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Zusammenfassung

Am Large Hadron Collider (LHC) werden ab diesem Jahr Proton-Proton-Kollisionen bei einer
Schwerpunktsenergie von 10 TeV stattfinden, bei denen Top-Antitop-Paare mit einem Wirkungs-
querschnitt von ca. 400 pb erzeugt werden. Dabei soll im Laufe der ersten Datennahme eine inte-
grierte Luminosität von

∫
L dt = 200 pb−1 erreicht werden.

Im Rahmen dieser Studie wird gezeigt, dass unter den Bedingungen der ersten Datennahme, ins-
besondere trotz einer noch unvollständigen Kalibration des ATLAS-Detektors, eine Wiederent-
deckung des Top-Quarks und eine frühe Bestimmung seiner Masse möglich sind. Dazu wird ein
Szenario mit relativ geringer integrierter Luminosität (

∫
L dt = 100 pb−1) betrachtet, mit einer

angenommenen Unsicherheit von 10% auf die Jet-Energieskala und ohne die Verwendung von
b-tagging.

Aufgrund des geringen Datenvolumens wird ein künstliches neuronales Netz im Rahmen der Er-
eignisrekonstruktion eingesetzt, wodurch die Signifikanz des Signals im Vergleich zu einer schnitt-
basierten Methode um mehr als 30% steigt. Die Bestimmung der Masse des Top-Quarks erfolgt im
semileptonischen Zerfallskanal, wobei die 3-Jet- und 2-Jet-Massen, entsprechend den Massen von
Top-Quark und W-Boson im hadronischen Zerfall, einzeln bestimmt werden. Um einen möglichen
Skalierungsfaktor für die Jet-Energien und -Impulse in frühen Messdaten herauszukürzen, wird
die Top-Quarkmasse mit der von der Particle Data Group angegebenen W-Masse, mW,PDG =
80.4 GeV, skaliert. Dies geschieht durch die Berechnung von

mtop = m3−jet

m2−jet
·mW,PDG.

In diesem Szenario ergibt sich eine Unsicherheit von

∆mtop

mtop
=±3.6%(stat)±1.6%(JES)

auf die Top-Quarkmasse.

Eine frühe Bestimmung der Masse des Top-Quarks ist also mit den ersten Messdaten des ATLAS-
Detektors bereits möglich. Dabei kann eine Präzision von ca. 4% erreicht werden.





Abstract

Starting this year, the Large Hadron Collider (LHC) will produce top-antitop pairs from proton-
proton collisions with an estimated cross section of 400 pb at 10 TeV centre of mass energy. An
estimated integrated luminosity of

∫
L dt = 200 pb−1 will be reached in the first run of data taking.

This study shows that even under the conditions of the first run of the LHC, where the ATLAS
detector is assumed to be not fully calibrated yet, a rediscovery of the top quark and an early de-
termination of its mass is still possible. For this purpose a scenario with relatively low statistics
(
∫

L dt = 100 pb−1) is considered, and an uncertainty of 10% on the Jet Energy Scale is assumed
and b-tagging is not used.

To meet the challenge of low statistics, the signal significance is raised by over 30%, compared to
standard cuts, by the use of an artificial neural network in the event reconstruction. The determi-
nation of the top quark mass is performed in the semileptonic decay channel, where the masses
of the W boson and top quark from the hadronic decay are determined separately as the 2-jet and
3-jet masses, respectively. To cancel out a possible scaling factor on the jet energies and momenta
in early data, the top quark mass is rescaled with the W boson mass from the Particle Data Group,
mW,PDG = 80.4 GeV, by calculation of

mtop = m3−jet

m2−jet
·mW,PDG.

In the given scenario the resulting uncertainty on the top quark mass is estimated as

∆mtop

mtop
=±3.6%(stat)±1.6%(JES).

Hence a first measurement of the top quark mass is indeed possible with the first data taken at the
ATLAS detector, and a precision of about 4% is achievable.
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Chapter 1

Introduction

The Large Hadron Collider (LHC) at the European Organisation for Nuclear Research (CERN) will
start its operation this year. As a proton-proton collider with an unprecedented centre-of-mass
energy of 14 TeV, more than seven times higher than the highest collision energy reached so far,
it will allow an experimental exploration of physics under conditions similar to the universe very
shortly after the Big Bang. The origin and structure of matter can be studied at the tera electron
volt (TeV) energy scale for the first time, a huge step forward for the field of particle physics.

The Standard Model of particle physics is the theory that describes the properties and interactions
of the fundamental constituents of matter, the quarks and leptons. It is a consistent theory, and
has withstood all experimental tests at previous collider experiments. Nevertheless, research in
this area is far from complete: The Higgs boson, an interaction particle predicted by the Standard
Model, has yet to be found – the LHC will either do so, or disprove the theory in its current form.
And in any case, the Standard Model describes some phenomena exceptionally well but fails to
explain their origin. Several extensions to the model that attempt to shed light on the causes of
these phenomena have thus been proposed, like Extra Dimensions and Supersymmetry to name
two popular examples. Much work has been done at Fermilab’s Tevatron collider already, but at
the LHC these theories can finally be subjected to experimental tests at the TeV energy scale.

An ongoing field of research is the top quark: It is by far the heaviest elementary particle, with
a peculiarly high mass of mtop = 173.1± 1.3 GeV [1], close to the scale of electroweak symmetry
breaking. Because of its great mass it has only been detected at the CDF and D0 experiments at
the Tevatron so far. Many of its properties could not be satisfactorily determined yet, and the top
quark might well play a more fundamental role in the interactions of particles than it is currently
assumed. Although the uncertainty on the top quark mass is smaller than 1% already, an even
more precise measurement of its mass will provide a test for the Standard Model and assist the
search for the Higgs boson.

This thesis, however, presents a method not for a precision measurement but for an early determi-
nation of the top quark mass with the ATLAS detector at the LHC; the aim is to achieve a rediscov-
ery of the top quark with the very first data taken at ATLAS, and to perform a first mass measure-
ment with a detector that has not been fully calibrated yet. Based on simulations for the particle
interactions and their corresponding detector response, the study shows that a measurement of
mtop with a precision of about 4% is possible with an integrated luminosity of

∫
L dt = 100 pb−1, a

value that will be reached during the first run of the LHC.
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Chapter 2

Theory

2.1 The Standard Model of Particle Physics

The so-called Standard Model of particle physics is a consistent theory describing the elementary
particles as the fundamental constituents of matter and their interactions via the electromagnetic,
weak and strong forces with their corresponding exchange particles. The fourth elementary force,
gravity, is not covered by the model.

2.1.1 Fermions

Fermions are defined as particles with spin 1/2 and are split into two subgroups: leptons and
quarks. Both can be divided further into three generations, but only the particles of the first gener-
ation are stable and form ordinary matter, with up and down quarks being the constituents of the
protons and neutrons of atomic nuclei, and electrons filling the shell. Particles of the second and
third generations can be produced and observed at collider experiments with high energies but
decay after a short lifetime. Table 2.1 lists the leptons in the Standard Model, Table 2.2 the quarks.
Anti-particles exist for all twelve fermions, which are written as q̄ and ¯̀ for quarks and leptons,
respectively, and have opposite charge-type quantum numbers.

Generation Lepton Symbol Charge [e] Mass [GeV]

1
electron e −1 511 ·10−6

electron neutrino νe 0 < 2.2 ·10−9

2
muon µ −1 105.7 ·10−3

muon neutrino νµ 0 < 170 ·10−6

3
tau τ −1 1.777

tau neutrino ντ 0 < 15.5 ·10−3

Table 2.1: Leptons in the Standard Model (with masses from [2]).

3
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Generation Quark Flavour Symbol Charge [e] Mass [GeV]

1
up u + 2/3 0.00225 ± 0.00075

down d − 1/3 0.005 ± 0.002

2
charm c + 2/3 1.27 ± 0.11
strange s − 1/3 0.104 ± 0.034

3
top t + 2/3 173.1 ± 1.3

bottom b − 1/3 4.20 ± 0.17

Table 2.2: Quarks in the Standard Model (with masses from [1] and [2])

2.1.2 Bosons

The force carrier bosons or gauge bosons are spin one particles that mediate the fundamental forces
of interaction, namely the electromagnetic, weak and strong forces (see Table 2.3). The photon
is the exchange particle of Quantum Electrodynamics (QED), the theory of the electromagnetic
force. It couples to charged particles and has an infinite range as it is massless. W± and Z0 are
massive bosons (with masses mW = 80.4 GeV and mZ = 91.2 GeV [2]) mediating the weak inter-
action, which affects all fermions and ranges over short distances only. The fact that the W± is
electrically charged allows it to also couple to the photon. A unified theory allows the combina-
tion of photons, W± and Z0 to a so-called electroweak interaction.

Interaction Range [m] Gauge Boson Quantum Number

Electromagnetism ∞ photon (γ) electric charge
Weak Force ¿ 10−16 W±, Z weak isospin
Strong Force 10−15 −10−16 gluon (g) colour charge

Table 2.3: The elementary interactions

The strong force is mediated via gluons that couple to colour-charged particles. These are the
quarks and the gluons themselves. The theory of Quantum Chromodynamics (QCD) describes
this kind of interaction, which is limited in range due to the gluons interacting with each other.

2.1.3 Electroweak Couplings

The electroweak theory is a quantum field theory based on the gauge principle, i.e. the invariance
of the equations describing particle interactions under local gauge transformations. The local
symmetry of the electroweak force is represented by a U(1) ⊗ SU(2) group, and the need for spin
one gauge bosons as quantised mediators of the interaction, and the phenomena of electric charge
and weak isospin for the U(1) and SU(2) symmetry, respectively, are consequences of the theory.
Calculations are done perturbatively with the so-called Feynman calculus [3].

However, the symmetry only holds for massless gauge bosons and is broken as the W± and Z have
a non-zero mass. That leads to a separate description of the electromagnetic force with photons
as exchange particles and electric charge as the corresponding quantum number and of the weak
interaction with the W± and Z0 gauge bosons and the weak isospin.
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The fundamental couplings between the gauge bosons of the electromagnetic and weak interac-
tions and fermions are shown in Figure 2.1 with Feynman diagrams, the standard visualisation for
particle interactions. These represent a space-time coordinate frame with a horizontal time axis
and a vertical space axis in which the interaction vertices are illustrated.

γ

e+

e−

Z

e+

e−

W±
νe

e±

Figure 2.1: Feynman diagrams of the fundamental electroweak boson-fermion couplings

2.1.4 Quantum Chromodynamics

As mentioned before, another quantum field theory is needed to describe the strong interaction:
the theory of Quantum Chromodynamics. It is mediated via gluons and knows three different
colour charges and their corresponding anti-charges. Quarks couple to the strong interaction as
they carry colour charge in addition to the electric charge, but a major difference to the electro-
magnetic force is that the gauge bosons are charged themselves, too – the gluons carry a colour
anti-colour charge pair – which allows gluons not only to couple to quarks but to each other as
well, a phenomenon called gluon self coupling. The Feynman diagrams for the basic couplings
are shown in Figure 2.2. The charges are labelled r, g and b (r̄ , ḡ and b̄ for the anti-charges). The
interaction is represented by a SU(3) symmetry group, giving the full Standard Model gauge field a
U(1) ⊗ SU(2) ⊗ SU(3) symmetry.

g
q̄

q

Figure 2.2: Feynman diagrams of the basic quark-gluon and gluon-gluon vertices

The three different types of colour charge give rise to the existence of every quark flavour in all
three colours. This is necessary to explain for example the cross section ratio of e+e− → µ+µ−

and e+e− → qq̄, and to satisfy the Pauli exclusion principle for the Ω− particle consisting of three
strange quarks.

