c9 cl0 cll cl2 cl3 ;
ttbar Inqq | 2552 1484 1484 1484 865.8 865.2 864.6 852.6 852.6  658.7 650.4 406.6 371.3 171.5
tthbar Inln 566 452.8 452.8 452.8 327.6 283.2 243.0 230.9 230.9 189.1 172.8 56.36 52.36 9.322
ttbar qqqq | 2623 274.6 274.6 274.6 1.991 1.991 1.991 1.991 1.991  0.158 0.158 0.087 0.068 0.022

sgtop 1311 606.7 606.6 606.6 379.4 374.1 369.9 366.5 366.5 274.1 172.1 23.59 19.85 4.813
Wlets 923300 360109 357717 357717 247214 247211 247208 247169 247169 84914 6502 389.3 128.5 19.97
ZJets 89932 51322 51107 51107 37866 22962 22924 22565 22565 2313 4514 42.42 16.43 2.814
Diboson 833.9 623.9 623.7 623.7 426 370.8 358.4 353.9 353.9 2284 9953 556 1.853 0.355
sum MC | 1.0e06 414873 412266 412266 287081 272068 271970 271539 271539 88578 8048 924 590.3 208.8
data 1.0e08 1.7e07 1.7e07 1.7e07 537863 520354 520233 519369 519369 72946 9077 924 576 201

Table 5.1: The event yields after the individual analysis cuts scaled to an integrated luminosity of 35pb~!.

the analysis because their contributions are negligible. For details on the used MC simulation samples see Section 8.2.

Table 5.2: Efficiencies of the analysis cuts. The last efficiency corresponds to the top pair reconstruction via the KinFitter. For

7 channel 7 effl eff2 eff3 effd eff5 eff6t efft effS eff9 effl0 effll effl2 effl3 ;
ttbar Inqq | 0.58 1.00 1.00 0.58 1.00 1.00 0.99 1.00 0.77 0.99 0.63 091 046
ttbar Inln 0.80 1.00 1.00 0.72 0.86 0.86 0.95 1.00 0.82 091 0.33 093 0.18

ttbar fullhad | 0.10 1.00 1.00 0.01 1.00 1.00 1.00 1.00 0.08 1.00 0.56 0.77 0.33
sgtop 0.46 1.00 1.00 0.63 0.99 099 0.99 1.00 0.75 0.63 0.14 0.84 0.24
Wlets 0.39 099 1.00 069 1.00 1.00 1.00 1.00 0.34 0.08 0.06 0.33 0.16
ZJets 0.57 1.00 1.00 0.74 0.61 1.00 0.98 1.00 0.10 0.20 0.09 0.39 0.17

Diboson 0.75 1.00 1.00 0.68 0.87 097 0.99 1.00 0.65 0.44 0.06 0.33 0.19
sum MC 0.41 099 1.00 070 0.95 1.00 1.00 1.00 0.33 0.09 0.11 0.64 0.35
data 0.12 099 1.00 0.03 097 1.00 1.00 1.00 0.14 0.12 0.10 0.62 0.35

details on the used MC simulation samples see Section 8.2.

The dominating
backgrounds are W + jets, Z + jets, dileptonic top pair events and single top production. All other backgrounds were omitted from
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5.3.3 Kinematic Fit

The tool used for the reconstruction of the top pair is the KinFitter which was written
for ATLAS by Thomas Gopfert and Jan Erik Sundermann and is documented in [54].
The general idea behind reconstruction algorithms such as the KinF'itter is that the
kinematics of the physical objects in the event depend on the characteristics of the
particles they stem from.

For instance the invariant mass distribution of muon pairs can exhibit a peak at the
mass of the Z boson if Z decays to muons have contributed. The invariant mass of
the muon pair is calculated via the formula

Miiv = (pm + puz)T(pm + puz) (5.2)

where the Lorentz vectors are the bold faced symbols. When applying the hypothesis
that in a given event a Z boson is decaying to two muons one would expect that the
calculated invariant mass of the muon pair lies near the known mass of the Z boson.
Using such an hypothesis events can accepted or rejected depending on the agreement
between the measurement and the hypothesis. If there are more than two muons in
the event a multitude of unique muon pairs (candidates) may be formed which are
then evaluated by applying the fit hypothesis.

The KinFitter evaluates how well the kinematics of the physical objects in the final
state match to a fit hypothesis which is characterized by constraints such as the one
above. Furthermore it varies the kinematic variables of the physical objects in the
range of their errors in order to satisfy the constraints thus correcting the measured
variables. The amount of correction that is needed is reflected by a figure of merit
which is then used to accept or reject a given event or candidate.

In the following the mathematical framework of the KinFitter will be described and
the fit hypothesis for this analysis explained.

Mathematical implementation

The KinFitter employs the method of “Langrange multiplicators” which is for instance
described in [57]. In the following discussion of the method the variables are

—

e - vector of measured variables e.g. pr, 1, ¢ of a particle,

e a: vector of unmeasured variables e. g. the component of the momentum parallel
to the beam line of a neutrino,

e f;: various constraints.

The fit hypothesis is represented by a set of m constraints

fl (gﬂ C?) 07
fe(y.a) =0, (5.3)
fm(7,@) =0
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Figure 5.3: Connections between particles in the semileptonic top pair case

These constraints establish connections between the various variables. In general
the measured quantities will not fulfill the given constraints. One cause for this are
the uncertainties accompanying the measurement. Therefore the measured variables
might be altered by A so that one gets new variables i/ = i/ + Ay which satisfy the
constraints. In addition the unmeasured variables @ may be determined by employing
the constraints f;.

the size of the corrections Ay are calculated by minimizing the expression

S(7) = Ay VTIAY, (5.4)
where V' denotes the covariance matrix of the measured variables .

In order to express these steps in one formula m additional parameters A\, one for
each of the m constraints, are introduced yielding the following formula

L, X) = S@) +2 Y M fuli,@). (5.5)

k=1

Searching for extrema of this formula with respect to ¥, @ and N is equivalent to
minimizing S(7) under the constraints f(7,@) = 0.

If the constraints are linear then the solution may be calculated directly, otherwise
the solution has to be found iteratively linearizing the problem in every iteration of
the extremum finding process.

Fit Hypothesis

The fit hypothesis determines the connections between the particles and how key
variables are constrained in detail. In semileptonic top pair events, the connections
between the particles are as illustrated in Figure 5.3.

The four particles which may be reconstructed from the physical objects in the final
state are

e the W boson W,,q decaying to the quarks q; and g, called the hadronic W

boson®,

8These are naming conventions motivated brevity.
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e the W boson Wy, decaying to charged lepton 14 and the neutrino v called the
leptonic W boson,

e the top quark t,,q decaying to a bottom quark bs and the hadronic W boson
Whaa called the hadronic top quark,

e the top quark ti., decaying to a bottom quark bg and the leptonic W boson Wi,
called the leptonic top quark.

These connections provide the prescriptions for the combination of the four vectors
of the daughter particles yielding the four vectors of the mother particles

PWhaa = Par T Pars (5.6)
PWip = P+ Pus; (5.7)
Pthaa = PWiaa T Dby (5.8)
Pty =  PWiep T Phs- (5.9)

With defining the connections between the particles as done in the equations an im-
portant assumption about the event is made: there are always four jets stemming from
the top pair. The implications of this assumption will be discussed in Section 5.3.3.

The four vectors of the particles that will be reconstructed may be constrained im-
posing restrictions on the four vectors of the physical objects in the event.

The constraints used in this study stem from assumptions about the masses of the
reconstructed top quarks and W bosons.

In the case of the W bosons Wy,q and W), the mass is fixed to a certain value [12]:

My = 80.399 £ 2.085 £ 0.023 GeV. (5.10)

The first uncertainty is the natural width of the W boson while the second one is the
experimental uncertainty on the mass value. The KinFitter is able to account for these
uncertainties by describing the mass peak via a gaussian whose mean is the mass value
and whose width is the squared sum of the uncertainties. The reason for incorporating
the experimental uncertainty into the gaussian stems from considerations about the
comparability of the measured values of the physical objects and the masses of the
W bosons. A perfect detector could measure the W boson mass by analyzing its
decay products with infinite precision. Imperfections that afflict every machine lead
to shifts and uncertainties on the measured values of the decay products. This leads
to a possibly shifted value for the mass of the W boson as well as to uncertainties on
the mass measurement. If a fixed mass constraint is applied the measured value of the
particle in question has to be taken rather than a theoretical one which would spoil
the comparability of the mass of the particle and the measured kinematic variables of
the physical objects it decays to.

or the W boson the world average value and its uncertainty as provided in [12] was
used?.

9 Another possibility to solve the problem of comparability between the constraints and the input
variables is to correct the input variables to generator-level and use the values as specified in the
MC production as was done in [58].
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Regarding the mass of the top quark there are two viable possibilities. Again the
masses of the tj, and tyaq might be set to a fixed value

M, =172.0£ 0.9+ 1.3+ 2.05 GeV, (5.11)

which defines the fixed mass constraint used in this study. Here the masses of the
top quarks are assumed to be independent of each other but they are required to lie
inside a given window around a known value.

The first three values used are stemming from the world best average [12] and are in
that order the measured mass of the top quark, the statistical uncertainty and the
systematical uncertainty of the mass measurement. The fourth value is the decay
width as measured by DO [59]. The squared sum of the three uncertainties is taken
as the width of the gaussian describing the mass peak of the top quark.

The second possibility is to require the masses of the tie, and thaq to be equal which
defines the same mass constraint. Here both masses depend on each other but their
numerical value is not fixed. Using this constraint a mass measurement of the top
quark mass via the KinFitter can be done.

Both constraints have their vices and virtues. In general the fixed mass constraint
performs better than the same mass constraint in terms of background suppression
and top pair reconstruction, but using a fixed mass relies heavily on detector under-
standing.

Parameterization of Objects

The KinFitter takes the four vectors of the physical objects in the event as input for
its calculations. A choice has to be made regarding the parameterization of above-
mentioned four vectors. The choice of the parameterization largely depends on their
applicability and how well their uncertainties and covariances are understood.

For jets and charged leptons the measured variables are the transverse momentum
pr, the pseudo-rapidity 1 and the azimuthal angle ¢. Since it takes four variables in
order to define a four vector, assumptions about the mass of the physical object in
question are made. For all light jets the mass is set to zero and for bottom jets it is
set to 4.5 GeV. The masses of the charged leptons are set to the values found in [12]
while the neutrinos are treated as massless.

