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Abstract

This thesis is concerned with experimental investigations of properties of the top
quark and processes involving this particle. In the first part of the thesis, the first
determination of the electric charge of the top quark is presented. The measure-
ment was made using top quark pair events produced in proton-antiproton collisions
recorded by the DØ detector at the Fermilab Tevatron. It is based on the recon-
struction of the charge of the top quarks decay products from the dominant decay
to a W boson and a b-quark. The method uses a jet charge algorithm, calibrated
with data, to discriminate between b- and b̄-quark jets. A constrained kinematic fit
is also performed to resolve the ambiguities of the pairing of the top quark decay
products and to extract the top quark electric charge. The result is in good agree-
ment with the Standard Model top quark electric charge of 2e/3 and an upper limit
of 0.8 at 90% confidence level on the fraction of exotic quarks with charge 4e/3 in
the data sample is obtained.

The second part of the thesis concerns the estimation of the top quark pair
background to searches for new physics, such as supersymmetry, with the ATLAS
experiment at the CERN Large Hadron Collider. These searches will require a
robust estimation of standard model backgrounds in order to make any claims of
discovery or to exclude models of new physics. For searches with a final state
signature characterized by two isolated charged leptons, multiple jets and large
missing transverse energy the largest source of background is expected to be top
quark pairs with leptonic decay of the two W bosons from the top quarks in the
event. A data-driven method to estimate this contribution based on full kinematic
reconstruction of the top quark pair events is studied using simulated proton-proton
collisions. It is shown that the method is capable of estimating the top quark pair
background to within 12% using data corresponding to approximately 1 fb−1. The
systematic uncertainty is of the order of 20% and, depending on the model, the
contamination of signal events can potentially be large.

Key words: experimental particle physics, particle physics, standard model
tests, dzero experiment, fermilab tevatron, top quark, electric charge, atlas experi-
ment, cern, large hadron collider, supersymmetry.
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Contents 1

About this Thesis

This thesis is based on work carried out on two different experiments, the DØ
experiment at Fermilab (Batavia, Illinois, USA) and the ATLAS experiment at
CERN (Geneva, Switzerland). The first part of the thesis presenting the first
determination of the top quark charge is published in the paper:

DØ Collaboration, V. M. Abazov et al., ”Experimental discrimination
between charge 2e/3 top quark and charge 4e/3 exotic quark production
scenarios”, Phys. Rev. Lett. 98 (2007), 041801.

The second part concerns studies of top quark pair background to new
physics at ATLAS using simulated pp collisions and is presented in the CERN
report:

ATLAS Collaboration, ”Supersymmetry searches with ATLAS at the
LHC”, ATL-COM-PHYS-2008-063 (2008).

The thesis starts with an introduction to elementary particle physics, the stan-
dard model and physics beyond it. The description of the main work in this thesis,
the first determination of the electric charge of the top quark, is presented after a
brief overview of the accelerator facilities and of the DØ detector. Last part of the
thesis presents the simulation study of a method adopted to estimate the top quark
pair background to new physics at the ATLAS experiment at CERN.

The Author’s Contribution

In this thesis the result of my work at the DØ experiment at Fermilab between
February 2004 and Winter 2006 is presented. As soon as I arrived at Fermilab I
quickly started working in the top quark group with a feasibility study to determine
the possibility and the amount of data needed for a determination of the electric
charge of the top quark. At the time, the top quark charge had not been measured
and the measurement was considered difficult due to the low statistic sample of top
quarks obtained so far.

From the beginning I got the responsibility of the entire analysis, which was
developed through intense collaboration with Dr. Christophe Clément and Dr.
David Milstead. At the start, most the largest part of the work was devoted to
study various jet charge algorithms and their optimization as described in Sec. 6.3.
In Autumn 2004, I was able to show that a measurement was within reach with
the data that had been collected during this period and the work was accelerated
towards forming a full analysis. During Winter 2004 and Spring 2005 most of



2 Contents

my work went into defining and validating the jet charge calibration discussed in
Sec. 6.4. In addition, time was spent to identify and study various sources of sys-
tematic uncertainties. Based on the result of the top quark pair cross section, the
top quark electric charge measurement was first presented as a preliminary result
at the Particles And Nuclei International Conference in October 2005 (PANIC05).
During Winter 2005 and Spring of 2006 I worked mostly on refining the data cali-
bration method but also on developing the method of a simultaneous measurement
of the fraction of exotic quarks in the sample. The result was submitted to Physical
Review Letters for publication in the Autumn of 2006 and published early in 2007
as a featured article.

During 2005, I was involved in studies of the jet reconstruction efficiency and en-
ergy calibration, especially studying the out-of-cone radiation correction described
in Chapter 5. In the Spring of 2006 the DØ detector was upgraded, extending the
silicon vertex detector with an additional layer allowing for an improved tracking
of charged particles. I was responsible for upgrading and developing one aspect of
the online software displaying the silicon tracking detector status.

From January 2007 I became an active member of the ATLAS collaboration
starting with studies of extracting electron trigger efficiencies from data. This
helped me to learn the software framework and to get a feeling for the ATLAS
detector which was new to me. Collaboration with colleagues from Stockholm
University, in particular Dr. Jörgen Sjölin and (before mentioned) Dr. Christophe
Clément who had interests in top quark analyses in the dilepton final state, led me
to join the SUSY working group in studies of top quark pair background for new
physics with a similar signature. Another group led by Dr. Vadym Zhuravlov was
working on a similar method, this led us to collaborate around this method. I have
been responsible for all the details of the analysis and developed the methods in
collaboration with Vadym. All technical work going into this thesis, including all
plots and figures unless otherwise stated, have been produced by myself.
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Particle physics is the study of fundamental particles and their interactions.
During the 20th century a wide range of discoveries with quantum mechanics as
the foundation have changed the way physics at the smallest scale is interpreted.
Today, theories describing the smallest constituents are quantum field theories with
local gauge invariance which naturally incorporate the interaction between the fun-
damental constituents which are interpreted as quantum fields. During the last
decades, a theory known as the standard model of particles and interactions, has
gradually grown and gained increased acceptance based on the successful descrip-
tion and predictions of particles and interactions from the latest experiments. The
standard model incorporates all known fundamental particles which are the quarks,
the building blocks of atomic nuclei, and the leptons, including for example the
electron. It describes the interaction between these particles through the three
fundamental forces of nature; the electromagnetic-, weak- and strong force.

The standard model has been tested to a very high precision and has also
predicted the existence of new fundamental particles that have sub-sequently been
discovered. To this date there is no undisputed test that have violated the standard
model prediction. However, the heaviest quark, the top quark, was discovered only
a decade ago and many experimental parameters related to the top quark sector are
still poorly known. In particular, until a few years ago the top quark electric charge,
a fundamental parameter characterizing the particle, had not yet been measured.

The successes and shortcomings of the standard model highlight one of the
most important aspects of particle physics, experimental verification or tests of
hypotheses. There are various ways of doing such tests. Historically it has been
proven that one of the most profitable way is to use particle colliders. One such
collider is the Fermilab Tevatron in Batavia, Illinois, USA shown in Fig. 1. The
Fermilab Tevatron is, at the time of writing, the highest energy collider in the world
in operation and accelerates protons and antiprotons to 99.99995% of the speed of
light in a 6 km long tunnel, before bringing them to head-on collisions at two
specified points along the circular ring inside the two large detector experiments,
DØ and CDF. The collision energy of almost 2 TeV allows to probe and test the
structure of the standard model and its interaction as well as searching for new
physics beyond it. The Fermilab Tevatron is to date the only place in the world
where direct production of top quarks is possible and it naturally plays a key
role in the physics program. Since the discovery, the improved accelerators and
detectors have provided larger data sets of top quark events, allowing the top quark
physics program to move from a discovery phase into measurements of the top quark
properties. In this thesis, data from the DØ experiment is analyzed to make the
world’s first determination of the electric charge of the top quark, a fundamental
quantity characterizing a particle and an important test of the standard model.

Despite the enormous success of the standard model it is not considered to
be the end story of particle physics. The most obvious flaw is that it does not
include gravity, the fourth force of nature, which is very weak at microscopic scales
compared to the other forces. Although gravity is tested and understood under the
theory of general relativity at large distances, little is known about any quantum
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Figure 1. An aerial view of the Fermilab accelerator facility showing the 6 km radii
Tevatron (top circle) and the associated complex of injection accelerators.

theory of gravity at extremely high energy, far beyond the reach of current colliders,
where gravity becomes important. The importance of finding such a microscopic
description goes back to the quest of finding a theory of everything; a Grand Unified
Theory which incorporates all known forces and particles in one single theory. There
are other strong motivations why the standard model is not the final theory. One
is that the mechanism in which particles in the model acquire mass has not been
experimentally verified. In the standard model, masses are generated through the
interaction with the hitherto not discovered Higgs boson [1; 2; 3]. The search
for the Higgs boson has been one of the hottest topics in particle physics since
its prediction some decades ago. Other flaws considered to be problems for the
standard model is the large number of free parameters in the model and that the
apparent matter-antimatter asymmetry observed in the Universe is not explained
satisfactorily. Other cosmologically important problems is that there is no prime
candidate to explain the observed Dark Matter (and Dark Energy) in the Universe.

To address these issues, the Large Hadron Collider (LHC), presently under
commissioning, has been constructed at the European Center for Nuclear Research
(CERN) on the French-Swiss border close to Geneva. The CERN LHC is a circular
proton-proton collider being built in a tunnel approximately 100 m below ground.
Protons are accelerated to 7 times the energy reached at the Fermilab Tevatron
and brought to collide at four specified points along the 27 km long ring, opening
up a completely unexplored energy regime. The increased energy and particle
interaction rate compared to the Fermilab Tevatron will make the CERN LHC a
discovery machine.

One of the most popular extension to the standard model is supersymmetry
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which introduces a symmetry between fermions and bosons and postulates the
existence of a supersymmetric partner for each standard model particle. Super-
symmetry is popular since it naturally takes care of several of the shortcomings
of the standard model. The expected low Higgs boson mass is by many consid-
ered to be unnatural in the standard model due to the large quantum corrections
to its mass that have to be cancelled. In supersymmetry this cancellation oc-
curs naturally. In a Grand Unified Theory, one expects that the three forces (the
electromagnetic-, weak- and strong force) unify at high energy which is indicated
in supersymmetry but not with the standard model alone. Another interesting
property of supersymmetry is that it naturally provides a dark matter candidate.
Generally, if supersymmetric particles exist at a mass scale reachable by the CERN
LHC, these particle should be produced numerously. However, this is not enough
to discover them since the large majority of collisions will result in known standard
model processes such as top quark pair production requiring sophisticated analysis
methods to distinguish a signal caused by supersymmetric particles from the stan-
dard model backgrounds. The second part of this thesis is a method-study of a
way to estimate the top quark pair background to searches for exotic physics such
as supersymmetry.

The thesis is outlined as follows: Chapter 1 gives an overview of the standard
model, focusing on the the top quark sector, and one possible extension of the
standard model, supersymmetry. The accelerator facilities are described in Chap-
ter 2. The remaining part of the thesis is then divided into two parts separating
the work done at Fermilab and that carried out at CERN. Starting with the Fer-
milab related work, the motivation and experimental environment are described in
Chapter 3. The DØ detector and object reconstruction are described in Chapter 4
and 5 respectively. The analysis to determine the electric charge of the top quark
follows in Chapter 6. Moving to the simulation studies at CERN, an introduction
to the expected experimental environment is presented in Chapter 7 with Chap-
ter 8 describing briefly the ATLAS detector followed by the an overview of the
reconstruction and simulation in Chapter 9. The study of a data-driven method to
estimate the tt̄ background to new physics is given in Chapter 10.
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Chapter 1

The Standard Model and

New Physics

The standard model is an attempt to describe all phenomena of particle physics
where quarks and leptons make up matter and bosons mediate the forces. It includes
the description of three out of four forces of nature; the electromagnetic-, weak-
and the strong interaction. Gravity, which is extremely weak compared to the
other three forces, is not included. In this section a brief overview of the standard
model is given. The particle content and the interactions are introduced to set the
top quark electric charge measurement presented in this thesis into context. The
section ends with a short summary of the simplest supersymmetric model which is
used as a benchmark signal in the background studies with ATLAS presented in
the last part of the thesis. For a good general introduction of elementary particle
physics the reader is recommended to consult [4]. For a summary of the standard
model there are several good reviews such as Ref. [5] and for an introduction to
supersymmetry, see e.g. Ref. [6; 7; 8].