The strength of the strong interaction is expressed with the coupling “constant”αS, which depends
on the energy scale and therefore on the distance between colour charged particles. Because of
the gluon self coupling αS approaches zero for high momentum transfers, allowing for free move-
ment of quarks and gluons at low distances (called asymptotic freedom); perturbative calculations
are possible in this regime. However, towards low momentum transfers the perturbation theory
breaks down and a phenomenon called colour confinement is visible: an observation of free quarks
is impossible, and αS increases.
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2.1.5 Hadronisation

Due to the colour confinement, quarks can only exist as partons inside colour neutral bound states
called hadrons. After a scattering process with single quarks or gluons in the final state, new quark
anti-quark pairs arise due to vacuum polarisation in the gluon field between the original quarks or
gluons. New particles are created until all partons are bound into hadronic states, which are either
mesons (quark anti-quark states), or baryons (three quark states), resulting in a so-called hadronic
jet. This transformation process is called hadronisation (see Figure 2.3) and can only be modelled
phenomenologically since perturbative calculations in the regime of quark confinement are not
possible.

q

decreasing Q2

q
g

g

Hadrons

g
g

g

Parton showerHard scattering 
process

Hadronisation

Figure 2.3: Quarks and gluons are transformed into hadrons in the process of hadronisation (Q is the energy scale)

2.2 The Top Quark

The top quark, first proposed as the weak isospin partner of the bottom quark in 1977 [4], was
finally discovered in 1995 at the CDF and D0 experiments at Fermilab [5,6]. It has an outstandingly
high mass of over 170 GeV compared to a mass of about 5 GeV for the b quark, the next lightest
quark. Its lifetime of about 5 · 10−25 s [2] is shorter than the timescale of hadronisation (about
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10−23 s), making it the only quark to not form bound states but to instead decay almost instantly.

It has a weak isospin of +1/2 and an electric charge of +2/3 like the up and charm quarks of the first
and second generation. The most precise estimate of its mass is currently given as 173.1±1.3 GeV
[1], determined from combined results of CDF and D0.

As the top quark has so far only been discovered at the CDF and D0 experiments at the Tevatron
accelerator at Fermilab, an independent discovery and mass measurement at another collider ex-
periment is certainly desirable. The ATLAS experiment at the LHC will achieve this goal very soon
after its start, as is shown in this analysis.

2.2.1 Top Pair Production at Hadron Colliders

Even though single top quarks can be produced via the weak interaction, top pair production via
the strong interaction is the dominant mechanism, either via quark anti-quark annihilation or
via gluon fusion (see Figure 2.4). At the LHC with its high centre-of-mass energy proton-proton
collisions, gluon fusion is preferred, accounting for roughly 90% of the produced tt̄ pairs [7]. This
is due to the fact that anti-quarks only occur in fluctuations. In contrast, the annihilation process
is dominant at the Tevatron where protons collide with anti-protons and, consequently, plenty of
anti-quarks are present in the scattering process.

a)

t̄

q

q̄

t
b)

t̄

t
c)

t̄

t

Figure 2.4: Top anti-top pairs production via quark anti-quark annihilation (a) and gluon fusion (b, c)

For the LHC operating at the planned centre-of-mass energy of
p

s = 14 TeV, the total top pair
production cross section is estimated at about 870 pb [7]. For the lower centre-of-mass of

p
s =

10 TeV in the first run (see Section 4.1), this value changes to [8]

σ(pp → tt̄) ≈ 400pb.

2.2.2 Decay Modes

Top quarks almost exclusively decay into a W boson and a bottom quark:

t → W++b

t̄ → W−+ b̄

The W boson can decay leptonically, i.e. into a lepton plus a neutrino, with a branching ratio of
1/3, or hadronically, i.e. into a quark antiquark pair, with a branching ratio of 2/3. That leads to
three categories for tt̄ pair decays: fully leptonic, semileptonic and fully hadronic, according to the
decay modes of the two W bosons. Figure 2.5 illustrates the possible combinations; more details
are given in Section 4.2.
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all-hadronic

electron+jets

le
stej+nortce m

uo
stej+n

muon+jets
at

stej+u
tau+jets

eµ e

e

e+ csud+µ+

e–
sc

du
–

µ–

W ced
ya

eµ

ee

µµ

τ

τ

ττ ττ

τ

τ

Figure 2.5: The top pair decay modes

2.2.3 The Importance of Top Quark Physics

The fact that top quark is the only particle in the Standard Model with a mass close to the scale
of electroweak symmetry breaking (and is by far heavier than all other fermions) is reason enough
to study top quark physics in greater detail. The properties of the top quark serve as a crucial test
for the Standard Model. In addition, the reason for its high mass has yet to be understood, and a
more fundamental role of the top quark in the mechanism of the electroweak symmetry breaking
is possible.

Another reason for precise measurements of the top quark mass and production cross section is
that top quark pair decays are an important background process for a lot of searches for physics
beyond the Standard Model and hence need to be well understood. In addition, top quark physics
might itself have the potential to discover new physics, e.g. with yet unknown couplings to the top
quark, anomalous top quark decays or tt̄ resonances with high masses.

Furthermore the top quark mass, together with the mass of the W boson, acts as a constraint on
the mass of the Higgs boson, which has been postulated as the exchange particle of a field that
gives rise to the masses of elementary particles. A precise measurement narrows the mass region
in which a Higgs boson can be found according to the Standard Model; and if the Higgs boson
actually exists and is detected, cross checks between the particle masses can be performed to val-
idate the Standard Model.



Chapter 3

The ATLAS Experiment

Experimental tests of the Standard Model (see Section 2.1) are carried out with collider experi-
ments. Even though all results from such experiments have so far confirmed its predictions, open
questions remain. Most importantly the Higgs boson, which is needed to complete the model, has
not yet been detected.

The Large Hadron Collider (LHC) is a new proton-proton collider experiment at the European Or-
ganisation for Nuclear Research (CERN), due to start operation this year. With a centre-of-mass
energy of 14 TeV, one order of magnitude higher than the maximum energy reached at other ex-
periments so far, physics at the TeV mass scale can be explored, allowing for a study of the elec-
troweak symmetry breaking, for an experimental test of the Higgs mechanism, and for a search for
phenomena beyond the Standard Model.

3.1 The Large Hadron Collider

The LHC is installed into the tunnel previously used for the CERN LEP electron positron collider.
This tunnel is almost 27 km long, and lies between 45 m and 170 m beneath the surface [9]. It is
located at the border between France and Switzerland, near Geneva.

An overview of the LHC accelerator complex is pictured in Figure 3.1. Protons from the ionisation
of hydrogen are accelerated in several stages, then injected into the final pre-accelerator, the Su-
per Proton Synchrotron (SPS), and finally into the LHC ring. At full operation, the counter-rotating
beams will have an energy of 7 TeV each, resulting in a centre-of-mass energy of 14 TeV. The lim-
iting factor on the beam energy is strength of the superconducting beam bending magnets. To
reach a high collision rate, the beams are collimated to bunches of 1011 protons with a bunch
spacing of 25 ns. In effect, 40 million bunch crossings will take place per second, with an aver-
age of about 23 proton-proton collisions per crossing. The resulting instantaneous luminosity is
L = 1034 cm−2s−1 [9]. At a later stage, a run with heavy lead ion collisions will also be performed
at a luminosity of L = 1027 cm−2s−1 [9].

However, the accelerator will not start its operation at full energy and luminosity. A scenario for
the performance expected for the first data taking is given in Section 4.1.

Four independent experiments detect the particles created in the collisions: ATLAS (see Section
3.2) and CMS [10], two general purpose detectors; LHCb, a detector focused on heavy flavour
physics and the CP violation [11]; and ALICE, an experiment studying heavy ion collisions [12].

9
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Figure 3.1: The LHC accelerator complex

3.2 The ATLAS Detector

The ATLAS detector (“A Toroidal LHC Apparatus”) is the biggest detector at the LHC: it is 44 m long,
25 m high and has an overall weight of about 7000 tons. Several different components are installed
in layers around the point of interaction, forming a barrel shape. These components serve differ-
ent purposes in the experiment, detecting different types of particles and varying in spatial and
energy resolution. Figure 3.2, a cut-away view of the detector, shows that all subsystems of the
detector are divided into the barrel and end cap regions.

3.2.1 Coordinate System

In the right handed ATLAS coordinate system the z-axis is aligned alongside the beam pipe, with
the y-axis and x-axis pointing upwards and towards the centre of ring, respectively, from the inter-
action point. The detector is forward-backwards symmetric with respect to this point.

The azimuth angle Φ is defined in the x-y-plane, with Φ = 0 corresponding to the positive x-axis;
the polar angle θ is the angle with respect to the z-axis (θ = 0 corresponding to the positive z-axis).
Usually the so-called pseudorapidity

η=− ln

(
tan

θ

2

)
replaces the polar angle because the difference between two values of η is (in good approximation)
invariant under Lorentz boosts along the z-axis. The geometric distance between two objects in
the pseudorapidity-azimuthal space is ∆R =

√
∆Φ2 +∆η2.
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Figure 3.2: Overview of the ATLAS detector

Frequently the transverse components of energies and momenta are used, denoted as ET and pT ,
which correspond to the components vertical to the beam axis, i.e. the projections onto x-y-plane.
The reason for this lies in the nature of the proton-proton collisions, which have no constant
center-of-mass frame with respect to the z-axis. As a result, the particles from the hard scatter-
ing process are usually boosted along the z-axis; the transverse components of the momenta, in
contrast, have to add up to zero for each event.

3.2.2 Inner Detector

The Inner Detector [13] is, as the name suggests, the innermost detector layer close to the inter-
action point and is surrounded by the central solenoid magnet. The goal of the inner detector
is a precise measurement of the tracks of charged particles, and the curvature of those tracks in
the 2 T magnetic field allows a determination of the momentum of electrons, muons and charged
hadrons.

This is achieved with the help of three components (see Figure 3.3): The Silicon Pixel Detector
and the surrounding Semiconductor Tracker (SCT) are mainly used to determine momenta, im-
pact parameters and decay vertices; and the Transition Radiation Tracker (TRT) serves the track
reconstruction and the separation of electrons and pions, using a set of tubes filled with Xenon
gas.

3.2.3 Calorimeter

The calorimetric system [14], comprising the Electromagnetic Calorimeter (EM) and the Hadronic
Calorimeter (HC) as shown in Figure 3.4, absorbs the energies of electrons and photons (EC) and
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Figure 3.3: The ATLAS Inner Detector

Figure 3.4: The calorimeter

hadrons (HC), respectively, allowing a measurement of these energies, and of the corresponding
particles’ positions.

The EM uses liquid argon (LAr) sampling calorimeters, with lead panels as absorbers, to detect
the particle showers arising from the interaction of the particle with matter. Similar mechanisms
are in place in the HC, using a combination of iron absorbers and scintillator plates in the central
area, and absorbers made from tungsten and copper with liquid argon sampling calorimeters for
the end cap components.
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3.2.4 Muon System

The purpose of the Muon Spectrometer (MS) [15], the final subdetector in the ATLAS experiment,
is the identification of muons and a stand-alone measurement of their positions and momenta
with high precision.