After the definition of the parameterization the covariances of the used variables
have to be studied. As the masses of the physical objects are fixed masses, only the
covariances between the measured variables pr, n and ¢ are studied.

In the case of the charged lepton the covariance matrix is taken from the fit of the
track associated to the charged lepton.

For jets and missing transverse energy a study was performed by Michelangelo Giorgi
of the Humboldt University in Berlin (the code may be found in [60], no official
documentation is available).

In this study jets exhibiting transverse momenta greater than 5GeV and satisfy
In| < 5 are selected. These jets are matched to jets on hadron-level via a AR
and energy fraction criterium. For all matching pairs the values ,eco — Ttrun and
(Zreco — Ttruth ) (Yreco — Ytruth) (With @,y = pr, n or ¢) are filled into histograms. This is
done in dependence to n and pr yielding a two dimensional map of sets of histograms.
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Figure 5.4: The distributions of the input variables for the kinematic fits for the
leptons (left) and jets (right). Displayed are transverse momentum (first row),
azimuthal angle (second row) and pseudo-rapidity (third row). The legend in the
upper left plot applies for all plots.

This data acquisition was done for several MC datasets (namely single top and top
pair events). The results are summed with respect to the cross-sections of the dif-
ferent samples. Via a Gaussian fit the covariances and uncertainties of the measured
variables are determined from the summed histograms.

For the missing transverse energy the procedure is basically the same but the refer-
ence object on truth level is the neutrino with the highest energy since the missing
transverse energy is always interpreted as the neutrino in the scenarios where the
KinF'itter is employed.

For the neutrino the parameterization consists of pp, 6 and ¢. Here 6 was chosen
because KinFitter studies [61] revealed that it performs better than 7.
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energy vector (left) and its azimuthal angle (right). The legend in the left plot
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Neutrino Reconstruction

Prior to the application of the KinFitter the neutrino is reconstructed using the infor-
mation provided by the measurement of the missing transverse energy. Unfortunately
this only yields two components of the four vector namely the momenta p, and py.
After applying the assumption that the neutrino may be treated as massless the p,
component is still a free parameter. In the fit this free parameter will be determined
using the information encoded in the constraints. In order to support the KinFitter
an estimate for the p, component of the neutrino is computed. One reason for this is
to avoid possible local minima in the fitting process.

The estimation is done by exploiting the connections between the charged lepton, the
neutrino and the bottom quark and the ti, and Wi, established by the fit hypothesis.
By solving the equations

(P, +pus)? = My, =0 (5.12)

(P + Pus + Do) — M. =0 (5.13)

tlep

either two roots or a minimum (if the roots do not exist) are obtained from each
equation. Now pairs are formed taking one solution of the first equation and one
solution of the second equation. The pair where the solutions are nearest to each
other is taken and their arithmetic mean is used as the estimate for p,.

Fitting Procedure

After defining the fit hypothesis and the parameterization of the physical objects top
pair candidates which will be evaluated by the KinFitter have to be built.

A top pair candidate consists of four jets, one charged lepton and a neutrino. Every
object has a certain role e. g. one jet takes the place of the bottom quark coming from
the tip, while another one is one of the quarks from the Wy,q. In an event with four
jets and one charged lepton there are already 4! = 24 possible top pairs. Since the
fit hypothesis equation for the Wy,q is symmetric for ¢; and ¢s top pairs which can
be transformed into each other by switching the jets associated to ¢; and ¢y yield
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type \ ID \ pr [ GeV] n o [ b-tagged flavor  colorcode ‘
muon 21.981 -0.209  -0.849
neutrino 214.339 0.0 -50.946

jet 1 136.814  -0.387 114.610 no Light red
2 58.281 0.683 142.939 no Light green
3 50.377  -1.579  47.939 yes Bottom light blue
4 47.923 0.502 -148.208 no Bottom  orange
D 25.004  -1.152 144.928 no Light  light blue

Table 5.3: Physical objects of event 20186 from the MCQNLO sample describing
semileptonic top pair events. Jets are tagged as bottom jets if their b-tagging
weight calculated by JetProb exceeds 2.05. The flavor of the jet as obtained from
a matching scheme involving particles on generator-level and the jets on detector-
level, for details see Footnote 17 in Section 5.5.1.

the same fit result. Therefore the number of unique top pairs for the four jet case is
41/2! = 12. This was considered in the analysis as well as exploited.

For the case of an event with five jets there are already 5!/2! = 60 unique top pairs.
These make up five groups of top pair candidates with respect to the jet content. As
this study is more concerned with the separation of jets into the groups “additional
jets” and “jets from top” the point of primary interest is which jets are belonging to
a top pair while the role that each jet fulfills is of secondary importance.

This is best illustrated using a simulated example from the analysis. The event in
question is event number 20186 from the MC@NLO [62] sample with run number
105200 which contains semileptonic and dileptonic top pair events'® as depicted in
Figure 5.6. The variables used in the parameterization are given in Table 5.3.

The properties of the jets reveal that although jet 4 is a bottom jet according to the
MC simulation it is not tagged as such because the b-tagging weight calculated by
JetProb lies below the cut value.

The physical objects from Table 5.3 will be used in the generation of top pair candi-
dates. The lepton will always take the role of the lepton coming from the decay of
the Wy, and its associated neutrino will be reconstructed from the ERs.

Therefore the permutation of the jets is what discerns the top pair candidates from
each other. In Table 5.4 all top pair candidates with their fit results and the masses for
the reconstructed particles calculated from the initial non-fitted kinematic variables
for the event 20186 are given.

Every candidate is assigned a P(x?) value calculated from the x? of the fit and its
number of degrees of freedom (NDoF)'!. The candidate with the best (highest) P(x?)

10The event number has in principle no relevance in simulated data. It is only used as an identifier
and reference. The dataset was taken from the mcl0 round of MC generation.

The NDoF is defined as constraints minus unmeasured variables. In the case of the fixed top and
W boson mass constraints the NDoF equals 3 while in the same top mass case with fixed W
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Figure 5.6: Event number 20186 obtained from the top pair sample generated by
MC@NLO [62]. The event sports five jets satisfying the jet criteria, a muon and
a high amount of missing transverse energy.
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’ cand grp ‘ d1 92 b3 b6 ‘ X2 P(Xz) ‘ MWyaa MWy, Mty0a Mty ‘
1 1 12 4 3] 1999 0.000 | 109.68 90.33 190.36 195.85
2 2 12 5 3 ]107.66 0.000 | 109.68 90.33 151.27 195.85
3 1 12 3 4] 3423 0.000 | 109.68 81.10 246.22 185.57
4 2 12 3 5 | 3200 0.000 | 109.68 8&81.03 246.22 170.95
5 1 14 3 2 ]104.81 0.000 | 143.02 86.47 253.75 250.35
6 1 1 4 2 3 ]106.16 0.000 | 143.02 90.33 190.36 195.85
7 3 1 4 5 3123981 0.000 | 143.02 90.33 172.35 195.85
8 3 1 4 3 5 | 61.82 0.000 | 143.02 81.03 253.75 170.95
9 2 1 5 3 2| 5316 0.000 | 65.32 86.47 166.06 250.35
10 2 1 5 2 3| 11.14 0.011 | 65.32 90.33 151.27 195.85
11 3 15 4 3] 1348 0.004 | 65.32 90.33 172.35 195.85
12 3 15 3 4] 1240 0.006 | 65.32 81.10 166.06 185.57
13 1 2 4 3 1| 7895 0.000 | 62.13 68.08 239.55 363.57
14 1 2 4 1 3| 40.90 0.000 | 62.13 90.33 190.36 195.85
15 4 12 4 5 3] 4506 0.000 | 62.13 90.33 124.54 195.85
16 4 2 4 3 5| 59.89 0.000 | 62.13 81.03 239.55 170.95
17 2 2 5 3 1| 2590 0.000 | 81.65 68.08 198.91 363.57
18 2 2 5 1 3| 1572 0.001 | 81.65 90.33 151.27 195.85
19 4 2 5 4 3 | 11554 0.000 | 81.66 90.33 124.54 195.85
20 4 12 5 3 4 9.06 0.028 | 81.65 81.10 198.91 185.57
21 3 4 5 3 1| 2760 0.000 | 71.10 68.08 182.46 363.57
22 4 4 5 3 2| 51.52 0.000 | 71.10 86.47 182.46 250.35
23 3 4 5 1 3 6.41 0.093 | 71.10 90.33 172.35 195.85
24 4 4 5 2 3| 5794 0.000 | 71.10 90.33 124.54 195.85

Table 5.4: Top Pair Candidates of event 20186 of the MCQ@QNLO top pair sample.
The variable “grp” identifies the group the candidate belongs to according to the
jet content of the candidate (compare candidates 1 to 3). The masses of the
reconstructed particles are calculated from the initial kinematic variables of the
jets and leptons not from the fitted ones. Marked with green are the candidates
that satisfy the P(x?) cut of 0.01. The best candidate is number 23.
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Figure 5.7: The x? (left) and P(x?) (right) distributions as obtained from the
kinematic fit.

is chosen to be the reconstructed top pair of the event.

There are less than 60 candidates in the event. This is caused by applying a scheme
exploiting b-tagging information.

If at least two jets are tagged by the used b-tagging algorithm'? in the event a list is
generated consisting of tagged jets and jets with |n| > 2.5!3 and only jets from this
list are used when assigning the roles of bs and bg. If only one jet that received a tag
from the b-tagging algorithm is present then it is required that this jet or a jet with
In| > 2.5 takes the role of either by or bg leaving all other jets free to fulfill any vacant
role.

This is done in order to reduce the number of top pair candidates in a given event
both for performance reasons (reducing computation time) and helping the KinFitter
finding the right candidate. Such additional constraints may exclude the right top pair
candidate from the fit. Nevertheless it was observed that applying such constraints
increases the performance of the KinFitter with respect to finding the right top pair
candidate significantly.

Output of the KinFitter

The output of the KinFitter consists of two figures-of-merit (x? and P(x?)) and the
altered four-vectors of the physical objects used in the fit. These allow a monitoring
of the tool itself as well as providing the kinematic variables of the top quarks and W
bosons.