9
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Symbol Name Mass Charge
(MeV) (e)

Quarks u up 2.3 +2/3
(spin=1/2) d down 6 −1/3

s strange 95 −1/3
c charm 1250 +2/3
b bottom 4200 −1/3
t top 172.6 × 103 +2/3

Leptons νe electron neutrino < 0.003 0
(spin=1/2) e electron 0.511 −1

νµ muon neutrino <0.19 0
µ muon 105.7 −1
ντ tau neutrino <18.2 0
τ tau 1777.0 −1

Gauge bosons γ photon 0 0
(spin=1) g gluon 0 0

W W 80403 ±1
Z Z 91187.6 0

Higgs boson H Higgs > 114 × 103 0
(spin=0)

Table 1.1. The standard model particles with their electric charges and their
approximate masses [9]. The Higgs boson is yet to be observed and a lower limit on
the mass of the Higgs boson of 114 GeV has been obtained from direct searches [10].

1.1 The Particle Content

All matter particles are spin-1/2 fermions and there are two distinct types: six
quarks and six leptons. These particles are arranged in three generations, each
containing one electron-like and one neutrino-like particle together with an up- and
down-type quark. Normal matter consists only of particles from the first generation,
the up- and down quarks forming protons and neutrons in the atomic nuclei and
the well-known electron.

The forces in the standard model are associated with the exchange of spin-1
bosons. The electromagnetic- and strong interaction are mediated by massless
bosons; the photon for the electromagnetic- and the gluons for the strong inter-
action. The weak interaction has a very short range, indicating that the spin-1
bosons mediating this force, the charged W± and neutral Z0, are massive. The
matter particles and force carriers are listed in Tab. 1.1.

Mathematically, the standard model is a quantum field theory described by a
Lagrangian. The exact form of the interactions can be inferred from postulating
local gauge invariance, meaning that the theory should not change given a specific
transformation locally at each point in space and time. In order not to spoil this
invariance, new gauge fields coupling to the matter particles and give rise to the
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interactions are introduced and are identified with the spin-1 force mediators (hence
the name gauge bosons) mentioned above.
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1.2 Electroweak and Strong Interactions

The standard model incorporates interactions between matter particles described
by the exchange of vector bosons. The electromagnetic interaction is described
by the exchange of massless photons which couple to everything with a non-zero
electric charge and a strength proportional to the magnitude of the charge.

The weak interaction is a short range interaction due to the large mass of theW±

and Z that mediates the charged and neutral weak interactions, respectively. The
weak interaction is maximally parity violating, i.e. it couples only to left-handed
particles, but observation has shown that right-handed neutral currents do occur
in nature. It was however shown that the electromagnetic- and weak interaction
could be unified and that the neutral current is actually a specific combination of the
electromagnetic- and weak interaction. For the quarks, the weak interaction only
mediates transition within each family. In nature, the mass states of the down-type
quarks (d,s,b) can be described as a mixture if the three quarks, whose magnitude
is described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix [11; 12]:





d′

s′

b′



 =





Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb





CKM





d
s
b



 (1.1)

The transition between quarks i and j through the exchange of a W± boson is
proportional to the CKM-matrix element Vij

1.
During the 1950’s a small explosion of discoveries of new short-lived particles

occurred. It was shown that the properties of these new particles could neatly be
simplified and categorized if they were built out of smaller point-like particles with
fractional charges called quarks [14]. For some time the quarks were merely con-
sidered as mathematical objects before experiments in the beginning of the 1970’s
scattering high energy electrons off protons revealed an analogous behavior as the
famous Rutherford experiments, indicating point-like sub-structure of the proton.
The particles or hadrons are built from combination of spin-1/2 quarks; the mesons
and the baryons which consists of two and three quarks, respectively. The discovery
of the ∆++ baryon with spin-3/2 that was explained by the combination of three up
quarks led to an apparent symmetric combination of wave functions. This obvious
violation of Paulis principle for fermions (that of total anti-symmetric wave-function
under the exchange of identical fermions) was rescued by introducing a new quan-
tum number of the quarks, color, which could take three values; usually denoted
red, green and blue. Today, the quark model is part of what is known as quantum
chromodynamics (QCD) describing the strong interaction. In QCD all hadrons are
postulated to be color neutral or color singlets and each quarks come in three col-
ors. The baryons are built from three quarks with different colors which makes the
combination color neutral and the mesons are built from quarks in a color-anticolor
state. In addition to these so-called valence quarks, gluons splitting to a dynamic

1It should be noted that a similar mixing is suggested for the neutrino sector after the evidence
of a small neutrino mass [13].
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sea of quark and antiquark pairs that are constantly created and annihilated, also
contribute and share fractions of the hadron momenta. The force-carrying particle
is the massless gluon that couples to color. The strong interaction is different com-
pared to the electromagnetic interaction in that self-interaction among the gluon
fields is allowed. This has very important implications and leads to two of the
central results of QCD; confinement and asymptotic freedom. The strength of the
interaction is governed by the strong coupling constant which, despite its name,
has the fundamental feature that it decreases with larger momentum transfers of
the process being calculated. This “running” of the strong coupling constant is a
central result of QCD and is characterized by a scale Λ (which is not given by the
theory and is measured by experiments to be around 0.3 GeV), sometimes called
the QCD scale. Λ can be interpreted as a parameter that indicates at which scale
the coupling constant becomes large. The conclusion of the running coupling in
the strong interaction is that at scales larger than Λ quarks and gluons interact
weakly and can be considered quasi-free and the scale Λ marks the boundary at
which the quarks and gluons become strongly interacting. This property of the
strong interaction is called asymptotic freedom and is the reason why perturbation
theory can be applied in high energy experiments involving strongly interacting
particles [15; 16]. Conversely, when the scale is close to or below Λ, the quarks and
gluons order themselves in strongly bound clusters, hadrons, due to the increasing
strength of the coupling constant. At this point perturbation theory is not a useful
concept and this confinement property is the other important feature of QCD which
explains why no free quarks can be observed. In the experiments that is discussed
later in this thesis, the hadron colliders the Fermilab Tevatron and the CERN
Large hadron collider (LHC), the asymptotic freedom of QCD allows the experi-
ment to use perturbative calculations as the starting point for the simulation. The
confinement property of QCD requires models based on phenomenological mod-
els at energy scales where strongly interacting hadrons are formed. This process,
known as fragmentation, involves pulling out quark-antiquark pairs from the vac-
uum, forming a collimated beams of hadrons called jets (models of fragmentation
including the decay of the particles are known as hadronization models). Two such
models used extensively in the simulation programs in this thesis are the string [17]
and cluster fragmentation model [18; 19] that are part of the PYTHIA [20] and
HERWIG [18; 19] event generator programs.
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1.3 The Standard Model Top Quark

The top quark, of which discovery was announced around a decade ago by the
DØ and CDF experiments [21; 22], is the partner to the bottom quark in the
weak isospin doublet in the standard model. The existence of the top quark was
expected since the discovery of the bottom (b) quark in 1977 implied the existence
of a further quark to complete the quark sector with a three generation structure.
The existence of the top quark was also hinted from precision measurements of
electroweak observables. This section describes the current experimental status of
the discovered quark. The first direct studies of the top quark were performed
at the pp̄ collider Fermilab Tevatron in Illinois, USA, which remain ,at the time
of writing, the only top quark factory in the world. Due to the limited number
of top quarks observed so far, many of its properties are less well experimentally
determined than those of other known quarks. However, most existing results are
consistent with the particle possessing the quantum numbers of the standard model
top quark [9].

There are several reasons why the top quark is interesting in the framework of
the standard model and possible physics beyond it:

• The top quark production and decay properties are poorly known and provide
important tests of the standard model at the Fermilab Tevatron.

• The short lifetime of the top quark implies that it decays before it has time
to form hadrons and is thus the only quark that decays essentially as a free
quark.

• The top quark mass is an important parameter in precision electroweak fits
and can thus constrain contributions to standard model observables from
theoretical models of physics beyond the standard model [23].

• The top quark may have special dynamics related to new particles beyond
the standard model due to its large coupling to the Higgs boson as will be
discussed in Sec. 1.4.

• The large mass of the top quark, its decay modes and the large production
cross section at higher energies implies that top quark production will be the
principal source of background to searches for physics beyond the standard
model at the CERN Large Hadron Collider (see Sec 2.2).

1.3.1 Production of the Top Quark

Evidence for the direct production of top quarks was first obtained by the DØ and
CDF collaborations via the measurement of top quark pair (tt̄) production pro-
cesses. The strong interaction is the dominating production mechanism via quark
annihilation and gluon fusion shown in Fig. 1.1. The proton and antiproton carry
the same longitudinal momentum pp

z before the collisions at the Fermilab Tevatron
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Figure 1.1. Lowest order Feynman diagrams for the top quark pair production at
the Fermilab Tevatron.

and the individual parton2 i in the (anti)proton carries a fraction xi = pi
z/p

p
z of the

(anti)proton momentum. The top quark pair production cross section can be fac-
torized into a hard (short range) scattering cross section between two constituents of
the (anti)proton that is calculated in perturbative QCD. The long range interaction
is taken into account by integrating over the so-called parton distribution functions
(PDF’s) which represents the probability of finding a parton with momentum frac-
tion xi in the (anti)proton [24]. These PDF’s are universal (at a specific scale) and
determined by fits to experimental measurements from several experiments [9]. The
minimum value of x required for production of top quarks, xmin, is determined from
the available center-of-mass energy in the hard scatter that has to be larger than the
invariant mass of the top quarks. At the Fermilab Tevatron xmin ∼ 2mt/

√
s ≈ 0.18

and at the CERN Large Hadron Collider xmin ≈ 0.025. This difference explains
why the qq̄ → tt̄ dominates (85%) at the Fermilab Tevatron and gg → tt̄ and the
CERN Large Hadron Collider since the gluon distribution functions dominates at
lower x i.e. the probability of finding a gluon carrying a momentum fraction x
of the (anti)proton [25; 26]. The top quark pair production cross section in the
standard model the Fermilab Tevatron is calculated to be ≈ 7 pb [27; 28].

Single Top Quark Production

In addition to the strong production of top quarks in pairs, electroweak production
of single top quarks is possible. The total single top quark cross section is calculated
to be 4.7 pb. For further details, see Ref. [27; 28].

2Partons are a common used notation for the constituents of a hadron; quarks and gluons.
Historically it is related to the evidence of a substructure of the proton discovered in the 1970’s.
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1.3.2 Decay of the Top Quark

In the standard model the top quark is predicted3 to decay to a W+ boson and
a b-quark with a branching ratio of larger than 0.999 [9]. The large decay width
expected (≈ 1.5 GeV) corresponds to a lifetime of around 5×10−25 s. This lifetime
is shorter than the corresponding time for forming hadrons and thus no bound states
with t or t̄ are formed and the top quark decays essentially as a free quark [29].

Experimental Signature of tt̄ Production

Since the top quark decays almost exclusively through t → Wb, the final state of
the top quark pair production can be characterized by the decay of the two W
bosons. The W boson decays leptonically via W → `ν with ` = e, µ, τ with a
branching fraction of ≈ 11% each or to hadrons (qq̄) with a branching fraction of
≈ 67%. The decay modes of the W bosons are reflected in the experimental search
channels:

• All jets channel

Both W bosons decay hadronically into qq̄ pairs and the final state is charac-
terized by two b-quark jets and at least four jets from the hadronization of the
qq̄ pairs. No significant missing transverse energy is expected. This channel
has the largest branching fraction but suffers from large multijet backgrounds.

• Lepton-plus-jets channels

One W boson decays hadronically and the other leptonically. The final state
is characterized by two b-quark jets, at least two jets from the qq̄ pair, one
charged lepton and significant missing transverse energy due to the neutrino
from the leptonically decaying W boson. This decay chain provides a clean
signature of a single isolated lepton with high transverse momentum and large
missing transverse energy. Together with the large branching fraction this
channel is most promising for measurements of top quark properties. This
channel is also referred to as e+jets and µ+jets separately depending on the
flavor of the charged lepton or tt̄→ bb̄qq̄`ν and `+jets collectively.