Figure 3.5: The muon system of the ATLAS detector

It consists of three layers of Monitored Drift Tube Chambers (MDTs), filled with argon and carbon
dioxide (see Figure 3.5), plus Cathode Strip Chambers in the forward region. Fast trigger detectors
are in place to allow for a precise timing, in the form of Resistive Plate Chambers (RPCs) and Thin
Gap Champers (TGCs). The magnetic field required by the MS stems from superconducting toroid
magnets and has an average strength of 0.6 T [15].

3.2.5 Triggers and Event Selection

While the collision rate at ATLAS is at 40 MHz, the event reconstruction system can only handle
some 100 events per second. An efficient trigger system is therefore needed to select those events
for storage that look most promising for an analysis (i.e. new physics processes, Standard Model
tests etc.), and exclude for example collisions with low momentum transfer. The system used in
the experiment comprises three stages:

• The hardware-based Level-1 Trigger (LVL1) reduces the event rate to 75 kHz by using the sig-
nals from the calorimeter and the muon system to identify bunch crossings with promising
events. These events are stored in the Readout Buffer (ROB). Additionally so-called Regions
of Interest (RoI) are defined, i.e. areas of the detector in which the “interesting” data describ-
ing the event can be accumulated.

• Components of the detector not included in the LVL1 trigger selection are analysed by the
software-based Level-2 Trigger (LVL2), together with the regions of interest defined by the
Level-1 trigger. The acceptance rate of this trigger is 2 kHz.
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• Another software-based trigger, the Event Filter (EF), makes the final selection of events that
are categorised and stored permanently for further analysis. The event rate is reduced to the
final value of 100 Hz in this stage.

3.3 Physics Analysis at ATLAS

This analysis relies on simulated data as the LHC has not started its operation and hence no “real”
data are available yet. Simulation provides a chance to test the software framework used at ATLAS,
in particular the parts used for event reconstruction and physics analysis, as well as to develop
strategies on how to perform the desired measurements once the experiment is running.

The software framework, ATHENA [16], is an object oriented C++ framework that serves as an ab-
straction layer for the raw data, providing the user with derived physics objects, e.g. in the form of
four-momenta for jets and leptons. These objects are generated in the stage of event reconstruc-
tion from either simulated or real data. Furthermore, ATHENA interfaces to external tools for the
simulation of physics processes and the corresponding detector responses. For an overview of the
simulation and reconstruction chain see Figure 3.6.

Simulation

Generation

Digitisation

Reconstruction

Create AOD

TopView

Analysis

ATLFAST

HepMC

G4 Hits

G4 Digits

ESD

AOD

Ntuple

Real Data

Figure 3.6: The ATLAS simulation and reconstruction chain
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3.3.1 Simulation

The simulation of events comprises of three steps:

• In the event generation the scattering processes are simulated via Monte Carlo generators
like MC@NLO [17, 18]. The following parton shower and hadronisation is modelled there-
after, using for example PYTHIA [19] and HERWIG. [20].

• The interaction with the detector material, e.g. the lead or tungsten plates in the calorimeter,
is simulated with GEANT4 [21].

• Finally, in the digitisation, the expected detector responses are calculated, such as the drift
times in the MDTs.

After these steps the simulated events correspond to the data taken by the ATLAS detector. A fast
parametrised simulation, ATLFAST [22], exists that skips the second and third step of the simulation
chain, as well as the first step of the reconstruction, mainly by applying a smearing on the four-
momenta of the particles after the event generation.

3.3.2 Reconstruction

From the raw data the particle tracks are reconstructed, and the energies and momenta are cal-
culated from the calorimeter responses. The resulting derived physics objects, for example the
four-momenta of electrons, muons and hadronic jets, are stored in the form of Event Summary
Data (ESD), usually used for calibration and optimisation of the jet reconstruction, and the less
detailed Analysis Object Data (AOD) used for physics analysis.

The data in the the AOD files can be condensed into so-called ntuple files, or DPDs, which only
contain the derived physics objects of interest for a specific analysis. These files are produced
using tools like TOPVIEW [23], and can be read by standalone software (i.e. outside ATHENA) like
the ROOT framework [24] used for this analysis.
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Chapter 4

Top Quark Physics at ATLAS with Early
Data

This analysis measures the mass of the top quark with the first data taken at the ATLAS detector. A
scenario is considered where the LHC does not yet operate at full energy, and where the detector
is not fully calibrated yet. It is assumed that 100pb−1 of data are available for analysis after the first
run, due to start in late 2009 with low luminosity.

4.1 Accelerator and Detector Performance Scenario

4.1.1 Centre-of-Mass Energy

While the LHC is planned to operate at a center-of-mass energy of
p

s = 14TeV, it is likely that the
experiment will start with a run at 10TeV. This energy is used throughout the analysis unless noted
otherwise.

4.1.2 Luminosity

The LHC will start with a luminosity lower than its design value (1034 cm−2s−1), likely in the range
of 1030 cm−2s−1. With more bunches and a higher collision rate the luminosity will increase through-
out the experiment.

4.1.3 Jet Energy Scale

The energy of a hadronic jet is translated via the Jet Energy Scale (JES) from the energy of its shower
measured in the calorimeter to the energy of the corresponding parton in the final state. The pre-
cision of the JES is a limiting factor on all measurements of energy and mass in hadronic processes.

While a first calibration for effects like final state radiation and imperfect jet reconstruction algo-
rithms can be done from Monte Carlo studies, an uncertainty of about 10% can be assumed for
early data. This will eventually be reduced to about 1%, but this can only be achieved through
calibration with real data [25]. Well known Standard Model physics events are used for this, for

17
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example the W and Z boson decays and the J/Ψ resonance. The fact that the JES has to be de-
termined and calibrated separately for light quark jets and b quark jets further complicates the
matter.

In the first stage of data taking this calibration will not be performed thoroughly yet. Thus not only
statistical errors but also systematic deviations have to be taken into account when determining
the top quark mass.

4.1.4 Leptons

In this analysis the leptons are only used as a selection criterion for tt̄ events and the top quark
mass calculation in the semileptonic channel is independent of their energy. While electron and
muon identification can be regarded as unproblematic, the τ leptons’ lifetime is short (3 ·10−13 s)
and only its decay products can be detected. These are hard to distinguish from final state radia-
tion and QCD background and thus not helpful for the event selection.

4.1.5 B-Tagging

Jets arising from b quarks can be separated from light quark jets as they contain hadrons with
non-zero beauty with lifetimes of order 10−12 s that decay into many-particle final states; their
decay vertices are close – in the order of millimeters – to the production vertex. If the spatial
resolution of the detector is sufficient, the vertices can be resolved and the b quark jets can hence
be identified; this is called b-tagging.

Viable b-tagging is desirable as it allows for a much better event selection of tt̄ events with their
two b quark jets. It is currently estimated that the simple b-tagging algorithms in place for early
data will have an efficiency of εb ≈ 60% at a rejection rate for light quark jets (1/εlight) of 30 [26].
However, as the first real data are used for commissioning of the tagging algorithms reliance on
these seems inappropriate for an early analysis.

4.1.6 Missing Transverse Energy

The missing transverse energy E/T is an important part of the detector signature for the semilep-
tonic and dileptonic tt̄ decay channels. It is calculated either from the total energy deposits in the
detector cells (with corrections for noise suppression, dead material, energy lost in the cryostats
etc.) and the reconstructed muons, or from the reconstructed and classified objects [7]. Only the
former is feasible in the first weeks to months as the latter requires, amongst other things, a well
understood jet energy scale.

For the uncalibrated E/T from the detector cells a large systematic error of 30% is to be expected [7].
So even with this method it is unlikely that a reliable measurement for values of E/T as low as 20GeV
– desirable for the tt̄ event selection – is available for early data.

4.2 Cross Sections and Detector Signatures

At a centre-of-mass energy of
p

s = 10TeV the production cross section for top – anti-top pairs is
about 400pb [8] at next-to-next-to-leading order (NNLO), with a theoretical uncertainty of ca. 6%.
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The cross section depends on the mass of top quark, decreasing with an increasing mass.

The top quark cannot be observed directly by the ATLAS detector: due to its short lifetime of 5 ·
10−25 s [2] it does not hadronise but decays directly. As a consequence only its decay products, or
the jets formed during hadronisation in the case of quarks, are visible to the experiment. This is
described with the detector signature.

4.2.1 All-Hadronic Decay Channel

The probability for both W bosons to decay into (anti-)quarks is about 4/9, so the product of branch-
ing ratio and cross section for this channel is 178pb. With six quarks as the (only) decay products
the detector signature is four light quark jets and two b quark jets; this is very hard to distinguish
from QCD background, especially without a mature b-tagging mechanism in place, and thus not
useful for an early analysis. In addition, a measurement in the all-hadronic decay channel is even
more dependent on the JES than the other channels.

q̄

q̄
b̄

t

b

t̄ W−

W+

q

q

Figure 4.1: All-hadronic t̄t decay

4.2.2 Dileptonic Decay Channel

The dileptonic channel has a branching ratio of only 1/9 and a cross section times branching ratio
of 45pb. Two b quark jets and two leptons are visible in the detector, and the two neutrinos from
the W decays lead to missing transverse energy. The two (oppositely charged) leptons allow for a
very good separation from the QCD background, leading to a high signal purity. As the neutrino
momenta cannot be reconstructed, sophisticated techniques like matrix element methods [27] or
template methods [28] have to be used to calculate a top quark mass with this signature, and a
precise measurement of E/T is required.

4.2.3 Semileptonic Decay Channel

Often called the golden channel, the semileptonic decay channel is best suited for an early analysis.
Its signature is two light quark jets, two b quark jets, one lepton, and missing transverse energy
stemming from the neutrino originating from the leptonic W decay, with all jets and the lepton
having relatively high transverse momenta pT . The high-pT -lepton is useful to separate the signal
from QCD background, and the three jets from the hadronic decay allow a direct reconstruction
and mass measurement of the top quark, i.e. without the use of the missing transverse energy
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Figure 4.2: Dileptonic t̄t decay

from the neutrino in the leptonic decay. With a branching ratio of about 4/9 the branching ratio
times cross section (178pb) is sufficient for an analysis with first data. If the τ-channel is excluded
this value is reduced to 119pb. Thus the measurement of mtop in this analysis is performed on the
semileptonic channel.
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Figure 4.3: (a) Feynman diagram for the semileptonic t̄t decay; (b) visualisation of the detector response in the
x−y-plane for a semileptonic t̄t event with the ATLANTIS package [29]; objects are visualised as blocks outside the
detector (black: hadronic jets, dark blue: b quark jets, red: muon), the red dashed line symbolises the missing ET,
light blue lines in the centre represent tracks in the inner detector

4.3 Physical Background

Several physical processes can have a very similar or even equal detector signature to the top pair
decay. A good understanding of those background processes, their cross sections and their prop-
erties is necessary to estimate their influence on the measurement. For the semileptonic channel
the most important processes are single top production, W + Jets, and pure QCD multijet events.
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4.3.1 Single Top

Single top events, produced as shown in Figure 4.4 in the t-channel, s-channel, or Wt-channel,
can have the same objects in the final state as semileptonic tt̄ events if the W boson decays into
a lepton plus neutrino and at least one (two for the s-channel) additional jet arises from initial
and/or final state radiation. They therefore only differ kinematically from the signal, and cannot
be separated from it completely.
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Figure 4.4: Single top production: (a) t-channel, (b) s-channel, and (c) Wt-channel

The calculated next-to-leading-order (NLO) cross sections for single top production at
p

s = 10TeV
and the respective branching ratios for the leptonic channel are given in Table 4.1.

channel σ BR (leptonic) σ· BR (leptonic)

t-channel 125 pb 32% 40 pb
s-channel 6.6 pb 32% 2.2 pb

Wt-channel 33 pb 44% 14 pb

Table 4.1: Single top channels and their respective cross sections and branching ratios [8]

4.3.2 W + Jets

In a similar manner, leptonic decays of single W bosons form an irreducible background if at least
four jets with high transverse momenta are produced through initial state radiation (see Figure
4.5). As the analysis of early data does not make use of b-tagging, these jets from associated pro-
duction do not have to be b quark jets; this increases the background contribution from W + Jets
significantly.