Figure 5.7 shows the x? and P(x?) distributions of the best top pair candidates in
the selected events. The P(x?) distribution is especially interesting as it provides the
possibility to check whether the kinematic fit works as intended or not.

The x? distribution is defined as the sum of the squares of independent standard
normal random variables Y;:

boson masses it equals 2.

12The JetProb algorithm at 70% b-tag efficiency is used (weight = 2.05).

13The prescription takes into account that jets outside the 7 region where b-tagging is applicable
may be bottom jets. It is thought to be safer to include these jets although this increases the
number of possible top pair candidates.
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=) Y2 (5.14)
i=1
Here r denotes the degrees of freedom. The cumulative distribution function is:

(5.15)

Therefore P(x?) is better suited for comparisons because the number of degrees of
freedom 7 is incorporated. Furthermore the cumulative distribution function is flat if
the variables constituting the x? distribution are standard normal random variables.
As can be seen in 5.7 the P(x?) distribution is not flat but exhibits a certain slope.
This indicates that the assumption that the uncertainties on the kinematic variables
used in the fit are gaussian is not entirely valid. Especially the peak at 0 suggests
that the tails of these uncertainties are not described well by a gaussian.

Further interesting distributions are the properties of the reconstructed top quarks
and W bosons.

The Figures 5.8 to 5.11 show that the mass distributions of the reconstructed particles
are affected the most by the fitting procedure while the distributions of the transverse
momentum and the pseudo-rapidity remain relatively untouched. In the case of the
pseudo-rapidity this might be due to the fact that the uncertainty on the spatial
variables of the jets and leptons used in the fit are generally low compared to the
momentum resolutions.

Therefore it might be easier for the KinFitter to vary the momenta rather than the
spatial coordinates. Exemplary the relative alterations of the jets that are associated
to the quarks of the hadronic W boson are shown in Figure 5.12.

Sources of Combinatorics

As every method the KinFitter has its certain shortcomings that affect the recon-
struction of top pairs. The issue that the KinFitter might reconstruct the top pair
using a false combination of jets and leptons is called combinatorics. The difficulties
with combinatorics stem in part from the method itself, from the fit hypothesis and
from the imperfections of the object measurements in general.

To begin with difficulties that may arise because of the uncertainties accompanying
the object measurements will be considered. Since the KinFitter uses the pr, n (6 for
neutrinos) and ¢ coordinates of the physical objects in the event, the uncertainties of
these variables have to be examined. In general the spatial coordinates are quite well
measured as can be seen in Figure 5.12.

For the momenta the uncertainties for charged leptons are also quite small while
the uncertainties on the jet and EX'* momenta are about 10 — 30 % (taken from the
covariance matrices of the study from Michelangelo Giorgi). These large uncertainties
make the pr variable less discriminative because it may be altered in a bigger range in
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Figure 5.10: The distributions of the mass (first row), the transverse momentum
(second row) and the pseudo-rapidity (third row) of the reconstructed W bosons
(hadronic). The variables are calculated via the original variables (left) and the
fitted variables (right) of the physical objects. The legend in the upper left plot
applies for all plots.
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Figure 5.11: The distributions of the mass (first row), the transverse momentum
(second row) and the pseudo-rapidity (third row) of the reconstructed W bosons
(leptonic). The variables are calculated via the original variables (left) and the
fitted variables (right) of the physical objects. The peak for the W boson mass
calculated from the original variables stems from the neutrino reconstruction and
is not of physical origin. The legend in the upper left plot applies for all plots.
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Figure 5.12: The distributions show the alterations of the kinematic variables of
the jets from the decay of the hadronic W boson of the best candidate in a given
event. The transverse momentum alterations (top row) seem to be significantly
larger than those of the pseudo-rapidity (second row) and the azimuthal angle
(third row). The plots on the left side are for the first jet the plots on the right
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5.3 Analysis Algorithm

order to accommodate the given constraints. Four jets and one neutrino reconstructed
from the EM are used in the fit making this issue rather important as it affects the
majority of the fitted objects. Especially when considering high jet multiplicities the
probability that jets not originating from the top pair may be included in the best
top pair candidate increases because one of these false top pairs may coincidentally
satisfy the constraints better than the correct top pair candidate.

In short the better the resolutions of the kinematic variables used in the fit are the
more discriminating become the applied mass constraints. Hopefully with increasing
understanding of the detector the resolutions will become smaller thus making the
KinFitter more powerful. Then removing additional constraints such as the mentioned
b-tagging constraint might be feasible.

Related to this is the possibility that badly measured objects with high uncertainties
may cause the KinFitter to pick a false top pair candidate. As an example the following
is considered: In an event there are 5 jets, one lepton and a neutrino. All objects are
well measured with small uncertainties except for one jet which has a high uncertainty
on its transverse momentum. Two top pair candidates built from the objects of the
event are compared, one consists of only of the well measured objects while the other
one includes the jet with the high uncertainty. Coincidentally the initial kinematic
variables of the objects of both top pair candidates result in the same masses for the
reconstructed W bosons and top quarks which are a bit off making their correction
necessary.

The candidate with the well measured objects will be assigned a higher x? than the
one which includes the jet with the large uncertainty on the transverse momentum.
This is caused by the high uncertainty because altering the transverse momentum for
the badly measured jet does not result in such a high y? as it does for a well measured
jet whose transverse momentum is altered by the same value. A possible improve-
ment would be a factor which takes this issue into account and removes this unfair
competition advantage based on an undesired feature of an object. With increasing
understanding of the detector that results in a homogeneous resolution this should not
remain a problem and is even at this point a minor concern but should be mentioned
in any case as a caveat.

Another issue is that only top pairs with four jets are reconstructed. In order to
illustrate this the case of a jet splitting into two jets is considered. This splitting
might be due to a jet emitting a particle which carries away a significant amount of
momentum and subsequently forms a new jet or due to jet splitting caused by the
reconstruction algorithm. In both cases the variables of the summed four vector would
perform better in the fit than each of the two jets alone.

Of course the possibility of employing a fit hypothesis with five jets could be con-
sidered. Unfortunately this would severely raise the number of possible top pair
candidates thus increasing the probability that a false combination yields the best
fit candidate. Another reason is the computational effort that would result in the
increasing number of top pair candidates. With this in mind only fit hypotheses with
four jets were considered keeping in mind the drawbacks of this choice.

Beside these somewhat artificially introduced problems there are intrinsic drawbacks
of the method which have to be dealt with. By applying the fit the information from a
17-dimensional phase space (three components for each of the six physical objects mi-
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Figure 5.13: Figure showing the possible values for triples of pp (x-axis), pc (y-
axis) and f¢ (z-axis) that result in masses from 85 to 95 GeV. All triples lying in
the colored volume are well suited for satisfying the given constraint making them
equally good candidates.

nus the z-component of the neutrino momentum) is projected onto a one-dimensional
cut variable. This involves a loss of information which leads to ambiguities.

The case where a particle A decays into two particles B and C is considered. The
invariant mass of particle A is related to the four vectors of particles B and C via

M3 = Pi = (Pg + Po)*. (5.16)

After expansion and some elementary mathematics

M3 =ME+ME—2-(Eg-Ec— pg-pc) (5.17)

is obtained.

By applying the parameterization p (momentum), ¢ and ¢ to the Cartesian coordi-
nates and neglecting the masses of B and C the formula calculating the invariant mass
of particle A is

M3 = 4pgpc - (sin? (#) + sin? (@) sin(fp) sin(0¢)). (5.18)

The coordinate system may be adjusted in such a way that the 6 component of B is
always zero making the formula independent of ¢. The resulting formula is

M2 = 4pgpc - <sin2 (_TQCD . (5.19)

All combinations of pg, pc and ¢ that satisfy the constraint result in an equal good-
ness of fit. This is illustrated for the case where M = 90 GeV in Figure 5.13.
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5.4 Corrections

In principle even background processes may exhibit final states where the physical
objects have just the right kinematic variables that are necessary in order to obtain
a top pair candidate with a very good fit result. Thus the KinFitter is not perfect in
terms of background rejection.

Apart from physical background the mentioned issues play the biggest role when it
comes to the misidentification of the right top pair. In order to correct both influences,
one needs an algorithm that determines the influence from physical background very
well and does not suffer from combinatorics.

5.4 Corrections

5.4.1 Correcting the Physical Background

The correction of the physical background relies on MC simulations of the different
physics processes. By applying the same analysis to MC simulations predictions for the
size of the individual physics processes are obtained which are compared to the results
measured in real data. If the agreement between data and MC simulation is good
enough it might stipulated that the MC simulations describe the data well and that
the analysis behaves the same in data as in MC simulations. The contributions from
the physical background as simulated in MC can then be subtracted from the measured
data. This yields a data sample that presumably only consists of semileptonic top
pair events.

5.4.2 Correction of the Combinatorial Background

Having obtained a clean data sample the issue of combinatorics remains to be solved.
The basic task when striving to correct the combinatorial background is to find a
method that establishes a clear and unambiguous relationship between a measured
jet and a generator-level top quark.!

Unfortunately in MC simulations there is no simple connection (e.g. a map of links)
between reconstructed jets on detector-level and the particles on generator-level.
Therefore a jet cannot be asked whether it originates from the top pair or not. The
need arises to define a method that establishes said connection.

The method to be developed has to have certain qualities. Firstly it should be suffi-
ciently different from the KinFitter in order to avoid correlations between the methods
which could introduce a bias. Secondly it should be as simple and robust as possible
so that other studies may do crosschecks easily. Thirdly the method should operate
on the same phase space as the KinFitter in order to maximize the comparability of
the two algorithms.

It might be argued that “correctness” of the results (the top pair choice) of the
correction method has to be demanded. The link between the reconstructed jets and
the generated particles that will be established by the method is a definition of the
correct link that cannot be checked for its correctness by other methods as they are
themselves just definitions concerning the established link. That the results of the

4The leptons were not considered as they were not in the focus of the study.
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] particle \ E [ GeV] n ¢l
@ 11945 -0.39 113
Q@ 5721 -125 177
bs 53.66 0.47 - 144
In 21.82 -0.21 -1
Vs 358.04 -135 -46
be 124.66 -1.59 49

Table 5.5: The physical objects on generator level that are associated to the top
pair. These data were extracted from event 20186 of the MC@QNLo sample.

correction method are right is an assumption that has to be made on the ground of
plausibility arguments.