• Dilepton channels

Both W bosons decay leptonically. The final state is characterized by two b-
quark jets, two charged leptons and large missing transverse energy. This
channel has an excellent signal-to-background ratio but suffer from small
branching fractions. Also referred to as tt̄ → bb̄`ν`ν or ``+jets. This is
the dominant background in the search for new physics with a signature of
two isolated leptons, multiple jets and missing transverse energy at the CERN
Large Hadron Collider.

The top quark pair decay channels and their branching ratios are summarized in
Fig. 1.2. Figure 1.3 shows a schematic view of a µ+jets event. Additional jets can

3Assuming only three families and unitarity of the CKM flavor mixing matrix introduced in
Sec. 1.2 |Vtb| ' 1.
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Figure 1.2. Schematic view of the characterization of the top quark pair decay
channels and their branching fractions [30].
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Figure 1.3. A sketch of a tt̄ →µ+jets event at the Fermilab Tevatron [30].

be produced in all channels due to initial (ISR) and final state radiation (FSR).

The determination of the electric charge of the top quark presented in Chap-
ter 6 uses the tt̄ → bb̄qq̄`ν signature and the tt̄ background study to new physics
presented in Chapter 10 is concerned mostly with the tt̄ → bb̄`ν`ν process. In
summary, the main feature of a tt̄ → bb̄qq̄`ν event is the presence of one charged
isolated lepton with high transverse momentum, a neutrino with comparable mo-
mentum giving rise to a significant missing transverse energy and several jets in-
cluding two jets originating from b-quarks. The tt̄→ bb̄`ν`ν is characterized by two
charged isolated leptons with large transverse momentum, large missing transverse
energy from the two neutrinos and at least two jets arising from the hadronization
of b-quarks.

Note that the leptonically (meaning here electron or muon) decaying tau are
included in the tt̄→ bb̄qq̄`ν and tt̄→ bb̄`ν`ν channels due to its similar experimental
signature.

1.3.3 Experimental Tests of the Top Quark Properties

The first part of this thesis presents the first determination of the electric charge of
the top quark. Measurements of the top quark properties is an active field with the
ever larger datasets collected at the Fermilab Tevatron, allowing for more precise
and sometimes first measurements to be carried out. Below is a selection of a
few interesting measurements related to the top quark to put the electric charge
measurement presented in this thesis into context.
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Figure 1.4. The tt̄ production cross section measured by the DØ collaboration as
of Summer 2008. The figure contains both published and preliminary results [32].
The notation of the different measurements is explained in Sec. 1.3.2 (except the
`+track channel which is similar to the dilepton channel but requiring a lepton and
an islolated track). The vertical band depicts the theoretical cross section and its
uncertainty calculated using a top mass of 175 GeV, and the variation when using
another set of PDF’s (see Sec. 1.3.1).

Top Quark Pair Production Cross Section

Both DØ and CDF have measured the tt̄ production cross section. It is extracted
by counting the number of observed events, estimating the number of background
events and measuring the integrated luminosity (taking into account the accep-
tance). Any abnormal top quark decay such as t→ H+b can result in a lower cross
section than predicted by the standard model. A higher than expected cross section
would hint at new unknown production mechanisms with examples in Ref. [31].

Hitherto, all direct measurements of the tt̄ production cross sections are in
agreement with the standard model. Figure 1.4 shows the measured cross sections
in various decay channels from the DØ collaboration as of Summer 2008. The full
list of cross section measurements at the Fermilab Tevatron can be found in [9].
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Evidence for Single Top Quark Production

Evidence for single top quark production was reported in December 2006 [33], al-
most twelve years after the discovery of the top quark pair production. Due to
higher backgrounds and lower cross section sophisticated analysis techniques in-
cluding (Bayesian) Neural Networks, Boosted Decision Trees and matrix element
analyses has been developed and used. DØ combines three different analysis tech-
niques to obtain a single top cross section of 4.7 ± 1.2 pb [34] and CDF measures
2.1± 0.7 pb [35]. From the cross section measurements it is also possible to extract
a direct measurement of the CKM matrix element |Vtb| (see Sec. 1.3.2) and DØ
extracts 0.68 < |Vtb| < 1 at 95% confidence level.

Top Quark Mass

The top quark is heavier than any other elementary particle found so far and
the mass of the top quark have been measured to the best relative precision of
all the quarks. Combining the results from both experiments at the Fermilab
Tevatron, the world-average top quark mass measurement ismt = 172.6±0.8(stat)±
1.1(sys) GeV. More information on the techniques and results from the top quark
mass analyses can be found in [36]. The precision electroweak measurements from
e.g. LEP and SLD can be used to make an in-direct prediction of the top quark
mass. The result, 173+13

−10 GeV, is consistent with the direct measurements [23].

Top Quark Decay Branching Ratio

Within the standard model the dominant decay mode for the top quark is t→W+b
(see Sec. 1.3.2). The coupling between the top quark and the other quarks in the
standard model is determined by the CKM matrix elements Vtx where x = b, s, d [11;
12]. The t→W+d and t→W+s decay modes are suppressed by the square of the
mixing matrix elements. The prediction of the branching ratio

R =
B(t→Wb)

B(t→Wq)
, (1.2)

implies a test of the standard model prediction 0.9980 < R < 0.9984 . DØ and
CDF measures R = 0.97+0.09

−0.08 and R = 1.12+0.27
−0.23 respectively in good agreement

with the standard model [37; 38].

Other Measurement of the Top Quark Properties

The increasing datasets of tt̄ events at the Fermilab Tevatron has allowed for the
experiments to move from a discovery phase to a stage where attributes of the top
quark are beginning to be probed with high precision. This is also illustrated by
the latest few years increase in number of property measurements. Up to now, no
measurement is in disagreement with the standard model top quark prediction and
a condensed summary of a few property measurements is outlined below.
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New physics has been searched for in the dominant top quark decay vertex
t→W+b where the helicity of the W boson is sensitive to anomalous contributions
from new physics beyond the standard model. By studying the angular distribution
of the W boson decay products with respect to the top quark direction, DØ and
CDF measures the fraction of W bosons with longitudinal helicity to be consistent
with the standard model [39; 40]

Due to its large mass there are various physics models beyond the standard
model in which the top quark plays a central role. In these models, a heavy particle
decaying to tt̄ can be produced with cross sections large enough to be visible at
the Fermilab Tevatron and the CERN Large Hadron Collider, e.g. [41; 42; 43] .
The DØ and CDF collaborations have found no evidence for narrow-width peaks in
the tt̄ invariant mass spectrum, which would have indicated the production via an
intermediate particle, and excludes masses of such states up to 725 GeV [44; 45; 46].

Searches for non-standard model decays of the top quark has also been inves-
tigated at the Fermilab Tevatron. One example is the existence of a more com-
plicated Higgs sector (discussed in Sec. 1.4) which could allow the top quark to
decay into charged Higgs boson. No evidence for such exotic decays have been
found [47; 48; 49].

In the standard model, flavor changing neutral current are extremely rare due
to the structure of the weak interaction. In many models beyond the standard
model, flavor changing neutral currents can be amplified (e.g. [50; 51]) and CDF
have searched for such top quark flavor changing neutral currents (t → qZ and
t→ qγ)[52].

In the standard model the top quark lifetime τt is constrained to be less than
10−24s. Since the lifetime is related to the inverse of the width, the first experimen-
tal limits on the top quark lifetime have been obtained from both measurements
by the CDF collaboration. The lifetime cτt, where c is the speed of light, is con-
strained to be less than 52.5µm from measurements of the distance between the
pp̄ production point and the production vertex of the lepton from the t → W → `
decay (52 µm corresponds to τt ∼ 1.7×10−13s) [53]. A lower limit of τt > 5×10−26s
on the lifetime is extracted from the measurements of the width [54].

The production of tt̄ events at the Fermilab Tevatron is expected to be closed to
charge symmetric (5-10%) which has been investigated by counting the number of
tt̄ pairs that are produced with positiv and negative difference in rapidity [55; 56].

The top quarks in tt̄ pairs produced from unpolarized incoming particles in qq̄
annihilation are expected to be unpolarized. However, their spin is expected to be
highly correlated with a higher fraction of events in which the spins are aligned
rather than anti-aligned. DØ measured the spin correlation in a low statistics
sample in the first top quark datasets collected between 1992-1996 and found no
deviation from the standard model prediction[57].
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Figure 1.5. The form of the Higgs potential showing the circle of minimum points
at a given radius ν.

1.4 The Higgs Mechanism

One of the fundamental principles of the theories describing the successful stan-
dard model is the requirement that the theory should be invariant or unchanged
under the so-called local gauge transformations. If one applies these ideas to the
electromagnetic- and strong interaction it predicts massless gauge bosons as re-
quired from observations. However, this is a large problem when applying the same
principle to interactions which are mediated by gauge bosons with large mass, such
as the weak interaction with masses of the order of 100 GeV for the W± and the Z.
It turns out that any attempt to insert mass terms for these gauge fields renders
the theory meaningless or in more technical jargon, unrenormalizable.

The way to generate the mass of a particle without breaking the gauge invariance
in the standard model is known as the Higgs mechanism. It is based on postulating
the existence of a new doublet of complex scalar fields which is invariant under
gauge transformations and interact with a potential of the specific form shown
in Fig. 1.5. The important property of this potential is that in order for it to
reach its minimum, at least one component has to be non-zero (since the field is
a doublet it contains four field components φi where the minimum fulfills φ2

1 +
φ2

2 + φ2
3 + φ2

4 = ν2). In order to obtain an electrically neutral vacuum, the real
component of the neutral Higgs partner in the doublet is chosen equal to ν and the
rest of the components equal to zero and thus effectively breaking the symmetry of
the potential. Expanding the field around this minima effectively generates mass
terms for the vector gauge bosons as required. Out of the four degrees of freedom
introduced by the complex doublet of scalar fields, three have been turned into the
needed longitudinal polarization of the three massive vector gauge bosons W+, W−

and the Z. One of the fundamental predictions of this way of generating the masses
of the vector gauge bosons is that the last degree of freedom results in the existence
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Figure 1.6. Constraints on the Higgs boson mass as a function of the W and the
top quark mass (left) and the quality of the fit to the standard model electroweak
parameters as a function of the mass of the Higgs boson (right) [23; 36].

of a massive scalar particle, the Higgs boson. It should be noted that the value of
ν can be extracted from measurements of the properties of the gauge bosons but
the Higgs mass cannot be inferred this way.

The search for the Higgs boson has since its prediction become one of the most
pressing quests in particle physics. The present best direct experimental limits
on its mass comes from the LEP experiments excluding a Higgs mass lower than
114 GeV at 95% confidence level [10].

In the framework of the standard model the experimental precision results
together with exploitation of theoretical relationships allow for an overall fit of
the unobserved parameters and thus predicting the probable values. An exam-
ple of a successful prediction was the mass of the top quark which is predicted
to be 173+13

−10 GeV from electroweak measurements mainly from LEP [23] before
its discovery 1995. The top quark, too heavy to be produced directly at LEP,
contribute to precision observables of the Z boson properties from quantum loop
corrections involving virtual top quarks. The simultaneous fit of the Higgs bo-
son mass gives much looser constraints due to the logarithmic dependence on the
Higgs mass. Today, using the direct best mass measurements of the top quark,
mt = 172.6 ± 0.8(stat) ± 1.1(sys), the Higgs bosons mass upper limit is about
160 GeV, see Fig. 1.6.