4.3.3 QCD Multijets

Pure QCD events should theoretically only resemble all-hadronic tt̄ decays, not semileptonic ones.
However, so called non-prompt leptons can result from weak decays inside a parton shower, par-
ticularly inside b quark jets. In the case of a large momentum transfer to the lepton the particle
can be identified as an individual object.

In addition, jets can be misinterpreted as electrons if the signal in the electronic calorimeter is
higher than usual, e.g. through neutral pion decays into photons. These wrongly reconstructed
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Figure 4.5: Leptonic W decays with associated jets from initial state radiation

electrons are called fake electrons. Even though both effects are quite rare (the fake rate is in the
order of 1‰) they form a significant background to the signal because the cross section for QCD
multi-jet production is several orders of magnitude higher than for top pair production.

4.4 Monte Carlo Samples

The analysis is performed using events from Monte Carlo generators for both signal and back-
ground processes. The event samples used are from the offical central production of the ATLAS
collaboration.

4.4.1 Top – Anti-Top Samples

The central mass point of mtop = 172.5GeV is simulated in the id-“105200” Monte Carlo Sample
using MC@NLO [17,18] as the event generator and HERWIG [20] to model the parton showers. The
sample includes the semileptonic and the dileptonic tt̄ decay channels.

Additional Monte Carlo samples for different top quark mass points are available; they are used to
test the stability of the method with respect to a variation of the top quark mass. These samples
with their respective NNLO production cross sections at

p
s = 10TeV according to [8] and number

of events are given in Table 4.2.

Sample ID mt op σ σ· BR (semileptonic) N events

106203 160.0 GeV 579 pb 257 pb 59150
106201 170.0 GeV 431 pb 192 pb 58940
105200 172.5 GeV 402 pb 178 pb 482522
106202 180.0 GeV 326 pb 145 pb 59796
106204 190.0 GeV 250 pb 111 pb 58046

Table 4.2: t̄t samples for alternating mass points and their respective cross sections

The samples for the alternating mass points are generated using MC@NLO, too, but interfaced to
PYTHIA [19] for parton showers, and make use of the ATLFAST parametrised detector simulation
[22].
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The next-to-leading order corrections in MC@NLO result in negative event weights for ≈ 13% of
the events. The cross section at NNLO is caluclated via a multiplicative so-called k-factor of 1.06
(1.07 for the central mass point sample), which is already included in Table 4.2.

4.4.2 Physical Background Samples

The Monte Carlo samples for the single top and W + Jets events are listed in Tables 4.3 and 4.4,
respectively. At the time of writing the single top sample for the s-channel with a τ in the final
state was not yet available. However, with its low cross section this process is not a significant
background to the semileptonic tt̄ decay and can be omitted, especially as the semileptonic tt̄
events with the W decaying into τ+ν are not included in the analysis. All W + Jets samples are
filtered at generator level to exclude events with less than three jets.

Sample ID Channel Generator Parton Shower σ· BR N events

108340 t chan. → e +ν MC@NLO Herwig 14 pb 19750
108341 t chan. →µ+ν MC@NLO Herwig 14 pb 19749
108342 t chan. → τ+ν MC@NLO Herwig 14 pb 20000
108343 s chan. → e +ν MC@NLO Herwig 0.76 pb 3500
108344 s chan. →µ+ν MC@NLO Herwig 0.76 pb 9999
105500 W t chan. AcerMC Pythia 14 pb 9749

Table 4.3: Single top Monte Carlo samples

Sample ID Channel Generator Parton Shower σ· BR N events

108240 W → e +ν + 2 Partons Alpgen Herwig 183 pb 37714
108241 W → e +ν + 3 Partons Alpgen Herwig 126 pb 23980
108242 W → e +ν + 4 Partons Alpgen Herwig 51 pb 8500
108243 W → e +ν + 5 Partons Alpgen Herwig 18 pb 3000
108244 W →µ+ν + 2 Partons Alpgen Herwig 8.3 pb 1981
108245 W →µ+ν + 3 Partons Alpgen Herwig 59 pb 9500
108246 W →µ+ν + 4 Partons Alpgen Herwig 36 pb 6313
108247 W →µ+ν + 5 Partons Alpgen Herwig 16 pb 3000
108248 W → τ+ν + 2 Partons Alpgen Herwig 75 pb 14974
108249 W → τ+ν + 3 Partons Alpgen Herwig 86 pb 17000
108250 W → τ+ν + 4 Partons Alpgen Herwig 42 pb 7927
108251 W → τ+ν + 5 Partons Alpgen Herwig 17 pb 2736
106280 Wbb̄ + 0 Partons Alpgen Herwig 6.3 pb 15500
106281 Wbb̄ + 1 Partons Alpgen Herwig 6.1 pb 15207
106282 Wbb̄ + 2 Partons Alpgen Herwig 3.5 pb 8953
106283 Wbb̄ + 3 Partons Alpgen Herwig 2.0 pb 5000

Table 4.4: W + Jets Monte Carlo samples
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4.4.3 QCD Samples

At the time of writing no centrally produced QCD multi-jet samples for
p

s = 10TeV were available.
This is the case because the phase space for events with at least five jets is enormous, and with an
estimated electron fake rate of about 1‰, samples with high statistics are necessary to properly
estimate the influence of the QCD background on the measurements. This poses a major chal-
lange as the simulation requires a lot of computing time, even for the ATLAS collaboration with
their vast resources on the LHC Computing Grid.

Because of these difficulties it is planned to estimate the height and shape of the QCD background
from data once the experiment is running [30].



Chapter 5

Event Reconstruction in the Semileptonic
Decay Channel

Before a measurement of the top quark mass can be conducted, the tt̄ signal has to be separated
from the physical background as far as possible. This is done by means of preselection cuts, that
use the detector signature and kinematic properties of the events.
In a second step the “hadronic” top quark has to be reconstructed from its decay products mea-
sured in the detector, which involves finding the correct combination of jets that originate from
the hadronic top quark decay. A multivariate analysis is presented for this purpose as an alterna-
tive to the standard selection based on a geometric or kinematic criterion.

5.1 Physical Background Discrimination

As the first step of the analysis, cuts are applied to the sample, i.e. only events that fulfill several
criteria are considered for further analysis. This is done to separate the top pair decays from all
other physics processes. While it is possible to significantly reduce the background, it cannot be
removed completely due to the similarities in the final states of the different processes. The cuts
also always remove a part of the signal, decreasing the number of events available for analysis.

5.1.1 Preselection Cuts

Choosing selection cuts always means dealing with the trade-off between signal efficiency and
the level of background reduction. This is most evident for the choice of the number of jets that
are required to be reconstructed in one event: While the semileptonic tt̄ decay has four jets in its
detector signature, it is not always possible to reconstruct all of those, because a jet can be located
too close to the beam axis, where many particles from soft scattering processes are found, and the
detector resolution is worse than in the central area. Furthermore, two jets can be emitted in a
very similar direction and be reconstructed as one (especially with the cone algorithm used for jet
reconstruction in this analysis, due to its infrared sensitivity [31]); or jets can have unusually low
transverse momenta and be ignored. The opposite effect is just as important: additional jets that
stem from initial or final state radiation often increase the number of jets in semileptonic top pair
decays (but are usually lower in transverse momentum, see Figure 5.1).
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Figure 5.1: Jets multiplicity in semileptonic t̄t events: (a) all jets; (b) jets with pT > 25 GeV

In this analysis exactly four jets with pT ≥ 25GeV have to be reconstructed per event, with at least
three of those satisfying pT ≥ 30GeV and at least one with pT ≥ 40GeV. Inspite of the strict cut
on the number of jets and on the transverse momenta, the majority of tt̄ events with exactly four
high-pT jets pass the cut as the jet transverse momenta lie above the thresholds in most cases (see
Figure 5.2). The physical background is most effectively reduced through the pT -cut on the third
and forth leading jet.

Events with more jets are discarded because it is significantly harder to assign the correct jets to
the W boson and top quark for these, which greatly increases the combinatorial background (see
Section 5.2).
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Figure 5.2: Transverse momentum of the four leading jets before cuts for signal and background
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In addition, exactly one isolated high-pT electron or muon is required, with a transverse momen-
tum of at least 20GeV and no jet within a cone of ∆R = 0.4 around the lepton, to exclude leptons
arising from weak decays in the parton shower.

For both leptons and jets only objects with |η| < 2.5 are taken into account. A cut on E/T ≥ 20GeV
and requirements on b-tags are very useful for background reduction but are omitted for the sce-
nario for early data (see Section 4.1.5).

5.1.2 Signal Efficiency and Background Suppression

Table 5.1 shows the cut efficiencies of the preselection cuts for the signal and background samples.

Sample N events After lepton cut After jet pT cuts

semileptonic tt̄ 11885 6958 2110
W → e +ν + Jets 37800 20483 869
W →µ+ν + Jets 11930 6160 943
W → τ+ν + Jets 22000 1561 183
W + bb̄ + Jets 1790 642 38
single top (s chan.) 120 66 2
single top (t chan.) 3430 1416 21
single top (wt chan.) 1430 639 82

Table 5.1: The number of events (scaled to 100 pb−1) in the signal and background samples before and after the
preselection cuts

The cuts effectively discriminate the background against the signal, but a significant part of the W
+ Jets background survives them. The single top quark production processes are well suppressed,
as are all other physics processes like W + bb̄ + associated jets.

5.2 Signal and Combinatorial Background

Once the signal is separated from the background the three out of the four high-pT -jets originat-
ing from the hadronic top decay have to be determined. Within such a triple two jets have to be
assigned to the hadronic W decay, and one to the b quark. The remaining fourth jet is considered
to be the other b quark jet from the leptonic part of the decay. Wrong jet assignments are called
combinatorial background, whereas the events with correctly assigned jets are labelled signal in
the following.

The truth information contained in the Monte Carlo samples, describing the top pair decay prod-
ucts in their final state as Lorentz vectors, can be used to determine if the jets have been assigned
to the right particles. For this purpose the geometrical distance ∆R =

√
∆Φ2 +∆η2 between the

Lorentz vectors of the reconstructed jet and the final state parton in the truth information is cal-
culated, and values below 0.4 are considered a match.