In the following the method that was developed in the course of this study will be
described and its advantages and disadvantages will be discussed.

The Proximity Algorithm

The method that was developed was dubbed the Proximity algorithm because it uses
a AR criterion between generated particles and measured jets. It consists of several
steps.

First, the MC genealogy tree of the event is read. From this the quarks and lep-
tons originating from the top pair decay are obtained. This yields the particles on
generator-level that will be used when applying the AR criterion.

In the next step top pair candidates are generated as described in the Section 5.3.3.
Every jet in the top pair candidate has a role e. g. being the first light quark from the
Whada.- Thus it is possible to compare the generated particles and the jets of the top
pair candidate by making jet-particle pairs based upon the role they fulfill.

The pairs are evaluated by measuring the AR between the generated particle and
the measured jet. If the AR value of any pair in a top pair candidate is larger than
0.4, the top pair candidate is discarded. Of all top pair candidates that meet this
constraint the one whose pairs give the smallest sum of the AR values is taken. This
top pair candidate is then deemed the true top pair for the event in question.

Event 20186 is revisited for providing an example of the application of the Proximity
algorithm. The used jets are the same as specified in Table 5.3.

Top pair candidates are built by permutation of the jets. The spatial coordinates of
the jets are compared to those of the particles on generator level listed in Table 5.5.
The results of the Proximity algorithm can be found in Table 5.6.

In this event the determination of the top pair via the Proximity algorithm appears
unambiguous. Only three candidates have a > AR that is smaller than 2. Further-
more only one candidate satisfies the constraint that all jets of the candidate have a
AR < 0.4 to their associated particle on generator-level.

A comparison of the results of the KinFitter and the Proximity algorithm shows
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lcand grp |q1 g2 by bs | > AR| AR, AR, AR, AR,
1 1 1 2 4 3] 2147 | 0.019 2.014 0.088 0.025
2 2 1 2 5 3| 3946 | 0.019 2.014 1.887 0.025
3 3 12 4 5| 4131 | 0.019 2.014 0.088 2.009
4 5 13 4 5] 439 | 0.019 2279 0.088 2.009
5) 1 14 2 3] 3198 | 0.019 1.843 1.311 0.025
6 5 1 4 5 3| 3775 | 0.019 1.843 1.887 0.025
7 4 1 5 4 2] 3217 | 0.019 0.298 0.088 2811
8 3|1 5 2 3| 1654 | 0019 0.298 1.311 0.025
9 5 |1 5 4 3| 0431 | 0.019 0.298 0.088 0.025
10 1 2 1 4 3] 2679 | 1183 1.383 0.088 0.025
11 2 2 1 5 3| 4478 | 1.183 1.383 1.887 0.025
12 3 12 1 4 5| 4663 | 1.183 1.383 0.088 2.009
13 6 |2 4 5 3| 4939 | 1.183 1.843 1.887 0.025
14 2 2 5 4 1] 3245 | 1.183 0.298 0.088 1.676
15 2 2 5 1 3| 3477 | 1183 0.298 1970 0.025
16 6 [ 2 5 4 3| 159 | 1.183 0.298 0.088 0.025
17 2 3 5 2 1| 4936 | 1.651 0.298 1.311 1.676
18 4 13 5 4 1| 3713 | 1651 0.298 0.088 1.676
19 6 |3 5 4 2| 4849 | 1.651 0.298 0.088 2.811
20 1 4 1 2 3| 4652 | 1.933 1.383 1.311 0.025
21 4 14 5 1 3| 42206 | 1933 0.298 1.970 0.025
22 6 |4 5 2 3| 3567 | 1.933 0.298 1.311 0.025
23 2 5 1 2 3| 3842 | 1.123 1.383 1.311 0.025
24 4 |15 1 4 3| 2619 | 1123 1.383 0.088 0.025
25 3 5 2 4 1] 4901 |1.123 2014 0.088 1.676
26 6 5o 2 4 3] 3251 | 1123 2014 0.088 0.025
27 4 5 4 1 3] 4962 | 1.123 1.843 1970 0.025
28 6 5 4 2 3| 4302 | 1.123 1.843 1.311 0.025

Table 5.6: Top pair candidates of event 20186 of the MCQNLO top pair sample.
The variable “grp” identifies the group in which the candidate fits which is defined
by the jet content of the candidate (compare candidates 1 to 3). The > AR is
calculated from the individual AR. All 120 possible candidates were evaluated but
only those with a > AR < 5 were included in the table to improve readability.
Candidate 9 is the best candidate. It corresponds to candidate 11 from Table 5.4.

Marked in light green are the candidates with a > AR < 2.
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that their is a certain mismatch. The candidate with the jet signature 1543'° is
favored by the Proximity algorithm while the KinFitter prefers the candidate with
the jet signature 4513. Both algorithms clearly disfavor the best candidate of their
counterpart. The Proximity algorithm assigns a _ AR of 4.226 with two jets clearly
failing the individual AR < 0.4 criterion. In return the KinFitter calculates a P(x?)
of 0.004 for the best candidate of the Proximity algorithm, significantly lower than
the cut value of 0.01.

Strictly speaking the KinFitter did not find the right result but it assigned the correct
jets to the top pair. As it is only demanded that the jet content of the top pair has to
be correct with the ordering being of secondary importance the KinFitter found the
correct answer in this event.

Assumptions of the Algorithm and Caveats

The basic assumption of the Proximity algorithm is that the direction of flight of the
generated particles is approximately the same as that of the measured jets they have
caused. This is an often used assumption when generator-level objects are compared
to detector-level objects. Measurement-wise this is supported by the very good spatial
resolution of the detector. From the physical side this assumption holds for leptons
quite well.

For jets the assumption is only valid if the jet retains the direction of flight of the
particle it stems from. When the direction of flight of a jet is heavily altered, which
may be caused by hard emission of a particle, the AR between the jet and the asso-
ciated generator level particle will be larger. If the AR rises above 0.4 the given pair
of measured jet and generator-level particle will cause the top pair candidate to be
rejected. Thus the Proximity algorithm favors jets that do not exhibit hard radiation.
While this affects the efficiency with which top pairs may be found it should not affect
the correctness of the top pair determination.

In the case of high jet multiplicities it may happen that a jet coincidentally has the
same direction of flight as the generated particle while the jet that originates from
the generated particle fails to satisfy the AR criterion. This might lead to a false top
pair determination.

Another case to be considered is the one of jets which were split by the jet recon-
struction algorithm. As mentioned in Section 4.1.1 a jet may be split into two jets
that are very close to each other if certain conditions are fulfilled. In principle both
jets originate from the top pair but only one will be chosen as the hypothesis for the
top pair determination still assumes four jets to be associated with the top. This is
a problem similar to the one discussed for the KinFitter where the splitting of jets
affects the top pair determination.

Applying the Correction of the Combinatorial Background

Ideally the situation after the event selection would be that both KinFitter and Prox-
imity algorithm reconstruct a top pair for every event. In reality both algorithms
provide top pairs only in a certain fraction of the events prohibiting a comparison of

15This means that jet 1 is qi, jet 5 is qo, jet 4 is b and 3 bg.
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the two algorithms on an event-to-event basis.!® Furthermore the proximity algorithm
is not applicable on measured data because it relies on information about the event
genealogy which is (unfortunately) only available in MC simulations.

To be able to still apply a correction the KinFitter is reinterpreted as a link between
measured data and MC simulations that makes the application of the combinatorics
free Proximity algorithm on measured data possible. The whole correction scheme is
expressed via the formula

SMC
Data __ Data MC Prox
SProx - ((S + B)KinFitter - BKinFitter) ’ SMC . (52())
KinFitter

Here S denotes the signal (semileptonic top pair events) while B denotes the phys-
ical background. The superscripts specify the source of the measurement while the
subscripts specify the applied analysis algorithm. The term in parentheses represents
the background correction as described in Section 5.4.1 yielding SR&&. . . On this
the correction for the combinatorial background is applied using the assumption that
both analysis algorithms would behave the same in measured data as in simulated
data if the Proximity algorithm were applicable to data.

In practice the histograms that result from the application of both analysis algorithms
are divided by another yielding correction factors on a bin-by-bin basis. These factors
are then applied (again bin-by-bin) to the histograms from the physical background
subtracted data thus providing a result that is free of combinatorics. The results of
this correction scheme are situated in Section 6.

5.5 Determination of Heavy Flavor Fraction of
Additional Jets

Using the corrected data sample the heavy flavor fraction of the additional jets may
be determined.

There are several methods that may be used. While a method such as template fits
is desirable it was not applied since the recorded data of 2010 does not sport enough
top pairs with additional jets in order to produce reliable results via the method.
With the very promising results of the 2011 data taking (an amount up to two mag-
nitudes higher than 2010 data is expected), methods such as template fitting will
become feasible.

In this study the template fit method will be discussed and results will be given as
proofs of concept.

More robust methods like a simple counting of bottom jets was not done as the
2011 data will quickly provide more precise results.

16Tt should be noted that the algorithms like the Proximity algorithm are often used for establishing
the link between particles on the generator-level and measured objects. In studies where the
performance e. g. purity of an analysis algorithm is determined only events can be used where the
link providing algorithms delivers an answer. Therefore an evaluation of an analysis algorithm is
restricted to a subsample characterized by the link providing algorithm. The performance outside
of this subsample has to be assumed to be the same which might not be the case.
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5.5.1 Template Fits

Template fitting is a technique used to determine fractions using discriminative vari-
ables. The following exemplary case is considered: Three groups of objects A, B and
C' which have discernible distributions (called templates) in variable x exist. The
inclusive distribution of x with unknown fractions of the objects A, B and C' is mea-
sured. Furthermore it is assumed that the inclusive distribution is fully caused by
objects of the types A, B and C'. Therefore the inclusive distribution of x should be a
weighted sum of the individual distributions. The weights then reflect the amount of
the types A, B and C' in the sample from which the inclusive distribution was taken.
These weights can be determined either using a binned likelihood fit, a x? fit or some
other fitting method.

In this analysis it was necessary to find a variable that is differently distributed for
light jets, charm jets and bottom jets.