The standard model gives no satisfactory answer why electroweak symmetry
breaking should occur at the energy scale of ν ∼ 102 GeV. The other energy scale
that is important in elementary particle physics is the Planck scale at ∼ 1018 GeV.
The reason why these mass scales are so different is also known as the hierarchy
problem. This fact is related to a problem that arises when calculating quantum
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corrections to the Higgs boson mass. It turns out that corrections to the Higgs
boson mass is proportional to a cut-off parameter, Λ, and a mass counter-term [6].
The cut-off parameter represents the scale at which new physics is expected to play
an important role. Assuming that there is no new physics between the electroweak-
and Planck scale, Λ must be of the order of the Planck scale and so is the size of
the quantum corrections. On the other hand, if the standard model Higgs boson
is to avoid unitarity violation in WW scattering, its mass must be less than ∼
1 TeV [5; 58]. This implies that for the Higgs boson mass to come out below
∼ 1 TeV, the mass counter-term has to balance the radiative corrections to 1 part
in 1016. This is by many theorists considered to be an unsatisfactory fine-tuning.
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1.5 Beyond the Standard Model

The standard model has been tested to a very high precision and has been suc-
cessful in predicting and explaining the experimental results in the energy range
probed so far. Nevertheless, there is a widespread consensus that the standard
model cannot be the definite theory describing the microscopic phenomena in our
universe. In addition to the fact that there is no experimental evidence of the Higgs
mechanism (and the unsatisfactory fine-tuning) the standard model has other flaws
considered by many to be problems. Some of them are summarized below (for a
larger discussion on the deficiencies of the standard model see e.g. [59]).

The standard model does not incorporate gravity and is thus bound to fail to
describe phenomena at energy scales of order of the so-called Planck scale (MP =
1018 GeV) where gravity becomes equal in strength to the other three forces of
nature described by the standard model. It can therefore not be the ultimate
theory of nature.

Another argument is that the standard model has many free parameters that has
to be determined from experiments which is by many regarded as unsatisfactory.
Examples of free parameters are the fermion masses that are connected through so-
called Yukawa couplings to the Higgs field only after electroweak symmetry breaking
and is not predicted by the theory.

The latest cosmological measurements indicates that only 4% of the energy
density of the universe is explained by so-called baryonic matter which is part of
the standard model. The rest of the energy density is accounted for by dark matter
(23%) and dark energy (73%) [60; 61; 62] for which the standard model offer no
good explanation[ref].

Other problems related to the large scale structure of the universe is that the
standard model cannot explain the apparent matter-antimatter asymmetry ob-
served in our universe[ref:matterantimatterasymmetry].

The defects of the standard model mentioned above are all good motivation for
searching for physics beyond the standard model and to construct theories that can
help solve these issues. One of the popular ideas are theories with extra dimen-
sions [63]. In these theories gravity is allowed to propagate into an extra dimension
which would explain why the gravitational force is so much weaker than the other
forces of nature and in this way circumvent the hierarchy problem. Theories like
Technicolor [31; 64; 65] explain the electroweak symmetry breaking by introducing a
new strong dynamics of particles similar to QCD which become strongly interacting
at the electroweak scale.

The most popular theory beyond the standard model is supersymmetry which
postulates a symmetry between fermions and bosons. For each fermion there exist
a partner with the same internal quantum number, mass,etc. but with a spin that
differs by a half and vice versa for bosons. Supersymmetry has many interesting
attributes. Contributions to quantum corrections to the Higgs boson mass for mas-
sive scalars (spin-0) have the exact opposite effect compared to fermions. With
the existence of exactly one scalar partner for each fermion in supersymmetry, the
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fine-tuning of the Higgs mass is naturally canceled. Supersymmetry is also inter-
esting from the more fundamental argument of searching for a theory describing
the strong-, weak- and electromagnetic interaction as a single force at some higher
scale. Such theories grand unified theories (GUTs), suggests that supersymmetry
should exist in order to explain the couplings of the standard model at electroweak
scale [66]. Even though gravity is much weaker, a unification of the these three cou-
plings would be a step towards unification of all forces of nature, including gravity,
in a single theory such as string theory[stringtheory]. Using the best measurements
of the coupling constants of the three interactions and calculating their evolution
to different energy scales it can be shown that in supersymmetric models the uni-
fication of couplings is greatly improved compared to the standard model [67].

Another attractive feature of supersymmetry is that it normally provides a good
candidate to explain the observed dark matter in the universe [68; 69].

So far, no evidence for supersymmetry or supersymmetric particles has been
observed. None of the particles in the standard model can be superpartners of
each other as every fermion has a baryon number or lepton number while bosons
do not. Therefore if supersymmetry exists it has to be a broken symmetry where
the masses of the supersymmetric partners of the standard model particles are
large and thus out of reach for direct production in todays experiments. However,
the cancellation of the quadratic divergences in the quantum corrections to the
Higgs mass(that was one of the main motivations for introducing supersymmetry
in the first place) is only natural of the fermions and bosons have similar masses
|m2

Fermions−m2
Bosons| . 1 TeV2 which is considered to be one of the best motivation

for why supersymmetric particles should exist at energies of ∼ 1 TeV [7]. This
energy range will be probed at the CERN LHC and is the subject of the second
part of this thesis where background to such signals have been studied.

1.5.1 The MSSM and mSUGRA

The simplest supersymmetric model can be constructed by using the same group
structure as the standard model and introducing the minimal amount of new par-
ticles which turns out to be exactly a doubling of the particle spectrum of the
standard model. This model is known as the minimal supersymmetric model or
MSSM. As discussed above, supersymmetry relates particles of different spin, but
with all other characteristics the same which implies that it is a broken symmetry.
For each standard model fermion there is a superpartner with spin-0. The super-
partners of the fermions of the standard model are called squarks and sleptons
with e.g. the electron having a superpartner called selectron. The gauge bosons of
the standard model have spin-1/2 superpartners which are distinguished by adding
an ’ino’ to the standard model particle name, collectively called gauginos. An ex-
ample is the superpartner of the photon (W ) which is called photino (Wino) and
so on. The superpartners of the neutral Higgs (higgsinos) and electroweak gauge
bosons mix to form neutral physical mass states called neutralinos. It turns out
that adding only one doublet of fermion fields h̃1 as superpartner of the standard
model Higgs doublet discussed in Sec. 1.4 leads to serious inconsistencies in the the
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Name Physical (mass) state Sparticles Particle Comment
Squarks q̃R,q̃L q̃R,q̃L qR,qL q = u, d, s, c, b, t

Sleptons ˜̀
R,˜̀L,ν̃`

˜̀
R,˜̀L,ν̃` `R,`L,ν` l = e, µ, τ

Charginos χ̃±
1 ,χ̃±

2 w̃±,H̃± W±

Neutralinos χ̃0
1,χ̃

0
2,χ̃

0
3,χ̃

0
4, b̃,W̃ 0,h̃0

1,h̃
0
2 Z,γ,H

Gluino g̃ g̃ g

Table 1.2. The particle content of the MSSM showing the physical states which
are mixtures of the superpartners to the standard model particles [6]. The b̃ and
W̃ 0 are the superpartners of the neutral charged bosons in the unified electroweak
interaction of the standard model that are combined to form the photon and Z boson
of the electromagnetic- and weak interaction, respectively.

theory. The only way to avoid this incompatibility is to add another Higgs doublet
(h̃2) which also turns out to be crucial for generating masses for all quarks and
charged leptons [70]. After electroweak symmetry breaking there are five physical
Higgs particles (out of which two are charged) where there is a relatively low the-
oretical upper limit on the lightest neutral Higgs mh . 150 GeV. Similarly the
superpartners of the charged gauge bosons and the charged Higgs particles mix to
form charge ±1 charginos. The specific mixing is determined by the chosen model
parameters which determines the relative contributions to the physical states and
hence, their properties. Left- and right-handed fermions can in general mix to form
two physical mass states ˜̀

1,2 where the mixing depends on the fermion masses and
are small for the two first families. Depending on the model parameters, the mixing
can be large for the third family allowing the t̃1, τ̃1 in some models to become the
lightest supersymmetric particle. The particle content of the MSSM is given in
Tab. 1.2. As can be seen from Tab. 1.2 the MSSM has a more complex Higgs sector
than the standard model. This is a general feature of supersymmetric extension to
the standard model [6].

One feature of the existence of supersymmetric particles is that squarks would
mediate rapid proton decay at a much faster rate than the current experimental
limits that exceeds 1032 years [9] through baryon (B) and lepton (L) number vi-
olating decays such as p → π0 + e+ [70]. The standard way of avoiding this is
to postulate a new discrete quantum number R-parity for all particles defined as
R = (−1)

3B+L+2S
where S is the spin of the particle and implies that R = +1 for

particles and R = −1 for all superpartners4. Under exact R-parity conservation,
there is no mixing between particles and sparticles which have three very important
phenomenological implications:

• The lightest supersymmetric particle (LSP) is perfectly stable.

• Each sparticle must decay into a state with an odd number of sparticles (other
than the LSP which is stable).

4Note that postulating lepton- and baryon number conservation in the MSSM would also avoid
rapid proton decay but this is not as attractive as this a step back from the standard model where
this is forbidden “accidentally” [6].
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• Sparticles can only be produced (or annihilated) in pairs.

This means that if R-parity is conserved, each SUSY event will contain two LSP’s
that will escape detection. This is the foundation of the popular missing energy
signature in events where supersymmetric particles are produced.

As mentioned earlier none of the superpartners of the standard model have been
found indicating that supersymmetry must be a broken symmetry. However, it is
not known how or why it is broken and many phenomenological analyses does not
attempt to explain it. Usually it is assumed that supersymmetry is broken at some
high scale and a practical way is to introduce explicit interactions that breaks the
symmetry. This is called soft-supersymmetry breaking as it does not introduce any
problematic quantum corrections to the scalar masses. The expense of doing this
is to introduce many (> 100) new arbitrary parameters into the model which from
a phenomenological point of view is a disaster as the predictive power disappears5.

To reduce the number of free parameters it is usually assumed that the breaking
of the symmetry occurs at some high scale where the theory is embedded in a more
complete (GUT) theory and is mediated to the electroweak scale. One popular way
of breaking supersymmetry dynamically is to introduce the existence of a so-called
“hidden-sector” which couple to the MSSM particles only through gravitational
interactions. These interactions give rise to effective supersymmetry breaking that
was introduced explicitly in the discussion above. In this model of supersymmetry
breaking, known as minimal supergravity (mSUGRA), it is assumed that at some
high scale all gauginos have a common mass m1/2, all scalars have a common mass
m0 and all trilinear (Higgs-fermion-fermion) couplings have the value A0. It turns
out that specifying these conditions at the GUT scale and evolving the masses to the
electroweak scale the entire mass spectrum of mSUGRA can be determined from
specifying only five parameters: 1) the common gaugino mass m1/2, 2) the common
scalar mass m0, 3) the universal trilinear coupling A0 determining the mixing of
the fermions (most important for the 3rd family), 4) tan β = v1/v2 which is the
ratio of the vacuum expectation values of the two Higgs doublets (which effectively
determines the couplings in the Higgs sector) and 5) sign(µ) which is sign of the
Higgsino mixing parameter. The framework of mSUGRA is the most well-studied
phenomenologically mostly due to the predictive power and is therefore a popular
choice to use as benchmark signal for more inclusive studies of supersymmetry. In
this thesis a set of points defined in the mSUGRA framework (including R-parity
conservation) has been used as signal to benchmark a method to estimate the tt̄
background to supersymmetry-like signatures. Section 7.2 gives more information
on these signal points and their phenomenology.

It should be noted that there are many other with a priori equally probable
ways of mediating supersymmetry breaking such as gauge mediated supersymmetry
breaking [70].

5Not all of these parameters are completely arbitrary but can be constrained from experimental
results, such as CP-violating and lepton flavor violating parameters [70].



Chapter 2

Experimental Facilities and

Accelerators

During the last decades, particle physics experiments have grown in both complexity
and size. Today the two largest laboratories in high energy particle physics is
Fermi National Accelerator Laboratory (Fermilab) in Batavia, Illinois, USA and the
European Center for Nuclear Research (CERN) located on the French-Swiss border
outside Geneva, Switzerland. The complexity and shear size of the experiments
to explore the smallest scales of matter and their interactions are also reflected
in the highly international collaborations responsible for running the experiments
with CERN also having the status of an international organization. This thesis
presents research carried out at experiments located at both sites, the first part
being an analysis of data from collisions in the Fermilab Tevatron and the second
part simulation studies in preparation for collisions at the CERN Large Hadron
Collider (LHC). Both these large accelerators are hadron colliders; the Fermilab
Tevatron is a pp̄ whereas the CERN LHC collides protons. The two machines have
similar objectives, to accelerate as many particles as possible to high energy and
bring them to head-on collisions at the points where the particle detectors are built.