With four jets passing the preselection cuts, there are six possible 2-jet combinations that can be
assigned to the hadronically decaying W boson (because the two jets are interchangeable), and
two more possibilities to assign one of the remaining jets to the hadronic b quark. That gives
a total of 12 possible top quark reconstructions, of which only one is correct (labelled “correct
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assignment” in Table 5.2). If events with five jets were allowed in the preselection cuts, the number
of reconstrucions would even increase to 60 for those.

It should be noted that incorrect reconstructions can carry information, too: an event with only
correctly assigned W jets (“correct W jets, wrong top” in Table 5.2) is still perfectly useable for the
determination of the W boson mass, and an event with the right three jets assigned to the partons
from the top quark, but a wrong one for the b quark from the hadronic top decay (“correct top,
wrong W jets” in Table 5.2) gives the correct top mass but a wrong W mass.

Reconstructions in which the b quark jet from the leptonic top quark decay is assigned to a W-jet
form the rest of the combinatorial background (“other combinatorial background” in Table 5.2).

In addition to the wrong jet assignments described above, there is the possibility that a jet orig-
inating from initial or final state radiation passes the preselection cuts rather than a jet from the
top pair decay. This can happen if that jet is emitted very centrally in the detector and, as a con-
sequence, has a high transverse momentum. Another complication is that jets might alter their
direction significantly if a high momentum transfer occurs through final state radiation – that can
lead to a reconstructed jet with a geometrical distance to the Lorentz vector of its corresponding
truth particle of ∆R > 0.4 , and the reconstruction is considered wrong even if it is, in fact, correct.

Both these phenomena are indistinguishable in the analysis, and together amass to more than half
of the events (“not matchable” in Table 5.2) that pass the preselection cuts: Of the 2110 tt̄ events
only for 962 a reconstruction can be found that matches the truth information.

With 12 possible reconstructions per event, there are a total of 25320 reconstructions. The results
of a comparision of those with the truth information from the Monte Carlo samples are given in
Table 5.2.

Reconstruction N events (after cuts) % of total

correct assignment (W and top) 962 3.8%
correct W jets, wrong top 1318 5.2%
correct top, wrong W jets 3349 13.2%
other combinatorial background 4309 17.0%
not matchable 15382 60.8%

Table 5.2: Total number of possible reconstructions of the t̄t events (for 100 pb−1)

If the preselection requires one b-tag, the number of possible reconstructions is halved to six. With
two b-tags, only two possibilities to assign the jets remain. Hence b-tagging will greatly simplify
this step and remove a large part of the combinatorial background once it is usable.

5.3 Top Quark Reconstruction using Geometric and Kinetic Criteria

A strategy is needed to find the correct assignment for an event with high probability. The aim is to
achieve a good background reduction while maintaining a high signal efficiency. The conventional
methods for top pair decays in the semileptonic channel, described in this section, use geometic
or kinetic characteristics of the jets to reconstruct the event.
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5.3.1 Geometric Distance Minimisation

In the reference frame of the tt̄ system the top and antitop quark are emitted back to back, i.e. into
opposite directions. In the hadronic decay the two jets originating from the light quarks are, on
average, closer to each other (in terms of ∆R) than to the hadronic b quark jet. Even though the
pair is heavily boosted due to the high collision energy this fact allows for a jet assignment based
on the geometric properties of the event.

The geometric criterion translates directly into the value of ∆R. The 2-jet combination with the
smallest value of∆R is assumed to be the light quark jets from the hadronic W decay; the jet of the
remaining two that is closer to the vector sum of the light quark jets (i.e. the W boson) is likely to
be the b quark jet from the hadronic top decay. For the efficiencies achieved see Table 5.3.

Reconstruction N events (after cuts) % of total

correct assignment (W and top) 223 10.6%
correct W jets, wrong top 217 10.3%
correct top, wrong W jets 443 21.0%
other combinatorial background 406 19.2%
not matchable 821 38.9%

Table 5.3: Signal and combinatorial background after event reconstruction (∆R mimimisation)

5.3.2 Transverse Momentum Maximisation

A different but similar approach in terms of physics is to consider the two jets with the highest
combined pT (i.e. the transverse momentum of the vector sum) as the W boson and then select
the remaining jet that maximises the 3-jet transverse momentum as the hadronic b quark jet. The
selection efficiencies achieved with this method are listed in Table 5.4.

Reconstruction N events (after cuts) % of total

correct assignment (W and top) 167 7.9%
correct W jets, wrong top 209 9.9%
correct top, wrong W jets 476 22.6%
other combinatorial background 429 20.3%
not matchable 829 39.3%

Table 5.4: Signal and combinatorial background after event reconstruction (2-jet (W) pT maximised first, then 3-jet
(top) pT )

Alternatively it is possible to first choose the three jets with the highest combined pT as the hadron-
ically decaying (anti-)top quark and afterwards distinguish between light quark jets and the b
quark jet by looking for the 2-jet combination with the highest pT within those three jets. The
results are very similar to those from the method above, see Table 5.5.

A combination of∆R minimisation and pT maximisation is possible but does not lead to better se-
lection efficiencies; ∆R minimisation yields the best result. The overall signal selection efficiency
(i.e. purity times efficiency) for this method is 1.8%.
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Reconstruction N events (after cuts) % of total

correct assignment (W and top) 169 8.0%
correct W jets, wrong top 211 10.0%
correct top, wrong W jets 486 23.0%
other combinatorial background 413 19.6%
not matchable 831 39.4%

Table 5.5: Signal and combinatorial background after event reconstruction (3-jet (top) pT maximised first, then 2-jet
(W) pT )

5.3.3 Cuts

After reconstruction, the signal purity is increased by the application of appropriate cuts. Standard
cuts include a mass window for the W boson (80.4GeV±2 ·σW,σW = 10.4,GeV [32]) and a cut on
the invariant mass of the hadronic W boson and the leptonic b quark jet (> 200GeV) [33]. The
overall signal efficiency and purity for these cuts is shown in Table 5.6.

Cut/Reconstruction Efficiency W purity top purity top+W purity

preselection 17.73%
reconstruction (min. ∆R) 17.73% 20.9% 31.6% 10.6%
cut: W mass 8.47% 33.4% 40.6% 19.0%
cut: W + leptonic b invariant mass 5.92% 33.9% 47.9% 25.2%

Table 5.6: Signal efficiency and purity for the reconstruction

5.4 Top Quark Reconstruction using a Multivariate Analysis

A multivarate analysis can be used to separate the combinatorial background from the signal. For
this purpose all possible reconstruction candidates, i.e. the twelve possible assignment combina-
tions of the four high pT jets to form the hadronic W boson and the hadronic top quark, are eval-
uated by a classifier, which returns a score determining how “signal-like” the candidate is. Thus,
instead of choosing the appropriate reconstruction based on a single geometric criterion, several
aspects of the kinematics of the top pair decay can be taken into account.

Instead of cutting on specific values for kinematic variables after the reconstruction to increase
the signal purity, these variables can be used as an input for the classifier and in that way influ-
ence the decision on which reconstruction to select. The result is a higher signal efficiency with a
comparable purity.

5.4.1 Machine Learning and Classifiers

Classifiers are algorithms from the field of machine learning, a research area dealing with the au-
tomatic recognition of patterns and rules in data [34]. They attempt to classify an input object
as belonging to a certain predefined category. In experimental particle physics the usual set of
categories, used to classify events in a detector, only consists of signal and background.
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The methods introduced here are a form of supervised learning, where the patterns are deduced
from a set of training data. With this information the algorithms are trained, and from the patterns
recognised further events can be classified.

The events are described with a set of variables. These have to be relevant criteria in the distinction
between signal and background, and relatively few variables should be chosen for this purpose.
With a bigger set of input values the required amount of training data increases, and so does the
likelihood of overfitting.

Different classifiers achieve their common goal through different strategies [35]:

• Boosted Decision Trees (BDT) generate a set of decision trees from the training data,

• Artificial Neural Networks (ANN) form a multi-layered set of artificial neurons and connec-
tions between them,

• the K Nearest Neighbours algorithm (KNN) determines the class of the object from the clas-
sifications of its nearest neighbours in the multi-dimensional phase space,

• Support Vector Machines (SVM) construct a hyperplane in the phase space that maximises
the margin between signal and background in that space, and classifies new events accord-
ing to their position regarding that hyperplane using a linear or polynomial kernel.

Many more algorithms exist. The big advantage in the use of automated classification is that cor-
relations of the input variables can be taken into account, which is not the case in a cut-based
analysis.

The performance of classifiers is evaluated through cross-checks with more objects for which the
real category is known. For the purpose of distinguishing signal from background events the most
relevant criteria are signal efficiency and background reduction.

5.4.2 The Toolkit for Multivariate Data Analysis

TMVA, the Toolkit for Multivariate Data Analysis [36], is a package for the ROOT analysis frame-
work that provides training, testing, and evaluation for several multivariate classifiers including
KNN, BDT, MLP ANN and SVM. It is designed for, but not limited to, the use in high energy physics.
This analysis relies on the classifier implementations of TMVA.

5.4.3 Input Variables and Classifier Training

The input variables, or discrimination variables, used to train the classifiers and to evaluate the
events are supposed to replace the geometric criteria for the event reconstruction as well as the
post-selection cuts normally used to suppress the combinatorial background. All possible com-
binations of jet associations are formed and classified by TMVA. For the training stage the recon-
structions of a random subset of events from the Monte Carlo sample are used. The true class
(signal or combinatorial background) of those possible reconstructions is determined from the
Monte Carlo truth information as described in Section 5.2.
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Naturally the input variables are similar to those used in the reconstruction and for cuts:

• The W boson mass,

• the geometric distance ∆R between the light quark jets,

• the transverse momentum of the hadronic b quark jet in the 3-jet centre-of-mass frame,

• the balance of the energies of the W boson and b quark in the 3-jet centre-of-mass frame
and

• the ratio of the momentum over the mass of the top quark in the 3-jet centre-of-mass frame.

The normalised distributions for signal and background for these variables is shown in Figure 5.3.
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Figure 5.3: The input variables for TMVA with their distributions for signal and background

The first variable (w_Mass in Figure 5.3), the 2-jet mass of light quark jets from the hadronic W
decay, obviously peaks at the well known W mass if the right jets are selected. This replaces the cut
on the W mass.

Similar to the geometric reconstruction is the second variable (w_dR in Figure 5.3): The geometric
distance between the two light quark jets is smaller on average for the correct assignment.

Next, the two input variables that describe energies and momenta in the 3-jet centre-of-mass
frame are kinetic property of the two body decay of the top quark in its rest frame. With a top
quark mass of roughly 170GeV, a W mass of 80.4GeV and a much lower b quark mass, and the b
quark and the W boson emitted back to back, the transverse momentum of the b quark (b_Pt_CM
in Figure 5.3) peaks at ≈ 80GeV. Additionally, from energy conservation

Etop = EW +Eb

E 2
top = E 2

W +E 2
b +2EWEb
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follows, using the relativistic energy (in natural units where c = 1)

E 2 = m2 +p2

where m is the rest mass of the particle, and p its momentum:

m2
top +p2

top = m2
W +m2

b +p2
W +p2

b +2EW · (Etop −EW)

Using momentum conservation, pW = −pb , and the fact that the calculation is done in the rest
frame of the top quark (p top = 0, Etop = mtop) gives

m2
top = m2

b −m2
W +2EW ·mtop

EW =
m2

top +m2
W −m2

b

2mtop

and similarly

EB =
m2

top +m2
b −m2

W

2mtop

Here the term m2
b can be neglected as it is small, and for the ratio of the energies of the decay

products we have

Eb

EW
≈

m2
top −m2

W

m2
top +m2

W

which gives a value between 0.6 and 0.7 for values of mtop between 160GeV and 190GeV and mW =
80.4GeV. The energies and momenta in the 3-jet centre-of-mass frame are obtained through a
Lorentz re-boost, with the vector sum of the Lorentz vectors of the three jets used as the boost
vector, with opposite sign.