The discriminative variable used is the SV0 mass. This quantity is generated by
the SVO tagging algorithm during the b-tagging procedure. If the reconstruction of
the secondary vertex in a given jet is successful, a value for the invariant mass of the
secondary vertex is assigned to the jet. Figure 5.14 shows the distributions of the SV0
mass for the different flavors in the AcerMC signal sample (see Section 8.2). Here the
determination of the flavor was done by accessing the Truth-flavor variable!”.

The fitting procedure used is described in [63] and implemented in the TFractionFitter
class of ROOT [64]. It is basically an binned likelihood fit that takes into account
that the templates themselves are statistically limited. Therefore the templates may
be altered in the range of their statistical errors.

This can be dangerous if the binning of the templates is chosen too fine and the
statistics in the individual bins becomes very low. Then the templates may be heavily
altered to fit the inclusive distributions making the result unreliable.

Since this method is not yet trustworthy for additional jets because of the low statis-
tics it is demonstrated here using all jets that passed both cut flow and Kinematic
Fit. The templates (Figure 5.14) are obtained from the AcerMC signal sample. The
template for jets whose Truth-flavor variable indicated that they were 7 leptons were
not in included as it severely lacked statistics. The inclusive distribution is the SV0
mass spectrum of jets from top as obtained from the AcerMC sample employing the
KinFitter. It was chosen because it is known that the fraction of jets from b-hadrons
has to be about 50 % providing a test for the template fit.

In Figure 5.15 the result of the template fit are given. The fractions have the expected
sizes with the bottom fraction being close to 50 % and the light fraction about three to
four times higher than the charm fraction indicating that the W boson decays equally

1"The Truth-flavor variable is determined as follows: In a cone of AR = 0.3 around the jet axis of
a given jet the MC particles on generator-level are collected. These particles are checked with
regard to their flavor in the order bottom quarks, charm quarks, tau leptons. If the set contains
a bottom quark, the jet is deemed a bottom jet according to the Truth-flavor variable. If no
bottom quark but a charm quark is found, the jet is deemed a charm jet. If neither a bottom
nor a charm quark is found but a tau lepton, the jet is deemed a jet from a tau. The last case is
where none of the checked flavors were found, then the jet is deemed a light jet meaning that it
originates from light quarks, gluons or possibly unidentified sources.
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Figure 5.14: The templates as obtained from the AcerMC signal sample. All
templates were normalized for shape comparison.

#(jets from top)/0.5

10*E

10°

10?

10

L I
|:| light, frac.: 0.437

T
+0.021

- charm, frac.: 0.106 = 0.025
- bottom, frac.: 0.456 = 0.008

6
Mg, [GeV]

Figure 5.15: The result of the template fit applied on the SV0 mass spectrum
of jets from top. The spectrum was obtained from the AcerMC signal sample via

the KinFitter.
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to pairs of up and down and strange and charm quarks.'®

In the fit the constraint was applied that the three fractions have to sum up to one.
Therefore a connection between the fractions is introduced. The parameter correlation
coefficients are —0.96 between the light and charm fraction, 0.544 between the light
and bottom fraction and —0.656 between the charm and the bottom fraction.

The fractions might be influenced by combinatorics e.g. the bottom fraction might
be artificially lowered because another jet that did not originate from a b-hadron was
tagged by the JetProb algorithm and resulted in a top pair without two jets from
b-hadrons. Coincidentally the charm fraction might be increased as jets from charm
quarks may fake jets from bottom quarks.

Further results using template fits can be found in Section 6.4.

5.6 Systematics

Apart from statistical uncertainties that affect an analysis there are systematic un-
certainties which have to be kept in mind Especially in top pair analyses where high
statistics will be reached in the near future, systematic effects will dominate.

Most of these uncertainties arise from a not yet perfect understanding of the detector
and therefore the modeling of the detector response in MC simulations is flawed.
These issues are being worked on and the systematic effects are getting smaller.
Some of the effects such as mismatches in reconstruction efficiencies are corrected
by tools that are executed on MC samples prior to the analysis resulting in smaller
systematical errors. In the following the systematics in question will be described,
the application and existence of correction methods discussed and explained how the
remaining systematic uncertainty was derived.

All systematics were evaluated by comparing the altered output caused by the ap-
plication of the systematic with the nominal case. The deviations were taken as the
systematical error. In cases where a systematic effect such as the one on the jet energy
scale are evaluated by applying a set of alterations e.g. a down-shift and an up-shift
the largest deviation of all alterations was taken.

5.6.1 Electron Systematics

Electrons both exhibit mismatches in energy resolution and reconstruction efficiency.
The energy resolution in MC simulations is better than that observed in data. There-
fore a tool is provided by the Electron/Gamma group called “EnergyRescaler” that
applies corrections through a smearing procedure on the MC simulations. A factor
binned in 7 of the cluster associated to the electron in question determines the width
of a gaussian which is used for the smearing. The remaining uncertainty is evaluated
by varying said factor in boundaries given by the tool.

For the reconstruction efficiency the top group has maintained its own tool due to
the special isolation criteria. The mismatch between MC simulation and data is
reduced by altering the event weights of the simulated events. This is achieved by
determining a scale factor consists of three individual contributions concerning trigger

8Neglecting effects from the CKM matrix or other influences.
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efficiency, reconstruction efficiency and identification efficiency. The first two are mere
numbers independent of the kinematic variables of the electron in question. The
third identification factor is binned in 7 and the energy of the cluster associated to
the electron. The identification and reconstruction factors are added in quadrature
The resulting RecolD scale factor and the scale factor for the trigger are then each
multiplied with the event weight yielding an altered event weight.

The effect of the systematic uncertainty on the scale factor is evaluated by applying
a smearing via a gaussian whose width is the uncertainty on the scale factor.
Corrections on the energy scale were not applied because they are small and the
incorporation of the “EnergyRescaler” into the A++ framework (see Section 8.3) was
postponed as it will no longer be applied in the 2011 MC simulations). The evaluation
of the energy scale uncertainty was done using the values from the CSC analyses. Two
analysis runs were done with the energies of all electrons multiplied with 0.995 and
1.005 respectively.

5.6.2 Muon Systematics

For muons the situation is similar to that of the electrons.

Mismatches in the transverse momentum resolution and scale of the muons are ac-
counted for by applying a tool provided by the Muon Combined Performance Group.
The smearing factors for the muon spectrometer and the Inner Detector are calcu-
lated from factors binned in 7 of the muon in question. The overall smearing of the
combined muon is then calculated from these two smearing factors and applied to the
transverse momentum of the muon.

The uncertainties accompanying these corrections are evaluated by varying the indi-
vidual smearing factors within their errors.

The correction for the reconstruction efficiency is the aim of a top group based tool.
This tool functions similar to that in the electron case. Here the reconstruction and
the identification scale factors are mere numbers while the trigger scale factor is binned
in 7 and ¢ of the muon.

The uncertainties on the scale factor are evaluated as in the electron case.

5.6.3 Jet Systematics

The jet energy resolution was corrected via the “JERProvider” tool. Depending on
the n variable of a jet a reference histogram is consulted yielding the numbers for the
noise, stochastic and constant terms that are used in the calculation for the smearing
of the transverse momentum of the jet. The systematic on this correction is evaluated
by switching the tool off and comparing the results.

Systematics affecting the jet energy scale (JES) could not be evaluated as the im-
plementation of the JesUncertaintyProvider tool into the A++ was not finished in
time.

The jet reconstruction efficiency was evaluated by randomly discarding jets with a
probability of 2% using the pr independent value for the ICHEP conference 2010.
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5 Analysis

B-Tagging Systematics

The mismatch of the tagging efficiencies observed in data and MC is corrected via
scale factors. A calibration file exists with the necessary information for the SVO0
tagger with a b-tagging weight cut of 5.85 (50 % tagging efficiency) and the JetProb
algorithm with weight cuts at 2.05 (70 % tagging efficiency) and 2.83 (50 % tagging
efficiency).

Each jet in the energy region 20 GeV < E < 500 GeV is evaluated and assigned
a scale factor according to reference histograms. The product of the individual jet
scale factors yields an event scale factor that is multiplied to the event weight. The
remaining systematic effect is evaluated by varying the error on the scale factors
inside their boundaries. Information on the calibration schemes employed may be
found in [45].
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6 Results

In this chapter the results of the analysis will be presented, beginning with the KinFit-
ter analysis. Here all plots will show a comparison between the situation encountered
in data and Monte Carlo (MC) simulations. Following this will be a discussion of the
correction factors obtained from MC simulations and their application. Eventually
the corrected data will be compared to the output of the Proximity algorithm in the
semileptonic top pair sample obtained from MC simulations. Details on the uses MC
simulation samples can be found in Section 8.2.

All plots containing data are normalized to 35 pb~1 if not stated otherwise.

6.1 Results of the KinFitter Analysis

First results stemming from the KinF'itter had been shown in 5.3.3. Of central interest
are the kinematic variables of the jets found in the event accepted by the KinFitter.
In Figure 6.1 the jet multiplicity and transverse momentum distributions of these
jets are shown. The discrepancies between the shapes of the jet multiplicities in MC
simulations and data may stem from the fact that the AcerMC generator used for the
top pair sample operates only at the leading order of perturbation theory. Another
possible explanation may be flaws in the modeling of pile-up in MC simulations.
Overall about two thirds of the events exhibit more than four jets.!

The transverse momentum distribution on the other hand seems to be described quite
well in MC simulations. It is comparable to the transverse momentum distribution of

!These jets still satisfy the constraints that their transverse momentum exceeds 20 GeV and that
their pseudo-rapidity lies in |n| < 2.5.
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Figure 6.1: The distributions show the jet multiplicity (left) and the transverse
momentum (right) of all jets in the events accepted by the KinFitter. The legend
in the left plot applies for all plots.
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tagged jets is on the right for said events. The legend in the left plot applies for
all plots.

the jets that comprise the input for the kinematic fit (see section 5.3.3) but seems to
be slightly softer.

The spatial variables n and ¢ of the jets shown in Figure 6.2 exhibit a good agreement
between MC simulations and data and behave as expected. While the jets from top
pairs (in the following called jet from top) are centered around n = 0 the additional
jets are distributed more flatly. The observed distribution is a superposition of both
cases with jets from top being dominant causing the peak.

The symmetry of the detector around the azimuthal angle is reflected in the distribu-
tion which is essentially flat.