These objectives drive the design of the two accelerator complexes which there-
fore have many similarities in addition to both being synchrotrons. Historically
the Fermilab Tevatron can be seen as the predecessor of the CERN LHC, being the
first synchrotron with superconducting magnets to reduce power consumption. The
CERN LHC will operate at a center-of-mass collisions energy of 14 TeV compared
to 1.96 TeV at the Fermilab Tevatron and with a typical instantaneous luminosity
a factor of 100 larger. The Fermilab Tevatron is expected to end its operation some
time after the CERN LHC turns on. In this section only a brief introduction of
these accelerator complexes can be given. Table 2.1 summarizes some parameters
of the two different accelerators.

29



30 Chapter 2. Experimental Facilities and Accelerators

Tevatron LHC
(Run IIa) (nominal)√

s ( TeV) 1.96 14
Bunches (/beam) 36 2808
Particles per bunch 150 × 1011(50 × 1011p̄) 1.1 × 1011

Bunch crossing (ns) 396 25
Interactions/crossing ∼ 2.3 ∼ 20
Typical L (1032cm−2s−1) 1 100
∫

Ldt(pb−1/week) ∼ 17 1500
Circumference (km) 6.28 26.7
Dipole magnets Niobium-Titanium (NbTi) NbTi
Dipole length (m) 6.4 15
Dipole temperature (K) 4.2 1.9
Number of dipole magnets ∼ 1000 1232
Dipole B-field (T) 4.2 8.3
RF accelerating cavities (/beam) 8 8

Table 2.1. Accelerator comparisons of the Fermilab Tevatron and the CERN LHC.
The numbers for the CERN LHC are estimated in Ref. [71] (The integrated lumi-
nosity per week is estimated ad design luminosity). Note that the Run IIa Tevatron
parameters are described. Run IIb included updates to the detector but data from
Run IIb is not analyzed in this thesis.
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Figure 2.1. A schematic view of the Fermilab accelerator complex (not to scale).

2.1 The Fermilab Tevatron

The Fermilab Tevatron collider is the last in a series of seven accelerators that are
necessary to reach pp̄ collisions at center-of-mass energy of 1.96 TeV. A Cockcroft-
Walton, linear accelerator and the booster synchrotron accelerates protons to 8 GeV
before they are injected to the Main Injector [72], a 3.4 km long synchrotron. The
Main Injector has three main purposes 1) to accelerate protons to 120 GeV for
antiproton production, 2) to accept antiprotons from the antiproton source and 3)
to accelerate protons and antiprotons to 150 GeV as a last step before they are
injected into the Fermilab Tevatron accelerator [73]. A schematic view of Fermilab
accelerator complex is shown in Fig. 2.1.

The source of protons is a pulsed negative ion source [74; 75] that is preacceler-
ated using a Cockroft-Walton followed by a linear accelerator (Linac) that increases
the energy of the ions to 400 MeV. After stripping off the electrons in a thin carbon
foil the protons accelerated in the Booster [76] to 8 GeV in 33 µm before being
injected into the Main Injector. During antiproton production the Main Injector
accelerates protons from 8 GeV to 120 GeV every 2.4 µs.

The antiproton source consists of a nickel target, a debuncher and the accumu-
lator. 120 GeV protons from the Main Injector strike a nickel target which creates
a spray of secondary particles. The Debuncher is a triangular synchrotron acceler-
ator that accepts antiprotons with 8 GeV with the objective to efficiently capture
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Figure 2.2. Photograph from the Tevatron tunnel [77].

and cool the antiprotons before they are transfered to the Accumulator. This is a
smaller (but also triangular in shape) synchrotron in the same tunnel as the De-
buncher with the purpose of storing antiprotons at 8 GeV until they are needed.
Combined, this process is called antiproton stacking and can be operated while
the Fermilab Tevatron is in collider mode. The antiproton source was installed
after Fermilab decided that fixed-target experiments should be extended with pp̄
collisions.

The Main Injector accepts protons from the Booster and antiprotons from the
Accumulator and accelerates them to 150 GeV before injection into the Fermilab
Tevatron.

The Tevatron is the largest accelerator at Fermilab. The beam is accelerated
by 8 Radio Frequency (RF) cavities around the circular 6.3 km synchrotron from
150 GeV to 980 GeV. The Fermilab Tevatron ring is not a perfect circle but is
divided into six sections (A0-F0). At two sections, B0 and D0, the tunnel is angled
vertically to enter the collider experiments CDF and DØ respectively1. Figure 2.2
shows a photograph from the Tevatron main tunnel.

During Run I (1992-1996), the Fermilab Tevatron operated with six bunches of
protons and antiprotons with 3500 ns between each bunch-crossing. The center-of-

1The vertical excursion is a remnant from the Main Ring (which erlier than 1999 provided
protons for antiproton production), which allowed it to operate while the Fermilab Tevatron was
in collider mode.
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mass energy was 1.8 TeV and the peak instantaneous luminosity typically around
1 − 2 × 1031cm−2s−1. Following the completion of the Fermilab upgrades in the
end of the 1990’s (among them the construction of the Main Injector), collisions ap-
peared again in 2001. In this phase, called Run II, the Fermilab Tevatron is operated
with 36 bunches of protons and antiprotons, 396 ns between each bunch-crossing,
a center-of-mass energy of 1.96 TeV and a factor of ten increase in instantaneous
luminosity (see Tab. 2.1). Another important upgrade for Run II was the installa-
tion of an antiproton Recycler synchrotron which is designed to recycle antiprotons
from an ended Fermilab Tevatron store and keep them until they are needed for
the next injection [78].

In Chapter. 6, data from the Run II of the Fermilab Tevatron were analyzed to
complete the first determination of the electric charge of the top quark.
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2.2 The CERN Large Hadron Collider

In a 27 km long tunnel, situated between 70-110 m below ground on the French-
Swiss border outside Geneva, Switzerland, the construction of the largest particle
accelerator in the world is entering its final phase. The accelerator, the CERN
Large Hadron Collider (LHC) [79], is a synchrotron built to accelerate two counter-
rotating beams of protons or lead ions (this thesis is concerned with the proton-
proton collisions and therefore the focus will be directed to this area). The protons
are made to collide head-on at four points along the accelerator with a center-of-
mass energy of 14 TeV. This high center-of-mass energy allows for production of
heavy particles, such as potential supersymmetric particles, unreachable by present
accelerator facilities such as the Fermilab Tevatron. One of the main limitations
at the Fermilab Tevatron is the difficult process of producing antiprotons which is
avoided at the LHC which therefore can squeeze more particles into each bunch
and reach a higher luminosity.

The idea of building a hadron collider in the existing Large Electron and Positron
collider (LEP)2 tunnel stems back to as early as 1982[ref]. The idea of the LHC
project thus spans over roughly 20 years but the project itself was not approved
until the mid 90’s and following many years of R&D concerning the magnet design
the construction of the machine started in 2003. Here only a very brief introduction
to the LHC project can be given, the reader is recommended to study Ref. [79] and
references therein for further details.

Just as the Fermilab Tevatron, the LHC is the last step of acceleration, bringing
protons from 450 GeV to the maximum of 7 TeV using the electric fields of eight
RF-cavities per beam at a designated position along the LHC ring. The supercon-
ducting RF cavities operate at 400 MHz which is also known as the LHC clock
frequency. In order to bend the 7 TeV protons into a circular path with the LHC
radius, 1232 superconducting dipole magnets are used that produce the necessary
8.3 T magnetic field in two separate beam pipes.

Before coming to the LHC ring, the protons are produced and accelerated
(from “rest”) through a complex chain of different accelerators of which the most
prominent are shown schematically in Fig. 2.3. Starting from the duoplasmatron
source [75; 81], protons are accelerated to 50 MeV through a linear accelerator
(Linac2) to the 1.4 GeV proton-synchrotron-booster (PSB). The synchrotron op-
eration of the PSB requires bunch structure operation rather than a continuous
beam. The protons are later ejected into the Proton Synchrotron (PS) which ac-
celerates them to 25 GeV in a 628 m long circular tunnel. The Super Proton
Synchrotron (SPS) is the second largest machine at CERN. Measuring nearly 7 km
in circumference, it accepts beams from the PS accelerator and accelerates them
up to 450 GeV.

2LEP is the largest and most powerful e+e− collider to date, operating from 1989 and to 2000
in order to make room for the construction of the LHC. LEP operated with a center-of-mass
energy ranging from 90 to 209 GeV and among its successes are the precision measurements of
the mass of the Z and W .
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Figure 2.3. A schematic view of the CERN accelerator complex (not to scale) [80].

The LHC bunch structure is based on 25 ns bunch spacing. Some bunch-buckets
are empty due to the rise time of the kicker magnets3 in the PS, SPS and LHC and
also to the LHC beam dump magnets. The bunch spacing is therefore not constant
but with a minimum of 25 ns and with approximately 1.1×1011 protons per bunch.
An important parameter for the running of the LHC is the luminosity lifetime. It
is defined as the time it takes for the LHC to reach 1/e of the initial luminosity
and is expected to be around 15 hours. This can be compared to the “turnaround”
time which is the time required to abort, check all systems, load the LHC with
new protons and accelerate them to 7 TeV. The theoretical turnaround time at the
LHC is expected to be approximately 1 hour but is likely to be larger (compared
the theoretical and operating values of exisiting colliders this number could be as
high as ∼ 6 hours) [71].

The design luminosity of the LHC is 1034cm−2s1 which is expected to be reached
within a few years of the first collisions. Time consuming problems with the training
of the superconducting dipole magnets to the nominal temperature have resulted in
a decision to inject initial beam to the LHC with a lower magnetic field. The effect of
this is that the first collisions will occur at a center-of-mass energy of 10 TeV. During
the first year of running at nominal magnetic field the instantaneous luminosity is
expected to reach 1033cm−2s1.

3Kicker magnets are injection/ejection magnets that are responsible for moving a beam to or
from a synchrotron accelerator.
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Chapter 3

Introduction to the

Determination of the Electric

Charge of the Top Quark

3.1 Motivation

It is widely believed that the new particle discovered at Fermilab in 1995 [21; 22]
is the long-sought top quark. Its currently measured properties are consistent with
the standard model expectations for the top quark, but many of its properties
are still poorly known. In particular, the electric charge, a fundamental quantity
characterizing a particle, had not yet been measured for this quark. It still remained
not only to confirm that the discovered quark had charge +2e/3 and hence the
expected standard model quantum numbers, but also to measure the strength of its
electromagnetic coupling to rule out anomalous contributions to its electromagnetic
interactions. Indeed, one alternative interpretation had not yet been ruled out: that
the new particle was a charge −4e/3 quark. In the published top quark analyses
of the CDF and DØ collaborations the pairing of the b-quarks and the W bosons
in pp̄ → tt̄ → WWbb̄ processes were not determined [82],. Consequently, there
was a twofold ambiguity in the electric charge assignment of the “top quark”. In
addition to the standard model assignment t→W+b, t→W−b is also conceivable,
in which case the “top quark” would actually be an exotic quark with charge q =
−4e/3. The analysis presented in this thesis is not carried out within the framework
of any extension to the standard model. Nevertheless, interpreting the particle
found at Fermilab as a charge −4e/3 quark is consistent with current precision
electroweak data. Z → `+`− and Z → bb̄ data can be fitted with a top quark
of mass mt ≈ 270 GeV, provided that the right-handed b-quark mixes with the
isospin +1/2 component of an exotic doublet of charge −1e/3 and −4e/3 quarks,
(Q1 , Q4)R [83; 84]. If the top quark had a mass of mt = 270 GeV, it may so
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far have escaped detection at the Fermilab Tevatron. The CDF collaboration has
carried out a search for a heavy t′-quark using 760 pb−1 of data and excludes
masses up to 256 GeV [85]. Preliminary results of the analysis of 2.8 fb−1 of data
from the CDF collaboration excludes t′-quarks with a mass below 311 GeV [86]. It
should also be noted that a mass of 270 GeV merely corresponds to the best fit to
standard model precision electroweak data in these models and the mass of such a
heavy fermion could still be above 300 GeV.