The last variable (top_Pt_over_Mass in Figure 5.3) is a replacement for the maximum-pT criterion.
While the absolute value of the top quark transverse momentum is not useful because the tt̄ pair
is heavily boosted with respect to the laboratory frame, it gains separation power when divided by
the 3-jet mass: The correct combinations tend to have a higher value for this ratio. This is a similar
statement to the one that the 3-jet combination with the highest combined pT is likely to be the
correct reconstruction, but expressed in a continuous variable that allows a better evaluation by
TMVA.

5.4.4 Classifier Performance and Output

Using the same events for both training and testing would lead to overly optimistic assumptions
for the achieved level of signal efficiency and background suppression, a phenomenon called over-
training or overfitting. To avoid this, a subset of the available events is not used to train but to test
the classifier response in order to assess the performance of the various classifiers.

The signal efficiencies achieved by the multivariate classifiers are plotted against the correspond-
ing background rejection in Figure 5.4.

The more sophisticated classifiers like the artificial neural network or Boosted Decision Trees per-
form better than simpler ones like Fisher discriminants, which can be seen in their superior back-
ground suppression for the same signal efficiency in Figure 5.4. The fact that a similar perfor-
mance can be achieved by a whole group of different classifiers indicates that the algorithms do
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Figure 5.4: Background rejection plotted against signal efficiency for different TMVA classifiers

not suffer heavily from overtraining and that the predicted level of background reduction and sig-
nal efficiency can actually be reached using real data as well.

The artificial neural network (MLP_ANN) yields the best results among the tested classifiers and
is used throughout the analysis. Its performance is shown in Figure 5.5. However, the achieved
maximum significance (the peak value of the green curve) is not the only important property of the
classifier: The signal efficiency (solid blue line) must not change drastically with the output value
because the performance should remain predictable when the kinematics of the events change
slightly, e.g. through a variation of the top quark mass or the Jet Energy Scale, which generally leads
to lower output values for signal events; the same holds for the level of backgrond suppression (red
curve). The MLP ANN classifier fulfills this requirement.

The signal purity is shown as the upper dashed blue curve in Figure 5.5. A high purity is desireable,
but the product of purity and efficiency (lower dashed blue curve) is a better measure to assess
the classifier performance because the number of signal events that pass the analysis (i.e. the
efficiency times number of events available for analysis) determines the statistical uncertainty.
Purity times efficiency is correlated with the significance.

Figure 5.5 is to be interpreted in terms of a cut off value, i.e. a minimum output value of the clas-
sifier. Only event reconstructions that return a higher score are kept. If the cut off is set at 0.0, the
signal efficiency is 50%, background reduction ca. 93% and signal purity ca. 40%. Signal purity
times efficiency is, consequently, at 20%, and the significance at value of 20.

A higher cut off value would, for example, increase the signal purity but reduce the signal effi-
ciency, leading to a lower significance. A lower cut off value would in turn improve the signal
efficiency at the cost of a lower background reduction. A compromise has to be found that best
fits the needs of the analysis. Note that all these values are dependent on the individual training
and have to be evaluated separately for different classifiers and different training data sets.

Choosing the cut off value replaces optimising the post-selection cuts described in Section 5.3.3
but is somewhat more convenient as a desired signal efficiency or purity can be achieved simply
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Figure 5.5: Background rejection, signal efficiency and significance plotted against the classifier output value for
the MLP ANN classifier

by requiring the classifier output to be above this threshold. For the analysis the cut off value has
been set to −0.3.

5.4.5 Event Weighting and Selection Efficiencies

The fact that the classifier returns a numeric value allows for two different strategies to weight the
candidates according to this score.

The first (and simpler) strategy is to take from every event the reconstruction that yields the highest
score, if that score is above the cut off threshold. That gives the most likely reconstruction and
discards events where no good reconstruction is possible, e.g. physical background and tt̄ events
where the wrong jets passed the pre-selection cuts (but some signal events, too). The results are
listed in Tables 5.7 and 5.8.

Reconstruction N events (after cuts) % of total

correct assignment (W and top) 394 25.2%
correct W jets, wrong top 58 3.7%
correct top, wrong W jets 181 11.6%
other combinatorial background 343 21.9%
not matchable 590 37.7%

Table 5.7: Signal and combinatorial background after event reconstruction with MLP ANN classification

Alternately it is possible to only reject the reconstructions with a score below the cut off value
and weight the remaining ones according to their score, which allows several different reconstruc-
tions per event to contribute to the analysis, smoothening the distributions for the 2-jet and 3-jet
masses. The weights should be normalised so that all the weights from passing event reconstruc-
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Cut/Reconstruction Overall efficiency W boson purity top purity

preselection 17.73%
TMVA reconstruction 13.16% 28.9% 36.8%

Table 5.8: Signal efficiency and purity for the reconstruction

tions from a single event add up to a total of one. However, as the classifier score is not a probabil-
ity, the weighting is arbitrary and non-linear, and the systematic errors caused by this are difficult
to estimate.

Tables 5.9 and 5.10 show the efficiencies and purities for the signal and combinatorial background
with this reconstruction method. They are inferior to the ones achieved with the simple selection
of the reconstruction (cf. Tables 5.7 and 5.8), which is thus used for the further analysis.

Reconstruction N events (after cuts) % of total

correct assignment (W and top) 363 22.1%
correct W jets, wrong top 52 3.2%
correct top, wrong W jets 194 11.8%
other combinatorial background 367 22.3%
not matchable 668 40.6%

Table 5.9: Signal and combinatorial background after event reconstruction with MLP ANN classification, event
weights from classifier output

Cut/Reconstruction Overall efficiency W boson purity top purity

preselection 17.73%
TMVA reconstruction 13.82% 25.2% 33.9%

Table 5.10: Signal efficiency and purity for the reconstruction, event weights from classifier output

5.4.6 Physical Background Reduction

Through the cut-off value in the multivariate analysis a part of the physical background is sup-
pressed. Table 5.11 shows the number of remaining events per sample that have a reconstruction
with a score above the threshold.

The physical background is reduced more strongly than the tt̄ sample, which is desirable. A sec-
ond, independent set of cuts or multivariate classification might improve the background reduc-
tion further.

5.5 Comparison of the Methods

The significance, defined as

S = NSp
NS +NB
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Sample N events Preselection TMVA

semileptonic tt̄ 11885 2110 1566
W → e +ν + Jets 37800 869 528
W →µ+ν + Jets 11930 943 559
W → τ+ν + Jets 22000 183 80
W + bb̄ + Jets 1790 38 24
single top (s chan.) 120 2 1
single top (t chan.) 3430 21 8
single top (wt chan.) 1430 82 65

Table 5.11: The number of events (scaled to 100 pb−1) in the signal and background samples before and after the
reconstruction and the cuts

where NS is the number of signal events and NB the number of background left events after the re-
construction and cuts, is a measure of quality of the data used for the mass measurement. To eval-
uate the different techniques used for the event reconstruction only combinatorial background is
considered here.

Signal is an ambiguous term here: For a measurement of the 3-jet mass of the hadronic top, it
is sufficient that the correct three jets have been assigned to the top quark, and the jets from the
hadronic W and b can be interchanged. The significance for this definition is labelled St. In con-
trast, St+W is used to describe the reconstructions where the jets have not only been correctly
assigned to the top quark, but to its decay products as well.

Reconstruction St St+W

min. ∆R 17.55 5.15
+ Cut: W mass 16.72 6.70
+ Cut: W + leptonic b invariant mass 17.61 7.73

TMVA (MLP ANN) 16.91 10.15

Table 5.12: The significance achieved with the different methods for the event reconstruction

As can be seen in Table 5.12, the TMVA analysis has a comparable significance to the geometric
reconstruction if St is used as a guideline. In contrast, if the focus lies on events where the jets from
the top quark decay have been assigned to the W boson and b quark correctly, the multivariate
analysis improves the result by over 30%.

This analysis relies on both a reconstruction of the top quark and the W boson, which makes a high
value for St+W desirable. As a consequence, the multivariate analysis is used for the measurement
presented in the next chapter.
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Chapter 6

Determination of the Top Quark Mass

After the events have been reconstructed the calculation of the top quark mass can be performed.
This is done for several different simulated top quark masses in this chapter. For an analysis of
early data a method is presented to determine the top mass even with a high uncertainty on the
Jet Energy Scale. An integrated luminosity of

∫
L dt = 100 pb−1 is assumed, and all diagrams in

this chapter are scaled appropriately and the statistical error limits are given in accordance.

6.1 The 3-Jet Invariant Mass

The invariant mass of the top quark is calculated relativistically from the energies Ei and momenta
p i of the three jets originating from its decay, which are measured in the hadronic calorimeter of
the ATLAS detector:

mtop = m3−jet =
√√√√(

3∑
i=1

Ei

)2

−
(

3∑
i=1

p i

)2

The invariant mass of the W boson is determined in a similar manner by taking the two light quark
jets into account only.

The left diagram in Figure 6.1 shows the distribution of the 3-jet mass, with the reconstruction
done using the multivariate analysis with TMVA, for the Monte Carlo sample with mtop = 172.5GeV,
including all relevant background processes except for QCD multijet production. The red area de-
scribes the events for which the hadronic top quark and W boson were reconstructed correctly;
green, blue, yellow and grey are the various types of combinatorial background as explained in
Section 5.2. The region below (pink, brown, blue) represent the physical background from single
top production and the W + Jets processes.

On the right side in Figure 6.1 a fit function is plotted that approximates the distribution. For
the physical and combinatorial background a superposition of two Landau curves is used (brown
and grey curves), and the signal is modelled with a Gaussian (red curve). The fit is not perfect:
the physical background is slightly overestimated, especially in the bins that represent a low 3-jet
mass, and the signal peak is slightly shifted towards lower masses. However, the sum of the two
Landau curves approximates the sum of physical and combinatorial background well, and this

39
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Figure 6.1: The 3-jet mass for the central mass point, including physical and combinatorial background (left) and
the fit function to approximate the distribution (right)

model is useful as it uses relatively few parameters (three per curve) and can be used over a wide
range of top mass points and JES deviations.

When fitted with this set of functions, the 3-jet mass peak is located at

m3−jet = 168.5GeV±2.5GeV(stat.)

with the error stemming from the statistical uncertainties that limit the precision of the fit func-
tion. The error bars in the right diagram in Figure 6.1 represent those statistical uncertainties, i.e.
the square root of the number of events in each bin as expected for 100 pb−1. The fact that the 3-jet
mass is below the simulated top quark mass, even considering the error limits, can be attributed
to final state radiation and its lowering effect on the jet energies, and to systematic effects of the
event selection process.

All fits are performed with the MINUIT [37] package for the ROOT framework [24], using a χ2-
minimisation.