The topology of top pair decays exhibits two jets from b hadrons. In Figure 6.3
the b-weights of the jets as well as the number of tagged jets in the events accepted
by the KinFitter are presented. All jets with a b-weight above 2.05 are counted as
jets from b-hadrons. The discrepancies encountered in the jet multiplicity as seen
in Figure 6.1 seem to translate to the multiplicity of the tagged jets. In general the
variables sensitive to the flavor of the jets seem well modeled in MC simulations.
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Figure 6.5: The distributions for the transverse momentum for the additional
jets (left) and the jets associated to the top quarks (right). The legend in the left
plot applies for all plots.

6.1.1 Results for Additional Jets and Jets From Tops

The main use of the KinFitter in this analysis is the separation of the jets in the
accepted events into the groups “additional jets” and “jets from tops”. After the
reconstruction of the top pair these two groups of jets can be compared.

In Figure 6.4 the jet multiplicities of the two groups are shown. As in the multiplicity
plot of the tagged jets the additional jets exhibit a discrepancy in shape between
MC simulation and data. Most of the events include zero, one or two additional jets
encouraging the assumption that the combinatorial background might manageable.
In events where both top finding methods yield a result it is observed that with the
setup chosen in this analysis the two algorithms agree in ~ 50 % of the cases. As
mentioned before this does not necessarily extrapolate to the whole phase space.

In the plot of the jet multiplicity for the jets from tops the fit hypothesis is reflected
by the fact that there are only entries in the 4-jet bin.

The transverse momenta of the two jet groups are presented in Figure 6.5. The jets
from top have on average higher transverse momenta than the additional jets. This
might be explained by the origins of the respective jets. The jets from tops originate
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Figure 6.7: The distributions for the azimuthal angle for the additional jets (left)
and the jets associated to the top quarks (right). The legend in the left plot applies
for all plots.

from top and W boson decays. Due to the high masses of these particles the jets
are produced with high momenta. Furthermore the KinFitter might prefer jets which
have a high transverse momentum as the top pair reconstruction may be easier using
such jets (see Figure 5.13).

The distributions of the pseudo-rapidity n (Figure 6.6) also show clear differences
between the two jet groups. Both groups show a peak around zero but in the jets
from tops case it is far more pronounced. This again hints at the origin because the
hard scattering process produces jets that are concentrated in the central n region
while jets from other sources such as initial state radiation are distributed more flatly
in 7.

The only distribution without any major differences between the two groups is the one
of the azimuthal angle ¢ shown in Figure 6.7. Here both groups exhibit the expected
behavior that the distributions are flat.

By construction the jets from top should on average have higher b-tagging weights
than the additional jets because the KinFitter accepts only candidates that contain
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Figure 6.8: The distributions of the b-tagging weights as calculated by the Jet-
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the left plot applies for all plots.
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Figure 6.10: The SV0 mass distributions for the additional jets (left) and the
jets associated to the top quarks (right). The legend in the left plot applies for all
plots.

at least one jet meeting the b-weight cut. The validity of this assumption is backed
by Figures 6.8 and 6.9.

Again it should be noted that in terms of the determination of the heavy flavor
fraction of additional jets the usage of b-tagging criteria in the analysis may lead to
biases. At the current point where systematics on the kinematic variables, especially
the calibration of the jets, are not fully understood the application of a b-tagging
information in the top pair candidate building is still necessary (see discussion in
Section 5.3.3).

The core of this problem is finding the balance between a too hard b-tagging criterion
that artificially depletes the heavy flavor content of the set of additional jets and
no criterion at all which leads to a bad reconstruction of top pairs and thus to an
artificially increased heavy flavor content through migration of bottom jets into the
group of additional jets.

It has been observed during the studies that the performance of the KinFitter depends
only weakly on the chosen b-tagging efficiency of the tagging algorithm in question.
In general it suffices to apply any b-tagging technique at all to raise the fraction of
correctly reconstructed top pairs by about 10 %.

In the future when the detector understanding has improved the kinematic variables of
the physical objects might be measured with sufficient precision to afford the omission
of the b-tagging criterion.

Figure 6.10 shows the SV0 mass distributions for the two groups of jets. In both cases
the measured data and the MC simulation are in good agreement. This is especially
important when applying the method of template fits since the templates taken from
MC simulations are fitted to the inclusive distribution taken from measured data. A
good description of the variables used in the fit is key.

The lack of statistics that is apparent in the plot for the additional jets makes the
application of the template fit method in 2010 data impossible. The prospects for
2011 data on the other hand look very promising as the integrated luminosity of the
acquired data will be larger by a factor of about 50.

On the other hand the statistics for distribution of the jets from top are sufficiently
high for template fitting. In Section 6.4 the results from the a test of the technique
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Figure 6.11: The transverse momentum of the leading additional jet.

applied to the jets from top will be shown.

6.1.2 Results for the Leading Additional Jet

The following presentation of the properties of the leading additional jet will conclude
the first part of the results.

In Figure 6.11 the transverse momentum of the leading additional jet is depicted.
Although somewhat softer than that of the jets from top the momenta exhibited are
in a viable range for faking jets stemming from a top pair decay. In [58] an attempt
was made to apply further cuts on the transverse momentum of the jets used for the
top pair determination in order to both reduce computing time and combinatorial
background.

This was not done in this study as it might have introduced additional shifts in the
transverse momentum distribution towards lower values because jets that not meeting
the cut for a jet stemming from a top are automatically deemed additional although
they might contribute to a good top pair candidate (if not the best in the event).
The spatial variables n and ¢ of the leading additional jet are shown in Figure 6.12.
The azimuthal angle distribution behaves as expected and is flat across the whole
range.

The n distribution exhibits a peak around the center. In its relative height the peak
lies between those of the additional jets and the jets from tops as can be seen in
Figure 6.6. This might stem from combinatorics or a correlation between the height
of the transverse momentum and the origin of the additional jet. It can be argued
that additional jets stemming from processes such as final state radiation might have a
generally higher transverse momentum than additional jets from other sources whose
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Figure 6.12: The spatial variables n (left) and ¢ (right) of the leading additional
jet. The legend in the left plot applies for all plots.
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n distribution does not exhibit a peak.

The tendency of additional jets towards lower b-tagging weights is also reflected by
the leading additional jet as can be seen in Figure 6.13. In general it can be said that
if an additional jet is accepted by the b-tagging algorithm the probability is high that
it is the leading additional jet. Nevertheless the additional jets are dominated by light
jets?.

Both distributions of the SV0O mass shown in Figure 6.14 discourage the application
of the template fit method on the leading additional jets. Again the statistics in
2010 data is too low but this issue will be gone in an analysis of 2011 data.

Figure 6.15 concludes the results on the leading additional jet. The distribution shows
the smallest AR between the leading additional jet and the nearest jet of any kind
(respectively the nearest jet stemming from the top pairs). Both show that the final
states of top pair events are rich with a multitude of objects present.

%In the following, jets originating from bottom quarks will be called bottom jets whereas jets from
lighter quarks (up, down, strange) and gluons will be called light jets. If not mentioned otherwise
jets from charm quarks will count as light jets. In all other cases they will be called charm jets.
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Figure 6.16: Comparison of the jet multiplicity of all jets returned by the top
reconstruction algorithms (left) and the ratio of the outputs (right).

6.2 Comparison of the Output of the KinFitter
and the Proximity Algorithm

The following plots contain the outputs of the KinFitter and the Proximity algorithm.
First the results concerning all jets in the events that were accepted by the algorithms
will be compared. By studying these outputs general statements about the behavior
of the KinFitter with respect to the Proximity algorithm can be made.

Both algorithms were applied on the semileptonic top pair sample simulated by Ac-
erMC. The number of semileptonic top pair events was initially 163337 and 24504
after application after the cut based selection omitting the decision of the top recon-
struction algorithm.

6.2.1 Distributions for All Jets in the Events Accepted by
the Algorithms

The jet multiplicity of all jets in events accepted by both algorithms is displayed
in Figure 6.16. The KinFitter found a top pair in 10979 events while the Proximity
algorithm yielded a result for 13007 events. Therefore an overall ratio between the two
algorithms of 1.18 is computed. Here and in the following the ratio is defined as the
value returned by the Proximity algorithm as the nominator and the KinFitter result
as the denominator. In the right-hand plot of Figure 6.16 the declining character of
the ratio with increasing jet multiplicity is clearly visible.

This suggests that in high multiplicity events the KinFitter may accept more events
because there is such an abundance of top pair candidates that at least one of them
satisfies the P(x?) criterion though it may not be correct top pair.

The situation in the four jet bin is reversed. Here the Proximity algorithm yields
more events. The KinFitter might reject the right top pair candidates® because all
fits yield low P(x?) values.

3There are only right ones as the correct top pair is defined by its jets content not by the ordering.
Events with four jets are in principle a trivial case for the KinFitter.
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Figure 6.17: Comparison of the transverse momentum of all jets returned by the
top reconstruction algorithms (left) and the ratio of the outputs (right).
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Figure 6.18: Comparison of the pseudo-rapidity of all jets returned by the top
reconstruction algorithms (left) and the ratio of the outputs (right).

Figure 6.17 shows the transverse momentum distribution of the jets accepted by the
individual algorithms. The KinFitter finds 58419 jets in the events where it found a
top pair while Proximity Algorithm yields 66838 jets giving an overall ratio of 1.14.
The shapes of both algorithms are slightly different. The spectrum as extracted by the
Proximity algorithm is slightly harder while the KinFitter seems to prefer jets with
intermediate pr. This is possibly linked to the way the KinFitter works. Jets with
intermediate momenta have a higher freedom concerning their spatial coordinates.
In Figure 5.13 the shell that indicates viable triples of values is considerably thicker
for intermediate values than for extreme ones. Therefore it might be easier for the
KinFitter to reconstruct top pairs with a high enough P(x?) using jets with moderate
transverse momenta.

In general it is assumed that the pseudo-rapidity of jets from top pairs is distributed
more centrally while additional jets exhibit a broader and flatter distribution. Fig-
ure 6.18 shows the n coordinate for all jets in the events accepted by the algorithms.
The output of the Proximity algorithm exhibits a slightly more pronounced peak than
the KinFitter. The observed n spectrum is a superposition of both individual distri-
butions and its concrete shape is governed by the ratio between jets from top and
additional jets. Here the jets in the events accepted by the KinFitter seem to have a
higher fraction of additional jets compared to the ones from the Proximity algorithm.
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Figure 6.19: Comparison of the azimuthal angle of all jets returned by the top
reconstruction algorithms (left) and the ratio of the outputs (right). The legend
in the left plot of Figure 6.18 applies for the plots.
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Figure 6.20: Comparison of the b-tagging weights of all jets returned by the top
reconstruction algorithms (left) and the ratio of the outputs (right).