This chapter includes a summary of the event signature used to reconstruct the
electric charge of the top quark and the backgrounds that has to be controlled.
Chapter 4 introduces the DØ detector and the high level objects used to select the
events in the analysis are described in chapter 5. The method to reconstruct and
determine the electric charge of the top quark is presented in detail in chapter 6
together with the results.

3.1.1 Notation

As mentioned earlier, the particle discovered at Fermilab is widely believed to be
the standard model top quark. Until all its properties are determined with high
precision, exotic scenarios ,i.e. not included in the standard model, are not excluded
and only measurements such as the one presented in this thesis can finally decide
if the particle is the standard model top quark or an exotic quark. This thesis has
no preconcieved opinion on the true nature of the particle discovered. The name
“top” in this part of the thesis is simply a notation chosen for consistency with
other papers referenced. The “top” quark refers to the standard model top quark
only when specifically indicated or when comparing the standard model and exotic
scenario.
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3.2 Lepton+jets Event Signatures

The determination of the electric charge of the top quark by reconstruction of the
charge of the decay products is (as discussed in more detail is Sec. 6.1) preferably
carried out in a sample of pure tt̄ events. The all-hadronic channel is background
dominated and using ∼ 365pb−1 the number of tt̄ dilepton events is very small (see
Sec. 1.3.2). This leaves the only option to use the `+jets channel. The selection
of a pure sample of tt̄ events in the `+jets channel at the Fermilab Tevatron re-
quires a detailed understanding of all standard model processes. The main feature
of tt̄→ bb̄qq̄`ν events is the charged isolated electron or muon with high-pT in ad-
dition to the large missing transverse energy from the neutrino. At hadron colliders
like the Fermilab Tevatron there exist Z → `+`− other processes that can mimic
the signature of a true tt̄ → bb̄qq̄`ν event which have to be estimated and taken
into account. The QCD multijet production has a n immense large cross section
and is initially the largest background. Figure 3.1 shows the relative cross section
for various processes at the Fermilab Tevatron (and LHC) including the pp̄ total
inelastic cross section, tt̄ and QCD multijet production. This strong production of
jets contain no genuine isolated leptons nor missing transverse energy. However,
these can be faked by instrumental effects: a jet fluctuating to a high electromag-
netic content can fake an electron, semi-leptonic decay modes of b- and c-quarks
can give rise to fake isolated leptons if the associated jet is not reconstructed ei-
ther due to a low energy deposition in the calorimeter or inefficiency of the jet
reconstruction. Fake missing transverse energy can arise due to unreconstructed
or mismeasured jets, neutrinos from the before-mentioned heavy flavor decay or
mismeasurements of the lepton momentuma. However, even an unreconstructed
jet normally deposits a small amount of energy in the calorimeter and gives a sig-
nal in the tracking detectors. Thus, a good handle to suppress this background in
addition to the jet rejection in the lepton identification algorithms is to require that
the lepton is isolated from other activity in the detector. This type of backgrounds
that rely on detector effects such as mismeasurement of the missing transverse en-
ergy and/or misidentification of electrons and muons are collectively referred to
as instrumental backgrounds. For the `+jets signature these include (in addition
to the QCD multijet background) the Z → e+e−(µ+µ−) process (and to a lesser
extent ZZ events1) which contain no natural source of missing transverse energy.
Other backgrounds, in which the isolated charged lepton arise from the decay of a
W boson and the missing transverse energy originate from high-pT neutrinos are
referred to as irreducible backgrounds.

The main source of W boson production at the Fermilab Tevatron is due to
quark-antiquark fusion. In this process gluon radiation from the incoming quarks
(ISR) can give the W boson transverse momentum and add more partons to the
finalstate as shown in Fig. 3.2. The additional parton in the final state is assumed
to hadronize into a separate jet. Processes leading to higher number of partons in

1Note that a Z → νν̄ decay from a Z that has no or little transverse momentum does not lead
to significant missing transverse energy as the two neutrino momenta balance each other.
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Figure 3.1. Proton-(anti)proton production cross sections for several different pro-
cesses as a function of the center-of-mass energy. The vertical lines depicts the
center-of-mass energy at the Fermilab Tevatron (left) and at the CERN Large Hadron
Collider (right).
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Figure 3.2. Examples of Feynman diagrams for the production of a W boson with
one additional parton in the final state, referred to as W+1jet process.

the final state canbe produced by gluon radiation of the quark and gluon lines in
the initial and final state with rapidly increasing complexity [87]. The W boson
production with additional partons in the final state are collectively refered to as
W+jets. Due to the similar experimental signature as tt̄ → bb̄qq̄`ν events, the
production of a W boson (with subsequent leptonic decay) in association with four
partons in the final state is the dominant background after standard selection of
W boson candidates. Although the objects in the final state are the same, there
are significant differences in several aspects of the event that can be exploited
to separate the tt̄ events from this background. The analyses measuring the tt̄
production cross section utilize the fact that: (i) W bosons produced from the
decay of top quarks have on average larger transverse momentum and are produced
more centrally in the detector. (ii) the additional jets are mainly produced by gluon
radiation, resulting in jets with on average lower transverse momenta and in the
more forward direction [88].

Another way to discriminate between a tt̄ → bb̄qq̄`ν and a W+jets event is
to exploit the fact that a tt̄ event has a higher fraction of heavy flavor jets (see
Sec. 5.5.4) in the final state. The tt̄ events always contain two b-quarks resulting
in two jets originating from b-quark jets for each event whereas in a W+jets heavy
flavor jets are relatively rare. Events used to measure the electric charge of the top
quark are required to have at least two jets identified as b-quark jets after which
the dominant background is the production of a W boson in association with four
jets out of which two are b-quark jets (Wbb̄).

Other irreducible backgrounds include the Z → τ+τ− and diboson production
(WW ,WZ). These backgrounds are in general small due to the low cross sections
and a low heavy flavor fraction content.
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Chapter 4

The DØ Detector

The DØ detector was proposed in 1983 to study proton anti-proton collisions at
the Fermilab Tevatron accelerator. The purpose was to study a wide range of
phenomena focusing on high-mass states and high-pT processes. The DØ detector
performed well during Run I of the Tevatron, which lasted from 1992 to 1996.
Among many impressive results was the discovery of the long sought top quark
and measurements of its mass. The data recorded by the DØ experiment in Run I
amounted to approximately 120 pb−1.

To take advantage of the increased luminosity and center-of-mass energy deliv-
ered by the upgraded Run II Fermilab Tevatron, the DØ experiment was greatly
upgraded during 1996-2001. Among the major upgrades was the replacement of
the tracking system from Run I, which lacked a magnetic field and suffered from
radiation damage, with a silicon microstrip tracker and a fiber tracking detector in
a 2 T magnetic field. The detector consists of three major subsystems: the central
tracking detectors, a uranium/liquid-argon calorimeter and a muon spectrometer.
A side-view of the upgraded DØ detector is shown in Fig. 4.1. This chapter gives
a brief description of the upgraded DØ detector and those components most per-
tinent to the analysis presented in this thesis. A more detailed description can be
found in Ref. [90].

4.1 The DØ Coordinate System

In the detector description and the data analysis, the standard DØ collaboration
coordinate system is used where the positive z-axis points in the direction of the
proton beam, the positive x-axis points radially outward from the Fermilab Teva-
tron center and the positive y-axis is pointing upwards. To specify a direction
in the detector, the polar and azimuthal angles θ and φ can be used. Since the
angle θ is not invariant under Lorentz transformations along the z-axis it is com-
mon to use the pseudorapidity η = −ln(tan θ

2 ) instead. η approximates the true

rapidity y = 1
2 ln(E+pz

E−pz
) in the kinematic region where the mass is negligible, i.e.
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Figure 4.1. Diagram showing the upgraded DØ detector as seen from the outside
of the Fermilab Tevatron ring. The +z axis is to the right, +y is up and +x is out
of the page [90].

when E ≈ p. The separation between two objects can be expressed as the dis-
tance ∆R between them in the (η, φ) plane, defined as ∆R =

√

∆η2 + ∆φ2. The
term “forward” (“central”)is commonly used to describe regions of the detector at
large (small) |η|. Since the initial momentum along the beam axis is unknown and
some particles escape detection close to the beam axis the measured variables are
in general quantities transverse to the beampipe direction, such as transverse mo-
mentum (pT ) or energy (ET ) and missing transverse energy ( /ET ) from neutrinos or
other undetected particles escaping the detector. In comparison of momentum of
objects, the term “harder” denotes the object with higher (transverse) momentum
and the term “leading” denotes the object with highest (transverse) momentum if
not defined otherwise.

4.2 The Central Tracking System

The measurement of tracks from charged particles and the reconstruction of a pro-
duction or decay vertex is an important part of experimental studies at collider
experiments. A precisely determined primary interaction vertex allows accurate
measurements of lepton pT , jet ET and missing transverse energy. Using the track-
ing information it is possible to identify jets containing decay products of a b-quark
by finding tracks emanating from a secondary vertex which is displaced with re-
spect to the primary interaction vertex. This is especially important for top quark
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Figure 4.2. Schematic view of the central tracking system. The preshower detec-
tors, calorimeter and luminosity monitors are also shown [90].

physics were the dominant top quark decay is to a b-quark and a W boson. The
central tracking system in DØ was completely replaced after Run I. The new sys-
tem consists of two parts: The Silicon Microvertex Tracker (SMT) and the Central
Fiber Tracker (CFT) enclosed in a 2 T magnetic field oriented along the beam axis.
The magnetic field is provided by a 2.8 m long superconducting solenoid magnet
with a radius of approximately 60 cm. The bending radius r of the charged particle
trajectory in a magnetic field of strength B can be used to calculate the transverse
momentum [91]:

pT [GeV] = 0.3 × r[m] ×B[T]. (4.1)

Combined, the SMT and CFT locates the primary interaction vertex with a reso-
lution of ≈ 35 µm along the beam direction. They provide an impact parameter1

resolution of about 15 µm in the r − φ plane for particles with pT > 10 GeV in
the central region [90]. In addition, they also provide information on transverse
momentum of tracks to the trigger system for fast event decisions. A schematic
view of the central tracking system is shown in Fig. 4.2.

1The impact parameter is defined as the distance of closest approach (dca) of the track to the
primary vertex in the plane transverse to the beamline. The impact parameter significance is
defined as dca/σdca

, where σdca
is the uncertainty on dca.
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1.2 m

Figure 4.3. Design view of the Silicon Microvertex Tracker [90].

4.2.1 The Silicon Microvertex Tracker

The Silicon Microvertex Tracker (SMT) is the innermost part of the DØ detector.
Its purpose is to provide both high-quality vertex finding and high resolution track-
ing. Its design is primarily dictated by the accelerator environment. For example
the length of the device is determined based on the length of the interaction region,
∼ 25 cm. Since the SMT has to cover a significant solid angle it is difficult to
ensure that the detector planes are always perpendicular to the outgoing particle
trajectories. Therefore, the SMT has a barrel design interspersed with discs in
the central region, while the forward region consists primarily of disks. There are
six barrels, each with four silicon readout layers. Each barrel is attached (at the
high |z| side) to a disk with wedge detectors. At the outside of the barrel-disk
assembly three disks are mounted. In the forward region four larger disks provide
tracking capabilities up to |η| = 3, see Fig. 4.3. Particles with low pseudorapidities
are mainly measured by the barrels while particles with larger pseudorapidities are
also measured by the disks.

There are several different types of silicon sensors. Both the disks and barrels
uses a combination of single-sided and double-sided sensors depending on the lo-
cation in the SMT (varying with both layer and |z| for the barrel). The SMT has
in total 912 readout modules, with 792,576 channels. Most of the sensors have
a pitch of 50 µm and the hit resolution is approximately 10 µm (improving from
the 1/

√
12 dependence due to the pulse height information). The resolution in

z-direction varies depending on the detector type in the various part of the SMT
ranging from around 35 µm to 450 µm for 90◦ and 2◦ stereo angle detectors respec-
tively. The transverse momentum resolution for central tracks with |η| < 2 varies
with momentum from 2− 5% at track momentum of around 1 GeV to 5− 10% for
tracks with approximately 10 GeV momentum. The resolution degrades fast in the
forward region up to 30% for tracks around 10 GeV at |η| ≈ 3.
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Figure 4.4. View of the axial layers of the CFT and the Central Preshower (CPS)
detectors with a hypothetic track overlaid. Each of the axial doublet layer has an
associated additional doublet layer with a stereo angle of ±3◦ not shown in this
picture.