6.2 Variation of the Simulated Top Mass

The Monte Carlo samples for the semileptonic tt̄ decay, listed in Section 4.4.1, are used to test the
ability of the analysis to reconstruct different top quark masses. This is important to verify that
the classifier does not only select events and reconstructions with the 3-jet mass used for training
(172.5GeV) but is actually useful for a mass measurement.

The 3-jet mass distributions for mtop = 160GeV and mtop = 180GeV are shown in Figure 6.2. The
larger statistical fluctuations arise from a smaller Monte Carlo sample size, and for the higher sim-
ulated top quark mass from the lower tt̄ production cross section.

Evidently the combinatorial background, especially the grey and yellow areas, changes its shape
and peak value only slightly with an alternating top mass. That suggests that it does not contain
relevant information about the top quark mass and should be treated separately from the signal
region, e.g. with a separate Landau curve in the fit to approximate the data as described in Section
6.1. The reconstructed 3-jet masses for the different top – anti-top samples is thus only obtained
from the peak of the Gauss part of the fit function; the results for the different simulated mass
points are listed in Table 6.1 with their statistical errors as determined by the fit algorithm. Once
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Figure 6.2: The 3-jet mass for simulated top quark masses of 160 GeV (left) and 180 GeV (right)

again the effect is visible that the measured 3-jet mass is generally lower than the simulated top
quark mass.

Simulated mtop [GeV] Reconstructed m3−jet [GeV]

160 157.5±2.7
170 163.3±3.1
172.5 168.4±2.5
180 173.1±2.8
190 181.9±2.1

Table 6.1: Simulated and reconstructed top quark masses (with statistical errors) for the different t̄t Monte Carlo
samples

It should be noted that not only the tt̄ production cross section changes with mtop, but also the
event kinematics. As a consequence the number of events available for analysis and the signal
efficiency of the classifier are different for the alternating simulated mass points. The data listed
in Table 6.2 shows that while the cross section is higher for lower values for the top mass, the
efficiency of the cuts and the reconstruction is inferior to that for the central mass point. Towards
higher top quark masses the lower cross section and resulting low number of events becomes
increasingly problematic, leading to higher statistical errors. For low masses, in particular for the
mtop = 160 GeV sample, the selection efficiency decreases because the jets have lower transverse
momenta, meaning that fewer events pass the preselection cuts. Additionally some kinematic
properties, e.g. the energy balance, differ from the events used to train the classifier, which leads
to a lower efficiency of the artificial neural network used to choose the jet assignments.

6.3 3-Jet to 2-Jet Mass Ratio

The precision of the 3-jet mass measurement presented in Sections 6.1 and 6.2 depends heavily
on the Jet Energy Scale (see Section 4.1.3). Its systematic errors will probably be the biggest source
of uncertainty on the top quark mass in an analysis with early data.

The fact that the mass of the W boson is well known through various measurements at different
experiments – it is currently given by the Particle Data Group (PDG) as mW,PDG = 80.398±0.025GeV
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Simulated mtop N events N events after preselection NS after reconstruction

160 GeV 17000 2950 441
170 GeV 12700 2329 441
172.5 GeV 11900 2110 394
180 GeV 9600 1850 369
190 GeV 7300 1432 247

Table 6.2: Number of events for the different t̄t samples; NS is the number of signal (i.e. correctly reconstructed)
events

[2] – is a chance to work around the uncertainties on the JES. This mass can be used to calibrate
the top quark mass measurement by calculating

mtop = m3−jet

m2−jet
·mW,PDG

instead of just using mtop = m3−jet. m2−jet is the measured invariant mass of the reconstructed
hadronic W boson, calculated from the energies and momenta of the two light quark jets from the
W decay. Because those jets are also included in the computation of m3−jet, uncertainties in their
measurement cancel out. The calculation can either be performed on a single event basis, or for
the peaks of the summed up distributions of all events.

Several different aspects of the Jet Energy Scale have to be considered: Random, statistical de-
viations due to a limited resolution, systematic scaling, and an additional correction factor for b
quark jets. The statistical deviations are dealt with using a high number of events, but this method
provides a chance to cancel out the errors when used per event; a linear scaling of the JES, possi-
bly from final state radiation, should cancel out completely; the correction factor for b-quark jets
cannot be determined or cancelled out with this calculation.

6.3.1 Event-By-Event Rescaling

The first way to implement the calibration of the top mass measurement with the W boson mass
from the PDG is to perform it on a per event basis: The ratio of the 3-jet and 2-jet masses is mul-
tiplied by mW,PDG for every single event, and the resulting histogram can be directly evaluated to
find the top mass.

With this procedure statistical fluctuations in the light quark jet energy measurement cancel out
to a certain degree for the individual events as the mass of the W boson is part of the calculated
top quark mass. That leads to a higher precision when so few data are available that the individual
events have to be evaluated rather than their statistical distributions.

However, this approach has a big drawback when used with the event reconstruction and selection
described in Section 5.4: The multivariate analysis focuses very much on kinetic criteria, e.g. the
energy balance of the decay products, which causes the distribution of mtop/mW to peak around
the same values for signal and background. This makes a fit to determine the mass very difficult,
as can be seen in Figure 6.3.
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Figure 6.3: The ratio mtop/mW, multiplied with mW,PDG, for simulated top masses of 160 GeV (left) and 180 GeV
(right)

6.3.2 Re-calibrating the Top Quark Mass Peak

It is also possible to first find the peaks for the W boson and top quark masses in the histograms
containing all events that passed the cuts or the TMVA evaluation. The rescaled top mass then
becomes

mtop = mtop,peak

mW,peak
·mW,PDG.

One advantage of this approach is that the events in the combinatorial background, where the
right three jets for the top quark were selected, but the wrong subset for the W boson was chosen,
are still perfectly useful to determine the top mass peak; events with a correct reconstruction of
the W boson only can still be used to find the W mass. With the event-by-event rescaling described
in Section 6.3.1, these events broaden the top peak and have to be treated as combinatorial back-
ground.

The method requires fits for the distribution of the 3-jet mass for the top quark and the 2-jet mass
for the W boson. The latter suffers from the same problem that occurred in Section 6.3.1: m2−jet

for the physical and combinatorial background peaks around the W mass and is not flat (see Fig-
ure 6.4). That is an unavoidable consequence of the event selection and reconstruction where the
identification of the jets that originate from W boson decay through geometric and kinetic prop-
erties plays a crucial role.

However, the peaks for the W mass are narrow, and the combinatorial background is slightly lean-
ing towards 2-jet masses lower than 80.4GeV regardless of the simulated top quark mass. An ap-
proximation with a superposition of a broader Gauss curve for the background and a narrower
Gauss distribution for the signal approximates the data well, as shown in Figure 6.5. Here, too,
the resulting values for m2−jet are lower than the simulated W boson masses, for the same reasons
described in Section 6.1 for the 3-jet mass.

The reconstructed W boson masses are listed in Table 6.3. A dependency on the simulated top
mass is visible, leading to lower reconstructed W masses for lower simulated top quark masses.
This can be attributed to the event selection process which takes the energy balance in the top
quark decays into account.
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Figure 6.4: The distributions of the 2-jet mass of the reconstructed hadronic W boson, for simulated top masses of
160 GeV (left) and 180 GeV (right)
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Figure 6.5: The distributions of the 2-jet mass of the reconstructed hadronic W boson, for a simulated top mass of
172.5 GeV (left); approximation with Gauss + Gauss fit (right)

6.4 Variation of the Jet Energy Scale

With an artificial scaling of the jet energies the systematic effect of a linear scaling factor on the
JES can be simulated. That tests the stability of the analysis against such systematic effects, and
therefore the usefulness of the calibration of the measurement with the W mass. Variations in the
range between −10% and +10% are simulated in 5%-steps.

6.4.1 Impact on the Selection Efficiencies

As for the different top mass points, the selection efficiencies vary with the JES scaling. The impact
is smaller than that of the top mass variation because properties like the energy balance in the
event do not change significantly. With higher jet energies more events survive the preselection
cut on the transverse momenta of the leading jets. The numbers of events after the preselection
and reconstruction are listed in Table 6.4.
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Simulated mtop [GeV] Reconstructed m2−jet [GeV]

160 75.3±1.6
170 76.6±1.1
172.5 77.1±1.2
180 78.6±1.1
190 78.1±1.4

Table 6.3: Reconstructed W boson masses (with statistical errors) for the different t̄t Monte Carlo samples

JES scaling N events N events after preselection NS after reconstruction

-10% 11900 1914 364
-5% 11900 2021 382
±0% 11900 2110 394
+5% 11900 2176 403
+10% 11900 2225 398

Table 6.4: Number of events after cuts and reconstructions for the t̄t sample with mtop = 172.5 GeV with different
simulated JES scaling factors; NS is the number of signal (i.e. correctly reconstructed) events

6.4.2 Results for the 2-jet and 3-jet Masses

The effect of a linear scaling of the Jet Energy Scale on the 3-jet mass distribution is shown in
Figure 6.6. Higher jet energy scales lead to broader peaks, lower energy scales to lower statistics.
Even if the individual functions fail to match the combinatorial and physical background, respec-
tively, in the low 3-jet mass region, the sum of the two Landau curves still approximates the total
background well.

The five tt̄ Monte Carlo samples are each analysed with all of the scaling factors of the JES, per-
forming the fits on the 3-jet and 2-jet masses as described above. The results are listed in Tables
6.5 and 6.6 and plotted in Figures 6.7 and 6.8. The value on the y-axis is the reconstructed mass, the
different colours represent the different top quark mass points. The error bars show the statistical
uncertainties only, scaled to

∫
L dt = 100.

Simulated mtop [GeV] JES -10% JES -5% JES ±0 JES +5% JES +10%

160 139.9 ± 3.5 147.6 ± 3.7 157.5 ± 2.7 162.8 ± 2.8 170.2 ± 2.5
170 148.9 ± 2.1 156.6 ± 2.9 163.3 ± 3.1 172.3 ± 2.9 178.3 ± 2.7
172.5 154.3 ± 2.2 160.9 ± 2.1 168.4 ± 2.5 176.4 ± 2.3 184.5 ± 3.5
180 158.4 ± 2.8 164.8 ± 2.4 173.1 ± 2.8 180.8 ± 2.5 189.3 ± 2.2
190 166.6 ± 2.7 174.3 ± 2.6 181.9 ± 2.1 192.0 ± 2.6 197.2 ± 2.6

Table 6.5: Reconstructed 3-jet masses (in GeV, with statistical errors) for the different t̄t Monte Carlo samples and
JES variations

An important property of the analysis is visible in Figure 6.7: The reconstructed 3-jet mass scales
linearly (within the error limits) with a variation of the Jet Energy Scale for each of the simulated
top mass points, and the analysis keeps its ability to reconstruct different top masses as described
in Section 6.2.
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Figure 6.6: The distributions of the 3-jet mass for JES scaling of -10% (a) and +10% (b) and the fits used for
approximation for a simulated top mass of 172.5 GeV

The linear dependence on the JES is also visible for the 2-jet mass plotted in Figure 6.8. The effect
is again visible that lower simulated top masses result in lower reconstructed W masses due to
the event selection process, as described in Section 6.3.2, especially for the sample with mtop =
160 GeV.