The symmetry around ¢ is reflected in Figure 6.19. Both algorithms yield flat distri-
butions.

Beside the kinematic variables the information concerning b-tagging are of central
importance as this study is also geared towards a determination of the heavy flavor
fraction of additional jets in semileptonic top pair events. In Figure 6.20 the weights
of all jets in the accepted events as computed by the JetProb algorithm are depicted.
The jet content selected by the KinFitter seems to have a higher fraction of light jets
as indicated by the ratio plot. This seems to be again an effect that stems from the
fact that the KinFitter prefers events with high jet multiplicities. Additional jets are
predominantly light jets. The jets from the top pairs are two light jets and two jets
from b-hadrons. Therefore the more additional jets there are in an event the more
the fraction between light jets and bottom jets will be shifted towards light jets which
in turn affects the b-tagging weight distribution.

Closely related to this is the multiplicity of b-tagged jets in the events accepted by
both algorithms depicted in Figure 6.21. The mismatch between the algorithms in
the 1-jet bin is particularly interesting. A possible source for this mismatch is that
bottom quarks might lie outside the jet acceptance region of |n| < 2.5. Therefore the
jet that belongs to the bottom quark is not accessible by the Proximity algorithm
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Figure 6.22: Comparison of the SV0 masses of all jets in events accepted by the
top reconstruction algorithms (left) and the ratio of the outputs (right).

which causes the algorithm to reject the event as it cannot match any jet to the
bottom quark.

In the 2-jet bin the situation is reversed. Here the proximity algorithm yields more
events than the KinFitter. The two b-tagged jets suggest that there are two bottom
quarks in the n range where b-tagging techniques are applicable. Therefore the argu-
ment for the 1-jet bin may be reversed: With the bottom quarks lying inside the jet
acceptance region the Proximity algorithm is able to reconstruct the top pair. The
KinF'itter on the other hand may have difficulties reconstructing a top pair because
the event has a low jet multiplicity (see Figure 6.16).

It is surprising that the ratio of the two algorithms for the SV0O mass of the jets is
quite flat given the deviations observed in the other b-tagging related variables. The
main difference seems to lie in the first bin that is mostly populated by light jets.
There jets are collected where either no SV0 mass could be determined because the
SV0 tagging algorithm failed to reconstruct a secondary vertex or the SV0O mass is
very small.
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Figure 6.23: Comparison of the jet multiplicity of the jets from top (upper row)
and additional jets (lower row) in events accepted by the top reconstruction algo-
rithms (left) and the ratio of the outputs (right).

6.2.2 Distributions for the Jets from Top and Additional Jets

While the distributions of the variables of all jets in the events accepted by the top
finding algorithms gave information about the general character of the selected events
the comparison of the distributions of the jets from top and additional jets provides
insights on the top finding process itself.

Again the starting point is the jet multiplicity (Figure 6.23). In the upper row the
jet multiplicity of the jet from tops shows anew the influence of the assumption that
four jets belong to the top pair. Here the overall ratio of about 0.9 between the jets
from top selected by the KinFitter and the Proximity algorithm can clearly be seen.
In the lower row the same situation as in (Figure 6.16) is observed and the same
explanation theories apply.

For the jets from top 43917 jets are present in the events selected by the KinFitter
while the yield for the Proximity algorithm is 52030 resulting in an overall ratio of
1.18. In the case of additional jets the KinFitter found 14502 jets and the Prox-
imity algorithm returned 14808 jets which translates to a ratio of 1.02. Thus the
KinFitter selects events yielding more additional jets than the Proximity algorithm
in comparison.

The transverse momentum distributions for both algorithms and jet groups can be
found in Figure 6.24. The Proximity algorithm exhibits a harder transverse momen-
tum distribution for the jets from top than the KinFitter. The explanation found in
the treatment of the transverse momentum distribution for all jets seems to apply
here too.
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Figure 6.24: Comparison of the transverse momentum distributions of the jets
from top (upper row) and additional jets (lower row) in events accepted by the
top reconstruction algorithms (left) and the ratio of the outputs (right).

In the additional jet case the KinFitter selects more jets with high transverse momen-
tum. Some of these might be jets from top where the false top pair candidate was
found.

Similar effects where combinatorics causes jets from top to be identified as additional
jets by the KinFitter seem to apply for the pseudo-rapidity distributions (Figure 6.25).
The additional jets determined by the Proximity algorithm exhibit a much more flat
spectrum than those found by the KinFitter. Jets that do not stem from the hard
scattering are believed to be distributed equally in pseudo-rapidity (at least those
produced in QCD interactions) while those from the hard scattering have a clear
peak around zero. This is reflected more clearly by the output of the Proximity
algorithm than that of the KinFitter.

Such distinctions cannot be made for the azimuthal angle distributions depicted in
Figure 6.26. All distributions and ratios are flat.

In Figure 6.27 the b-tagging weights as calculated by JetProb are shown for the two
groups of jets. The shapes for the jets from top look quite similar resulting in a
relatively flat ratio plot. In contrast the distributions for the additional jets show
large deviations between the top finding algorithms. Here the proximity algorithm
classifies much more jets with intermediate b-tagging weights as additional jets.
These mismatches are clearly reflected by the multiplicities of b-tagged jets (according
to he JetProb algorithm) in Figure 6.28. Overall the KinFitter select 14502 additional
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accepted by the top reconstruction algorithms (left) and the ratio of the outputs
(right).

jets of which 814 are tagged by the JetProb algorithm. At the same time the Proximity
algorithm yields 14808 additional jets of which 1393 were tagged by the JetProb
algorithm. This yields a ratio of 0.056 in the KinFitter case and 0.094 in the Proximity
algorithm case.

The last plot in the comparison is the SV0 mass (Figure 6.29). While the distributions
of the jets from top case look very similar and the obtained ratio is flat the additional
jet case shows a quite large mismatch between the methods. This is insofar trouble-
some that the heavy flavor fraction obtained via the template fit method might lead
to misleading values. Perhaps the determination of the heavy flavor fraction using all
jets in the events selected by the methods yields a better and more trustworthy result
which then may be projected on the additional jets using assumptions such as that
the top pairs always contain two bottom jets and two light jets.

6.2.3 Comparison of the Top Finding Methods for the
Leading Additional Jet.

This section summarizes the findings for the additional jet with the highest transverse
momentum. In principle all statements that were given in Section 6.2.2 apply here.

Figure 6.30 exhibits the kinematic variables for the leading additional jet. The Kin-
Fitter yields 7957 leading additional jets while the Proximity algorithm returns 8699
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The plots depict the transverse momentum (first row), azimuthal

angle (second row) and pseudo-rapidity (third row) of the leading additional jet.
The distributions for the KinFitter and Proximity algorithm (left) and the ratio
between both algorithms (right) are shown.
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Figure 6.31: The Plots depict the b-tagging weights as calculated by the JetProb
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both algorithms (right) are shown.

leading additional jets corresponding to an overall ratio of 1.09.

All distributions show the same behavior as in the case where all additional jets were
examined.

The b-tagging weights and the tagging decision are shown in Figure 6.31 Again large
deviations in the b-tagging weights can be observed. Consequently the resulting
tagging ratios are quite different for the both algorithms. In the case of the KinFitter
558 out of the 7957 leading additional jet were tagged by the JetProb algorithm
resulting in a tagging ratio of 0.07. This is lower than the tagging ratio of 0.105 that
was returned by the Proximity algorithm (out of 8699 leading additional jets 910 jets
were tagged.)

Figure 6.32 presents the SVO masses for the leading additional jet with and without
a tag of the JetProb algorithm required. Two things are apparent, the deviations
between the algorithms are quite high and there is only a small amount of statistics
in both cases. This puts limits on the applicability of both template fitting and the
correction method.

The last plot in this section depicts the distance of the leading additional jet to the
next jet (Figure 6.33). There seems a small amount of jets with a distance lower than
0.4 which might indicate that these are jets that were split by the anti-k; algorithm.
Compared to the entries in the other bins the problematic of split jets might be a
negligible concern. Apart from that both exhibit similar shapes.
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Figure 6.34: The distributions of the transverse momentum (first row) the
pseudo-rapidity (second row) and the azimuthal angle (third row) for the addi-
tional jets (left) and the jets associated to the top quarks (right). The legend in
the upper left plot applies for all plots.

6.3 Comparison of Corrected Data and Proximity
Algorithm Output

After comparing the output of the KinFitter in MC simulations and measured data
and reviewing the correction factors obtained from the AcerMC signal sample the
corrections on data are applied.

First, the physical background as observed in MC simulations is subtracted from
the measured data. Following this the correction factors are multiplied to the cleaned
data set. The result of this procedure is then compared to the output of the proximity
algorithm obtained from the AcerMC signal sample.

In Figure 6.34 the kinematical variables of the additional jets and jets from top found
in the corrected data are compared to the output of the Proximity algorithm. The
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Figure 6.35: The distributions for the b-tagging weights as calculated by JetProb
(first row), the multiplicity of tagged jets (second row) and the SVO mass (third
row) for the additional jets (left) and the jets associated to the top quarks (right).
The legend in the upper left plot applies for all plots.

overall normalization seems to be correct and the shapes match fairly well.
The same is observed concerning the b-tagging variables shown in Figure 6.35.

The reason for the good agreement of the corrected data and the Proximity algorithm
lie in the very good agreement of the outputs of the KinFitter in MC simulations and
measured data. This is reflected by the Equation 5.20 which describes the correction
method.

In principle the applied corrections should depend on a certain parameterization e. g.
the transverse momentum of the leading additional jet. Unfortunately the statistics
in 2010 data as well as in the AcerMC signal sample do not permit this. Therefore
it is highly desirable to obtain larger samples both in MC simulations as well as in
measured data to bring the correction method to full fruition.
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Figure 6.36: The results of the template fit in signal MC (left) and data (right)
for jets from top obtained by the KinFitter. The templates used in the fit were
taken from signal MC using all jets that passed cut flow and KinFitter.
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Figure 6.37: The results of the template fit in data with background subtraction
applied (left) and fully corrected data (right) for jets from top obtained by the
KinFitter. The templates used in the fit were taken from signal MC using all jets
that passed cut flow and KinFitter.