4.2.2 The Central Fiber Tracker

The Central Fiber Tracker (CFT) surrounds the SMT and covers the radial space
from 20 to 52 cm from the center of the beampipe as shown in Fig. 4.2. The
essential part of the CFT is the scintillating fiber system. Each fiber is 835 µm
in diameter (including cladding which is approximately 50 µm thick) and oriented
along the beam pipe in doublet layers on eight concentric cylinders. The innermost
two cylinders are 1.66 m long and the outer six are 2.52 m long. The fibers in each
doublet layer are separated by half the fiber diameter to achieve total coverage.
Each cylinder supports one axial (oriented along the beam axis) doublet layer, see
Fig. 4.4, and a second doublet layer oriented with ±3◦ stereo angle. The scintillating
fibers are arranged in a multiclad structure using polystyrene as core material
and paraterphenyl as the light-emitting material. To get the light out a second
wavelength-shifter material is added and the light is transported via a clear fiber
to the Visible Light Photon Counters (VLPC’s) connected to one end of the fibers
where the light is converted to an electric pulse and read out. The CFT has in
total 76,800 channels of VLPC read out and the hit resolution is around 100 µm.
Approximately 200 km of scintillating and 800 km of clear fiber is used in the CFT
in total.

The CFT’s axial layers are part of the fast Level 1 trigger which aid in finding
the interesting collisions discussed in more detail in Sec 4.7.

The pT resolution achieved combining SMT and CFT is studied using Z →
µ+µ− events and resolutions of σ/p2

T ≈ 0.002 have been obtained [92].
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4.3 The Preshower Detectors

The preshower detectors provide an early energy sampling and good position mea-
surement. The detectors are designed to help in electron identification and to
correct for the energy lost in the upstream material (mainly the solenoid). The fast
response also allows the preshower detectors to be part of the event trigger.

The design consists of two similar detectors, the Central Preshower Detector
(CPS) and the Forward Preshower Detector (FPS). The CPS (FPS) consists of
three (two) layers of triangular strips of scintillating material interleaved to remove
any gaps.

The central preshower detector (CPS) is placed in the 5 cm gap between the
solenoid magnet and the central calorimeter covering |η| < 1.3 as shown in Fig. 4.2.
Inside the CPS, a lead radiator about one radiation length, X0, thick (corresponding
to ≈ 0.55 cm) and 244 cm long is inserted. The solenoid and the lead radiator
together comprise about two radiation lengths (the solenoid is 0.9X0 thick) for
normal incident particles increasing to about four radiation lengths at maximum
CPS coverage in |η|. Electrons and photons are converted into showers in the
upstream material and this provides a discrimination between electrons or photons
and pions, where the latter mostly passes through without showering.

The two (north and south) forward preshower detectors are mounted on the
inner part of the end cap calorimeter (see Fig. 4.2) covering 1.5 < |η| < 2.5. Each
detector consists of a two radiation lengths thick stainless steel radiator sandwiched
between two layers of scintillating strips. This design allows for position measure-
ments as well as possible discrimination between electrons or photons and pions.

4.4 The Calorimeter

The calorimeter absorbs and measures particle energy and the position of the de-
posited energy. It consists of a central calorimeter (CC) and two (north and south)
end cap calorimeters (EC), see Fig. 4.5. The Run II calorimeter is essentially the
same calorimeter as in Run I but with upgraded electronics adapted to the new
accelerator environment, i.e. the higher bunch crossing frequency. The CC covers
a region up to |η| < 1.0 and the two end cap calorimeters extend the coverage to
|η| = 4, as shown in Fig. 4.6. The CC and EC are constructed in three parts; the
electromagnetic section (EM) closest to the beam pipe followed by the fine hadronic
section (FH) and the coarse hadronic (CH) section. The active medium for all the
calorimeters is liquid argon and the three calorimeters are enclosed in a cryostat at
a temperature of approximately 80 K. Different locations have different absorber
plates. The main absorber used in the EM calorimeter is nearly pure depleted ura-
nium assembled into thin plates (≈ 3 mm) in both CC and EC. The fine hadronic
section uses 6 mm thick uranium alloy plates (both in the CC and EC) and the
coarse hadronic section uses 46.5 mm thick copper (stainless steel) plates in the CC
(EC).
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Figure 4.5. View of the central and two end cap calorimeters [90].

Figure 4.6. Schematic view of a portion of the DØ calorimeter showing the trans-
verse and longitudinal segmentation pattern. The shaded areas corresponds to cells
grouped together for readout. The lines indicate values of psuedorapidity, as mea-
sured with respect to the centre of the detector [90].
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The readout cells of the calorimeter are arranged in sizes such that each cell
covers ∆φ×∆η = 0.1×0.1, which is comparable to the transverse sizes of showers:
1−2 cm for EM showers and about 10 cm for hadronic showers. Longitudinal depth
segmentation is important when distinguishing between electrons or photons and
hadrons. In the EM calorimeter there are four depth layers (in both EC and CC).
The third layer is placed at the expected shower maximum and is twice as finely
segmented in the lateral direction for increased spatial resolution. The amount of
material (tracking, cryostats, solenoid, etc.) between the interaction region and
the first active gap in the EM calorimter at amounts to approximately 4X0 in the
CC and 4.4X0 in the EC. The EM calorimeter contains uranium comparable to
approximately 20 radiation lengths (XU

0 = 3.2 mm) to capture the overwhelming
part of the electromagnetic shower. As the nuclear interaction length is much larger
than the radiation length (λU

I ≈ 10.5 cm ≈ 30XU
0 ) the hadronic particles typically

deposits most of its energy in the hadronic part of the calorimeter.
The calorimeter provides trigger information to all three trigger levels. The

Level 1 and Level 2 triggers are based on analog sums of energy in special trigger
towers.

The energy resolution of a sampling calorimeter can be parametrized by

σ(E)

E
=

√

C2 +

(

S√
E

)2

+

(

N

E

)2

. (4.2)

The parameter C is called the “constant term” and comes from calibration errors
or other systematic effects, N is an energy independent “noise term” including
contributions from uranium decays and electronic noise. The largest contribution
comes from the “sampling term”, S, which is the statistical error in the sampling
procedure. For the Run II detector, preliminary studies shows a degradation of the
calorimeter resolution from several sources e.g. worse noise characteristics of the
detector electronics, shorter pulse shaping due to the increased bunch crossing fre-
quency, large cell-to-cell miscalibrations and more upstream material from the new
tracking system which degrads the sampling term. The performance is discussed
in Ch. 5.

4.4.1 The Inter-Cryostat Detector

Due to the fact that the calorimeter is contained in three separate cryostats it has
incomplete coverage in the region 0.8 < |η| < 1.4. Therefore, scintillation counters
with a cell size matching the calorimeter as well as single cell structured scintillation
counters are inserted in this region. These detectors allow for a sampling of the
inter-cryostat region improving the energy resolution.

4.5 The Muon Spectrometer

Muons lose only a small fraction of their energy in the central tracking system and
calorimeter. The DØ muon system [93] is located around the calorimeter and is
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Figure 4.7. Schematic view of the muon system. CF and EF denote the toroid
magnets [93].

used to trigger and to measure muon pT and charge independently of the tracking
system. An overview of the muon system is shown in Fig. 4.7. The system is
divided into a central and forward detector. A 1.8 T magnetic field is supplied by a
109 cm thick iron toroid magnet, built in three sections to allow for easier access to
the inner part of the detector. The central magnet is located at a radial distance of
318 cm from the beam line covering the region |η| < 1.0. The forward toroids are
located at 454 < |z| < 610 cm. The muon detectors consist of proportional drift
tubes (PDT’s), mini drift tubes (MDT’s) and scintillation counters. The PDT’s
are rectangular volumes filled with gas and cover |η| < 1.0. A charged particle
traversing the PDT’s ionize the gas and the electrons are amplified at the 50 µm
thick anode wire. The cathode pads above and below the wire are segmented
to provide information on the ionization position along the wire. The maximum
electron drift time is 450 ns and the single wire resolution is around 1 mm in
the radial direction of the wire for 10 cm wide drift cells. The MDTs extend the
coverage up to |η| < 2.0 and consist of drift tubes with shorter electron drift times
(40− 60 ns) than the PDTs (the MDT cell width is 9.4 mm and the length ranges
from 1 to 6 m). The radial resolution for single wires is ≈ 0.7 mm.

Both the central and forward drift chambers consist of three layers, A, B and
C. The A-layer is located inside the toroid magnet while the B and C-layers are
outside. Each layer also has a sheet of scintillating pixels (except layer B in the
central region) used for triggering, cosmic muon (and other background) rejection
and track reconstruction. The scintillator geometry is matched to the central fiber
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Figure 4.8. Photograph of the forward C-layer scintillator counters [93].

tracker trigger read out to provide matching of tracks from the central tracking
system to the muon system in the fast Level 1 trigger. The scintillation counters
allow for triggering on muons with pT down to 3 GeV (the A-layer drift tubes and
scintillation counters also allow for triggering on muons that do not penetrate the
toroid magnet).

The region directly below the DØ detector have only partial coverage due to
the support structure and readout electronics. The forward C-layer of scintillation
detectors are shown in Fig. 4.8 indicating the overall size of the muon system. The
overall momentum resolution, including information from the silicon microvertex
tracker and central fiber tracker, is defined by the central tracking system for muons
with momentum up to approximately 100 GeV. The muon spectrometer improves
the resolution only for very high energy muons.



4.7. The Trigger System 55

4.6 Luminosity Monitoring

The number of observed events Nclass for a certain class of process in a collider is
given by,

Nclass = εAσclass

∫

Ldt, (4.3)

where A is the acceptance, σclass is the cross section for the process and ε the prob-
ability to record the event if it is within the acceptance region (i.e. the efficiency).
For a cross section measurement e.g. tt̄ production, the efficiency and acceptance
for tt̄ events (and background) is calculated and the only unknown in Eq. 4.3 is
σclass=tt̄ and the proportionality factor called instantaneous luminosity L. The lu-
minosity is defined by the beam parameters of the Fermilab Tevatron accelerator
e.g. the number of protons and anti-protons in each bunch, the bunch crossing
frequency, the lateral bunch size, the bunch overlap in the collision region etc.

From Eq. 4.3 the instantaneous luminosity can be calculated by counting the
number of observed events for a process with known cross section. At DØ [94], the
process used is the inelastic pp̄ cross section σpp̄, i.e.

L =
1

εAσpp̄

dN

dt
. (4.4)

The inelastic pp̄ cross section has been measured by several experiments [95] to be
σpp̄ = 60.7 ± 2.4 mb. The detectors used for counting the interaction rate are the
Luminosity Monitors (LM) consisting of two arrays of 24 plastic scintillators located
at z = ±140 cm from the center of the detector covering the region 2.7 < |η| < 4.4
as shown in Fig. 4.9. They are attached to the inner part of the cryostat housing
the end-cap calorimeters, see Fig. 4.2. In addition to measuring the luminosity, the
LM is used to provide a fast measurement of the position of the primary interaction
vertex, used by the fast Level 1 trigger. The time-of-flight difference between parti-
cles in the pp̄ collision is calculated with a resolution of ≈ 0.3 ns and the resolution
of the vertex position in the z-direction is less than 10 cm [90].

4.7 The Trigger System

Bunch crossings at the Fermilab Tevatron occur at 2.5 MHz rate with approximately
2 interactions per crossing. This immense rate is needed as the overwhelming
majority of pp̄ encounters result in collisions of little interest. The production of
heavy objects like the top quark, W or Z bosons or collisions that could indicate the
existence of New Physics processes occur at very low rate. The trigger system allows
for a fast event-by-event decision on whether or not the collision was interesting
and reduces the output rate to 50 Hz, more suitable for writing to disk.

The trigger is a 3-tiered system where each tier (Level 1,2 and 3) investigates
the event in larger detail than the preceding one and restricts the amount of data
sent to the next level. An event can fail the trigger because: It did not fulfill
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Figure 4.9. Schematic view of the location of the luminosity monitoring detectors.
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the trigger requirements and was declared uninteresting, it was mistaken for an
uninteresting event (trigger inefficiency) or the trigger system was busy processing
previous events (dead time).