Simulated mtop [GeV] JES -10% JES -5% JES ±0 JES +5% JES +10%

160 67.3 ± 1.0 71.1 ± 1.1 75.3 ± 1.6 77.9 ± 1.5 81.9 ± 1.1
170 68.7 ± 0.9 72.3 ± 0.9 76.6 ± 1.1 80.7 ± 1.2 84.8 ± 1.3
172.5 70.2 ± 0.9 73.0 ± 1.1 77.1 ± 1.2 80.8 ± 1.4 84.9 ± 1.3
180 71.1 ± 1.0 74.4 ± 1.0 78.6 ± 1.1 82.4 ± 1.1 86.0 ± 1.2
190 71.0 ± 1.2 74.6 ± 1.4 78.1 ± 1.4 82.8 ± 1.3 85.6 ± 1.9

Table 6.6: Reconstructed 2-jet masses (in GeV, with statistical errors) for the different t̄t Monte Carlo samples and
JES variations
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Figure 6.7: The 3-jet mass for different mass points and JES variations
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Figure 6.8: The 2-jet mass for different mass points and JES variations

6.4.3 Results for Top Quark Mass

With the analysis behaving as expected under an altered Jet Energy Scale, the value of the re-scaled
top mass mtop = m3−jet

m2−jet
·mW,PDG can be calculated for each combination of the top mass and JES

variations. The results are shown in Table 6.7 and Figure 6.9.

Generally the statistical errors are higher than for the 3-jet mass because the errors from both fits
(i.e. on the 2-jet and on the 3-jet mass) have to be taken into account. Although the errors for
the signal events are correlated (but not fully correlated as the energy of the b quark jet is only in-
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Figure 6.9: The final results for the top masses for the different mass points and JES variations

Simulated mtop [GeV] JES -10% JES -5% JES ±0 JES +5% JES +10%

160 167.1 ± 4.9 166.9 ± 4.9 168.2 ± 4.6 168.0 ± 4.3 167.1 ± 3.3
170 174.3 ± 3.4 174.1 ± 3.9 171.4 ± 4.1 171.7 ± 3.9 169.0 ± 3.6
172.5 176.7 ± 3.4 177.2 ± 3.5 175.6 ± 3.8 175.5 ± 3.8 174.7 ± 4.3
180 179.1 ± 4.0 178.1 ± 3.5 177.1 ± 3.8 176.4 ± 3.4 177.0 ± 3.2
190 188.7 ± 4.4 187.9 ± 4.5 187.3 ± 4.0 186.4 ± 3.9 185.2 ± 4.8

Table 6.7: Reconstructed top quark masses (in GeV, with statistical errors) for the different t̄t Monte Carlo samples
and JES variations with rescaling applied

cluded in the 3-jet mass), this cannot be assumed for the combinatorial and physical background –
after all, the shape of the background is approximated with different curves for m2−jet and m3−jet.
Because the background is significantly higher than the signal region, the overall correlation is
expected to be small; hence, as a conservative estimate, uncorrelated errors are assumed here.

In contrast, a big part of the systematic errors cancels out in the calculation, namely the linear
scaling of the JES and a possible bias towards lower or higher top quark masses from the event
selection and reconstruction processes.

6.5 Calibration Curve for the Top Quark Mass Result

For the sample with mtop = 160 GeV, the reconstructed masses are generally around 8 GeV too high.
This is a result of the fit for the W mass being too low as described above. On the other end of the
spectrum, the mass is reconstructed too low for high simulated masses. This systematic effect,
mainly caused by the selection of events, of the analysis can be compensated with a calibration
curve for mtop. The reconstructed mass for the different simulated mass points, averaged over all
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JES variations, are listed in Table 6.8. For the errors on these average masses it has been taken into
consideration that the errors in Table 6.7 are correlated.

Simulated mtop [GeV] average reconstructed mtop [GeV]

160.0 167.4 ± 4.2
170.0 172.2 ± 3.8
172.5 176.1 ± 3.8
180.0 177.4 ± 3.6
190.0 187.1 ± 4.2

Table 6.8: Reconstructed top quark masses (in GeV, with statistical errors) for the different t̄t Monte Carlo, averaged
over the JES variations

Figure 6.10 shows these average values plotted against the simulated mtop, and a linear function
to approximate the data. This function is

mreco = 147.7GeV+0.63 · (mtrue −172.5GeV)

where mreco is the top quark mass found in the analysis with the method described above, and
mtrue the true top quark mass (the simulated mass for the Monte Carlo study). The final calibration
function is then

mtrue = 1.59 ·mreco −104.8GeV.

The statistical error on the reconstructed mass before the calibration is increased by the factor of
1.59, the slope of the calibration function. With an average value of 3.9 GeV from Table 6.8, the
total statistical uncertainty is

(∆mtop)stat = 6.2GeV.

or 3.6% for the central mass point.

A conservative estimate of the remaining systematic error on the Jet Energy Scale is half of the
maximum distance between two reconstructions (for different JES scaling factors) of the same
simulated mass point. This is, for the sample with mtop = 170 GeV,

(∆mtop)JES = 174.3−169.0

2
GeV = 2.7GeV,

corresponding to a relative uncertainty of 1.6%.

6.6 The Effect of B-Tagging on the Measurement

The most promising feature to reduce both the combinatorial and the physical background is b-
tagging. Once reliable algorithms are in place the b-tags can be used to effectively suppress W +
Jets and QCD multijet events, and to make the event reconstruction easier. B quark jets are not
assigned to the light quarks from the W decay, so the number of possible assignments is reduced
to six when one jet is b-tagged and to two when both b quark jets are tagged.
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Figure 6.10: Average reconstructed top quark mass for the different JES scaling factors, plotted against the simu-
lated value

At the time of writing no physical background Monte Carlo samples with enabled b-tagging were
available for a simulated centre-of-mass energy of 10 TeV. But it can be estimated that the domi-
nant background process, W + Jets, will be reduced by a factor of about 50-100 when two b-tags
are required [32, 38], and by a factor of about 20 with a requirement of at least one b-tag [38].

Regarding the reduction of the combinatorial background, the signal efficiency and purity achieved
with a cut on one b-tag and two b-tags, respectively, are listed in Table 6.9. Here a b-tagging effi-
ciency of about 40% is assumed.

b-tags efficiency (preselection) efficiency (preselection + TMVA) top + W purity

0 17.7% 13.2% 25.2%
1 11.3% 7.1% 43.1%
2 2.8% 1.3% 65.8%

Table 6.9: Efficiency and purity of cuts on b-tags for the t̄t sample with mtop = 172.5 GeV

The impact on the combinatorial background is instantly visible in Figure 6.11. For one b-tag, the
signal peak is now by a factor of about 3 higher than the combinatorial background, for two b-tags
this value increases to about 7. A much more precise fit is thus possible.

However, more data is needed for the higher statistical uncertainty, caused by the lower selection
efficiency, not to outweigh the benefits of a clearer tt̄ signal. In particular, a cut on two b-tags
will only make sense once several hundred pb−1 of data were taken at ATLAS. Requiring at least
one b-tagged jet might improve the results of the measurements once the tagging algorithms are
commissioned, even with only 100 pb−1 of data, because the higher signal purity compensates for
the lower efficiency. It has to be considered, though, that the use of b-tagging introduces new
systematic uncertainties yet unknown.
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Figure 6.11: Distributions of the 2-jet (left) and 3-jet mass (right) with a requirement of at least one b-tag (a) and
two b-tags (b) for a simulated mtop of 172.5 GeV; t̄t processes only, no physical background; scaled to 100 pb−1

6.7 QCD Multijet Background

Even though no detailed Monte Carlo study can be performed on the QCD multijet background
(see Section 4.3.3), a qualitative estimate of its shape and height can be given. For this purpose
Monte Carlo sample from private production are used [30, 39], with a simulated fake rate for elec-
trons (i.e. the probability that a jet is misinterpreted as an electron) of about 1‰. The events were
produced for a centre-of-mass energy of

p
s = 14 TeV; the influence of a lower beam energy on the

shape and cross section of the background has yet to be studied. The distribution of the 3-jet mass
for the QCD multijet events and the tt̄ events for the sample with mtop = 172.5 GeV (at

p
s = 10 TeV)

are shown in Figure 6.12.

Note that the uncertainty on the fake rate is high, and that the Monte Carlo statistics is not suf-
ficient to allow for a quantitative analysis of the QCD multijet background. Nevertheless it is ap-
parent that the distribution of the 3-jet mass in the QCD sample is similiar to that of the W + Jets
sample, so QCD multijets can be included in the Landau fit for the physical background. The back-
ground reduction is sufficient for an early analysis, even without the use of b-tagging. Efforts to
estimate the QCD multijet background and its influence on the top quark mass measurement will
be made once the experiment is running, using real data.
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Figure 6.12: The distributions of the 3-jet mass for t̄t signal and QCD multijet background
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Conclusion

When the Large Hadron Collider (LHC) will start colliding protons later this year, a first run of data
taking at a centre-of-mass energy of 10 TeV (which will be increased to 14 TeV at a later stage) is
planned to yield an integrated luminosity of

∫
L dt = 200 pb−1. With a production cross section

for top pairs of about 400 pb the LHC can be considered a “top quark factory” even at the lower
beam energy in the first months, and will thus provide a great opportunity to study top quark
physics.

With the first collisions at the LHC, the ATLAS detector will begin its operation as well. Naturally
the commissioning and calibration of all its components will take some time to complete, and in
the mean time high systematic uncertainties have to be assumed for the measurements.

This study shows that even under the conditions of the first run of the LHC a rediscovery of the
top quark and an early determination of its mass is still possible. For this purpose a scenario with
relatively low statistics (

∫
L dt = 100 pb−1) and an uncertainty of 10% on the most important mea-

surement – the jet energies and momenta – is considered; more sophisticated features of ATLAS
detector, like bottom quark jet tagging and the determination of the missing transverse energy, are
omitted as their performance for early data is unknown.

To meet the challenge of low statistics, together with the high combinatorial background that
arises from the difficulties of the event reconstruction without the use of b-tagging, an artificial
neural network is used for the jet assignments in the reconstruction to achieve a better signal effi-
ciency and background suppression than possible when relying on kinematic and geometric cuts.
That way the signal significance is raised by over 30%.

The determination of the top quark mass is performed in the semileptonic decay channel. The
masses of the W boson and top quark from the hadronic decay are determined separately as the
2-jet and 3-jet masses, respectively. To cancel out a possible scaling factor on the jet energies and
momenta in early data, the top quark mass is rescaled with the W boson mass given by the Particle
Data Group, mW,PDG = 80.4 GeV [2]. This is accomplished by calculation of mtop as

mtop = m3−jet

m2−jet
·mW,PDG.

As a final step a calibration curve for mtop is given to compensate for systematic effects of the
event selection and reconstruction process. The resulting uncertainty on the top quark mass when
determined with this procedure, assuming an uncertainty of 10% on the Jet Energy Scale (JES) and
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an integrated luminosity of 100 pb−1, is

∆mtop

mtop
=±3.6%(stat)±1.6%(JES).

The statistical uncertainty outweighs the systematic uncertainty on the JES; in effect, for the first
run of the LHC, the limiting factor on the precision of the measurement will be the amount of data
taken rather than the calibration of the Jet Energy Scale. However, the influence of other sources
of systematic uncertainty, for example the cross section of the QCD multijet background and the
electron fake rate, has to be estimated once the experiment is running.

It can be concluded that, in this scenario, a first measurement of the top quark mass is indeed
possible with the first data taken at the ATLAS detector, and a precision of about 4% is achievable.
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