6.4 Template Fit Results in Data

This section is designed as a proof of concept that the template fit method may return
viable results given a reasonable amount of statistics.

In Figure 6.36 the outcome of the fitting procedure can be seen. Here the template fit
in the AcerMC signal sample was plotted again for comparison. The result from data
exhibits larger uncertainties than that from the AcerMC signal sample. In contrast to
the 804 jets from top found in 2010 data there are 43917 jets form top in the AcerMC
signal sample. Therefore the available statistics in MC simulation is 55 times larger
than in data.

Nonetheless the template fit as executed in data looks promising keeping in mind
that the data are neither corrected with regards to the physical and combinatorial
background.

These corrections were applied one by one with the outcome plotted in Figure 6.37. On
the left-hand side only the physical background was subtracted. While the bottom
fraction rises the light fraction is diminished indicating that the subtracted back-
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ground is dominated by light jets.

The subtraction of the physical background decreases the number of jets from top
to 656. In principle the resulting uncertainties should be higher because of possible
statistical limitations in MC simulations. These effects were not propagated to the
inclusive distribution therefore the fit uncertainties might be about the same as in the
fit of the uncorrected data.

The result of the last correction step, the combinatorial background correction, can
be seen on the right-hand side in Figure 6.37.

The charm fraction is still very high in comparison to that in simulated data but the
sum of light and charm fraction is about the same in both cases. It will be interesting
to see if this effect is due to limited statistics (here the sum of entries was about 780)
or if there are other reasons causing the observed mismatch.

In any case the template fit methods seems to be a potent and feasible method for the
determination of flavor fractions in top pair events and its application in 2011 data
will return much more reliable results.
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7 Summary and Outlook

In this thesis the properties of additional jets in semileptonic top pair events via
a kinematic fit were examined. The obtained results were compared in data and
Monte Carlo (MC) simulation. Building on the examination of the kinematic fit
algorithm strategies for the correction of combinatorial background were developed
using the Proximity algorithm. After the subtraction of the physical background
derived from MC simulations the combinatorial background was removed using the
correction factors from the comparison of the KinFitter to the Proximity algorithm.
The resulting data was compared to the distributions that were extracted by the
Proximity algorithm from a MC simulation of the signal process.

The application of the KinFitter to measured data shows very promising results.
Especially the very good agreement between data and MC simulations encourages
the further use of this tool as it proves to be both useful for the selection of top events
and the reconstruction of top pairs. With improving understanding of the detector
the KinFitter will even increase its performance. Possible new applications could lie
in the study of the fully hadronic top pair events where the reconstruction of the top
pair may provide ways to discriminate between signal and background a task still very
challenging for this process.

Although the KinFitter is a sophisticated tool it may still select the wrong top pair
candidate in a given event. Therefore the Proximity algorithm was used to correct
for the combinatorial background of the KinFitter analysis. The first tests comparing
2010 data and the MC simulation of the top pair signal as extracted by the Proximity
algorithm show promising results. At the moment the correction procedure is limited
by statistics in both data and MC simulation. It is desirable to be able to param-
eterize the correction factors in order to account for possible effects that could not
be incorporated due to the small size of the used MC simulation sample (AcerMC).
Higher statistics in 2011 data and larger MC simulation samples may improve the re-
liability of the correction method significantly. Furthermore an examination of other
techniques for the matching between particles on generator level and the measured
jets would be useful for quantifying the effect of different matching strategies on the
obtained correction factors.

A precise measurement of the heavy flavor fraction of additional jets has to be post-
poned due to the lack of statistics in 2010 data. Nonetheless the implementation and
first tests of the template fit technique have been achieved with promising first results.
The next logical step will be the application of the derived algorithms on 2011 data.
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8 Appendix

8.1 Data Samples

The data used in this study were accumulated during the data taking period of 2010
at the LHC. The data runs went from late March until late November 2010 and were
divided into periods. These periods are listed in Table 8.1.

As can be seen in Figure 8.1 the integrated luminosity has risen with increasing pace
over the course of the year with data periods G to I making up the majority of the
acquired data volume. Between the data periods new setups resulting in higher instan-
taneous luminosities had been successfully tested. This caused changing prescriptions
for the different periods with respect to certain analysis elements e. g. the set of used
triggers. At the same time calibration efforts and detector studies took place resulting
in correction tools and an improved detector understanding.

In late 2010 the top group decided that it is recommended to only use periods E4 to
I for analyses because the preceding data periods are too small in terms of luminosity
to justify the effort it takes to keep all prescriptions consistent. For practical reasons
this analysis uses only periods F to I which sport a combined luminosity of 43.35 pb~!
before applying the good run list of the top group. With the good run list applied
this value decreases to 35 pb~!.

’ period ‘ Linpb !
0.0004
0.009
0.0095
0.320
1.118
1.98
9.07
9.3
23
Table 8.1: Data taking periods of the year 2010. The periods marked in green
were used in this analysis. The remaining periods were discarded being small in
luminosity.
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Figure 8.1: The integrated luminosity for the year 2010 (left) and per week
(right). During the year 2010 the pace at which data is accumulated has risen
steadily. [3]

top pair semileptonic decays (signal) + dileptonic decays (background)
mcl0-7TeV.105205.AcerMCttbar.merge. AOD.e574_s933_s946 _r1831.r2040/

W + jets (background)
mcl0_7TeV.104990.Sherpa010103W4jetstoenu.merge. AOD.e550 s933_s946 _r1831 12040/
mcl0_7TeV.104991.Sherpa010103W4jetstomunu.merge. AOD.e550_s933_s946 _r1831 12040/
mcl0_7TeV.104992.Sherpa010103W4jetstotaunu.merge. AOD.e550_s933_s946 r1831_r2040/

Z + jets (background)
mcl0_7TeV.104993.Sherpa010103Z4jetstoee.merge. AOD.e550_s933_s946 _r1831_r2040/
mcl0-7TeV.104994.Sherpa010103Z4jetstomumu.merge. AOD.e550_s933 s946_r1831_r2040/
mcl0-7TeV.104995.Sherpa010103Z4jetstotautau.merge. AOD.e550-5933_s946_r1831 12040/

top pair fully hadronic (background)
mcl0-7TeV.105204. TThar_FullHad_McAtNlo_Jimmy.merge. AOD.e598_s933_s946_r1831_r2040/

single top (background)
mcl0-7TeV.108340.st_tchan_enu-McAtNlo_Jimmy.merge.AOD.e598_s933_s946 _r1831_r2040/
mcl0_7TeV.108341.st_tchan_munu_McAtNlo_Jimmy.merge. AOD.e598 $933_s946 _r1831 12040/
mcl0_7TeV.108342.st_tchan_taunu_McAtNlo_Jimmy.merge. AOD.e598 $933_s946 _r1831 12040/
mcl0_7TeV.108343.st_schan_enu_McAtNlo_Jimmy.merge. AOD.e598 s933_s946_r1831_r2040/
mcl0_7TeV.108344.st_schan_munu_McAtNlo_Jimmy.merge. AOD.e598_s933_s946 r1831_r2040/
mcl0-7TeV.108345.st_schan_taunu_McAtNlo_Jimmy.merge. AOD.e598_s933_s946_r1831_r2040/

Diboson (background)

mcl0_7TeV.105985.WW _Herwig.merge.AOD.e598_s933_s946_r1831_r2040/
mcl0_7TeV.105986.Z7Z Herwig.merge.AOD.e598_s933_s946 r1831 12040/
mcl0_7TeV.105987.WZ_Herwig.merge.AOD.e598_s933_s946_r1831 r2040/

Table 8.2: The MC samples used in the analysis
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8.2 Monte Carlo Samples

8.2 Monte Carlo Samples

The MC samples that were used in this study are given in Table 8.2.

The selection of MC datasets was primarily determined by practical reasons. The
entire analysis was done using the WLCG (Worldwide LHC Computing Grid, in the
following called grid). As the privately produced data sets (see Section 8.3) were too
big to be stored and analyzed locally the use of the grid became mandatory. One
drawback of the private production of data sets is that once a grid site that contains
a needed sample is offline it is simply not available. Therefore having as few MC
samples to manage was desirable. This enforced the use of the SHERPA [65] samples
in the case of W+jets and Z+jets as the MC samples representing the processes are
only six compared to the Alpgen [66] samples are about 60 in number. The same
reasons motivated the use of HERWIG [67] in the diboson case.

The choice for the AcerMC sample resulted from problems when reading the informa-
tion of the MC particles on generator-level. For applying the correction algorithm it
was needed to follow the decay chain of the particles on generator-level from the top
quark to the W boson and its decay products. Unfortunately for all generators except
AcerMC there were many events (in general about 40 %) where this information was
not readable in a automated way.

Reasons were that some decay chains simply ended prematurely, that the W boson
only decayed to one quark or that decay chains exhibited odd intermediate steps (e. g.
particles which were labelled as clusters) which confused the reading algorithm. On
which level these problems were introduced (e. g. in the generations of the AOD or in
the translation of AODs to A++ files) is under investigation.

While AcerMC exhibits very well readable information regarding the particles at
generator-level it suffers from the fact that it does have about one tenth of the statis-
tics compared to the MC@NLO signal samples which are mainly used in top pair
analyses.

8.3 The A++ Framework

This study was carried out with the help of the A++ framework [68]. This is an
analysis framework mainly developed by the Experimental Particle Physics group of
the physics faculty of the Humboldt university, Berlin. Around ten people are actively
contributing to the framework with Oliver Maria Kind being the lead author.

A++ was designed to be independent of Athena. The only interface to Athena is a
converter which converts AODs to A++ unique, object-oriented file format, the A++
file. By introducing this conversion process disk space requirements for the data files
can be lowered as the A++ file does not contain all of the information that AODs do
(similar to what is done with D3PDs). In addition, information that is almost always
calculated for events such as information on object quality maps may be written to
the file facilitating analyses. Another advantage of the A4+ file is its object-oriented
layout. Here the information concerning a certain physical object is not scattered
on many arrays and tables but is modeled as an object itself. This object-oriented
approach enables the user to write elegant and readable code thus minimizing bugs
and facilitates debugging.
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