The Level 1 (L1) Trigger is built from specialized hardware investigating every
event for interesting features. Pipelines mounted on the front-end electronic boards
permit 4.2 µs for each event decision. The L1 trigger receives input from several
subdetectors: The calorimeter L1 trigger looks for patterns of large transverse
energy deposits in special trigger towers2, the Central Fiber Tracker L1 trigger
looks for tracks exceeding predetermined thresholds in transverse momentum, the
L1 muon trigger searches for muon candidates with a matched track from the CFT,
an indication of the collision point is given by the luminosity monitors. The L1
reduces the rate from 2.5 MHz to about 2 kHz.

The Level 2 (L2) trigger stage has an event decision time of approximately
100 µs and further analyzes the event by two stages upon a L1 trigger accept: A
preprocessing stage that analyze the data into simple physics objects e.g. track
clusters, and a global stage that combines trigger information from different sub-
detectors e.g. matching tracks from the inner detector to electromagnetic clusters
in the calorimeter. The output rate of the L2 trigger is about 1 kHz.

The last trigger level, Level 3 (L3), is a software trigger which reduces the
event rate to 50 Hz to allow for writing the interesting events to disk for later
offline processing. The L3 trigger is fully programmable using algorithms based on
complete physics objects which are as sophisticated as those available during the
offline reconstruction phase. A L3 decision is based on full event information with
complex variables such as spatial separation between jets and electrons, invariant
masses of objects, displaced tracks from the primary vertex, etc.

2Due to noise considerations not all trigger towers are used in the L1 calorimeter trigger.
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Chapter 5

DØ Event Reconstruction

The data in a single event collected from the DØ detector is the immediate detector
response from nearly a million detector readout channels. To find evidence for
the products of the collision and measure their properties these signals needs to
be processed carefully. To reduce the huge amount of data from the experiment
the information is handled by a chain of sophisticated software algorithms which
create and define physics objects that represent the particles originating from the
pp̄ interaction. Each algorithm is designed to identify a particular object often
based on the required efficiency and purity. The analysis presented here is based
on the tt̄ → lνjjbb̄ final state which requires identification of the primary vertex,
tracks, leptons (electrons and muons), jets and their flavors and missing transverse
energy /ET .

This chapter describes the event signature of top quark pair production and the
most important background processes. A short description of the identification and
reconstruction of the different physics objects is also given.

5.1 Tracks

Charged particles traversing the inner detector deposit energy in the silicon layers
of the SMT and produce scintillation light in the CFT1. The hits in the different
inner detector layers together with the bending in the magnetic field allows for
the reconstruction of the particle’s trajectory. The track reconstruction algorithm
groups together hits in different detectors into clusters which are then fitted to find
a possible physical path of the particle [96].

1In reality, tracks do not always have hits in all layers of the SMT and CFT.

59



60 Chapter 5. DØ Event Reconstruction

5.2 Primary Vertex

The primary interaction vertex (PV) is the point were the hard scattering (high
transverse momentum) interaction takes place. The spread of the interaction point
in the (x− y) plane, transverse to the beam line, is small due to the transverse size
of the Tevatron beam which is of the order of 30 µm. In z-direction, the spread
of the PV position extends up to 60 cm following a Gaussian distribution with a
width of approximately 25 cm. Finding the primary vertex (PV) is crucial for all
b-tagging algorithms and in order to determine if a lepton originates from the PV.

The PV algorithm [97] used by DØ starts by fitting all reconstructed tracks to a
common vertex and removes bad track fits until a predefined value of the goodness
of fit is reached. The same procedure is repeated for the tracks that were removed
until all tracks are assigned to a PV. There are two similar implementations of
the PV algorithm, DØ reco and DØ root, with the difference that DØ root

has an additional step of clustering tracks in the z-direction and slightly tighter
track selection criteria (the dca significance is required to be ≤ 3.0 compared to
≤ 5.0, see Sec. 4.2 for a definition of the dca). In both algorithms, only tracks with
pT > 0.5 GeV and at least two hits in the SMT detector are considered. If more
than one PV is found, the hard scatter vertex is selected by observing that hard
scatter vertices have on average tracks with larger transverse momentum associated
to it than minimum bias vertices [98].

The performance of the PV selection algorithms are comparable. There are on
average 20 tracks in a generic QCD multijet event and the average PV reconstruc-
tion efficiency is 98%. This efficiency is almost 100% in the central |z| region of the
SMT fiducial region (|z| < 36 cm for the barrel) and drops quickly outside of this
region due to the requirement of at least two SMT hits for tracks forming the PV.

5.3 Muons

Muons are identified in the drift chambers and scintillation counters by matching
hits in the layers on either side of the toroid magnet. The DØ muon group has
established a set of standard muon identification criteria applied to the candidate
muon [99]:

• At least two A layer wire hits,

• at least one A layer scintillator hit,

• at least two BC layer wire hits,

• at least one BC scintillator hit(except for central muons with less than four
BC wire hits),

• to be inconsistent with a cosmic muon based on timing information from the
scintillator hits.
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A muon identified in the above fashion is the basis for the muon reconstruction.
The superior track resolution of the central tracker (SMT and CFT) is used to
improve the muon’s momentum resolution. Therefore, in addition to the above
criteria, a track consistent with originating from the PV is required to be spatially
matched to the muon candidate.

Muons, that have no hits in the SMT (these muons have been shown to have a
worse resolution) are re-fitted constraining the muon track to the PV in order to
improve their momentum resolution.

The muon momentum scale and resolution was determined by reconstructing the
Z boson invariant mass peak in Z → µ+µ− events. Comparison of the invariant
mass peak in data and simulation reveals a significantly better resolution in the
simulation than in data as well as a shifted peak position. This is accounted for
by smearing the reconstructed muon momenta in simulated events to match the
resolution in data [88].

5.4 Electrons

The ability to identify and reconstruct high pT electrons is essential for many analy-
ses, including top quark measurements, electroweak processes and searches for New
Physics. Being charged particles, electrons deposit energy in the central tracking
detectors before showering predominantly in the EM section of the calorimeter.
The main backgrounds to reconstructed true electrons (so-called “fake” electrons)
are:

• π0 showers overlapping with a track from a charged particle,

• photons which convert to e+e− pairs,

• π± which undergo charge exchange in the detector material,

• fluctuations of hadronic showers.

At DØ electron identification involves three steps. First, electron candidates are
searched for by looking for clusters in the EM calorimeter. Secondly, a track in
the central tracking system that is spatially matched to the EM cluster is searched
for and finally the electron has to pass a likelihood test based on shower shape
variables. To handle all the sources of backgrounds while keeping the efficiency to
reconstruct real electrons high, several variables are used:

• The fraction of energy deposited in the electromagnetic part of the calorimeter
is required to be above 90% of the total deposited energy in the calorimeter
inside the cone of ∆R < 0.2.

• Electrons tend to be isolated from other activity in the calorimeter. Therefore,
at most 15% of the energy of the cluster is allowed to be deposited in a hollow
cone (0.2 < ∆R < 0.4) around the electron’s direction.
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• The shower shape of candidate EM clusters is compared to the expected shape
from electrons [100].

• A track is required to point to the EM cluster.

• A seven parameter likelihood is built that rejects background-like EM candi-
dates [101].

• The electron candidate is required to be in the central calorimeter, since
the fake electron background is not completely understood in the end cap
calorimeters.

The electron momentum scale and resolution was studied by reconstructing the
Z boson invariant mass peak in Z → e+e− events. The comparison of data with
simulation further revealed a higher resolution in the simulation and a correspond-
ing scale factor and smearing is applied to simulated electrons to reproduce the
measured quantities. Detailed information on the selection criteria, electron mo-
mentum scale and resolution can be found in Ref. [88].

5.5 Jets

In the analysis presented in this thesis, jets form an essential ingredient in the
event selection. Each event is required to have at least four jets out of which
two are identified as b-quark jets. This section describes the identification and
energy calibration of jets and explains the identification of jets originating from the
hadronization of b-quarks.

5.5.1 Jet Identification

Jets are reconstructed based on finding calorimeter towers with an energy above a
predefined threshold of ET > 0.5 GeV which are further collected into clusters which
form candidate jets [102]. The jet cone size is ∆R < 0.5 and the uncalibrated trans-
verse energy reconstruction threshold is 8 GeV. Before any calorimeter physics ob-
ject (jets, electrons, photon or /ET ) are reconstructed a special calorimeter algorithm
is applied to remove measured cell energies likely to arise from noise [103; 104; 105].

After jets have been reconstructed it is important to reject those that are poorly
reconstructed or are electrons or photons mis-identified as jets. Therefore, several
additional requirements based on the expected properties of jets are applied: The
probability for a jet to deposit a large fraction of its energy in the coarse hadronic
section of the calorimeter is low (and the coarse hadronic section is subject to a
higher noise level due to its larger cell size) and the energy deposition in this section
is required to be below 40%. Since electrons and photons typically deposits all of
their energy in the EM section, the fraction of energy deposited in the EM part
for jets is required to be less than 95% but larger than 5%. Jets reconstructed
from few or single cells containing a large fraction of the jets total energy are likely
to be fake jets due to noise in the cell. Therefore, jets are rejected if one cell
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contains above 90% of the total energy or the ratio of the cell with the highest
energy to the next-to-highest is above 10. Since the Level 1 calorimeter trigger
has an independent readout chain it has been proven to be a powerful handle to
reject fake jets due to noise in the precision readout electronics. Therefore, the
sum of energy in the Level 1 calorimeter trigger towers is required to be above
24-40% (12-20%) in the central and end cap calorimeter (inter-cryostat) regions
depending on the fraction of total energy deposited in the coarse hadronic section.
If a jet overlaps with EM candidates (which are also reconstructed as jets if their
energy is above 8 GeV) an ambiguity appears about which energy scale that should
be applied. The solution is to reject jets that overlap with electrons or photons
within ∆R < 0.5. The minimum transverse momentum after scale and corrections
described below is required to be 15 GeV.

5.5.2 Jet Energy Scale

Quarks and gluons from the hard interaction hadronize into jets and deposits energy
in the calorimeter as shown schematically in Fig. 5.1. The goal of the Jet Energy
Scale (JES) is to correct the measured jet energy in the calorimeter back to the
stable-particle energy (sometimes also called the particle jet) before interacting with
the calorimeter. Various effects cause the measured energy to be different from the
particle jet e.g. the use of a sampling calorimeter, noise, dead-material and the
presence of multiple-pp̄/parton interactions.

The JES is derived using γ+jet events in a back-to-back configuration [107].
Using the fact that the electromagnetic energy scale is known to high precision2

the JES can be extracted from the transverse momentum imbalance in such an
event.

The JES is divided into different subcorrections applied in order of appearance
to jets: The offset correction corrects for energy not part of the hard scatter
(detector and electronic noise, pile-up and energy from the underlying event, see
Sec. 5.7 for a description of pile-up and underlying event). This luminosity depen-
dent offset correction is calculated in data using events triggered by the luminosity
monitors, signaling a possible inelastic pp̄ collision (minimum-bias events). The
response correction is a correction for the non-uniform response of parts of the
detector (dominated by the inter-cryostat region) derived from well defined γ+jet
events in a back-to-back configuration. The last correction is the showering cor-

rection which attempts to correct for particles inside the jet that deposits their
energy outside the jet cone (or the reverse process). This correction is extracted
from jet profiles in γ+jet events.

The final result is a η and pT dependent JES correction factor derived separately
for jets in data (see Fig. 5.2) and simulation. The corrections applied to simulated
jets are similar but is in general smaller and with slightly smaller uncertainties.

2The EM energy scale can be calibrated by calculating the invariant mass of electrons or
photons in inclusive samples such as Z → e+e−, J/Ψ → e+e− and π0 → γγ.
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Figure 5.1. Schematic view of the process taking a parton from the hard scattering
to energy deposited in the calorimeter [106].
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Figure 5.2. The JES corrections for data (left) and the uncertainty (right) as a
function of the measured jet energy (top) and η (bottom). The “up” and “down”
shows that the (combined) uncertainty from all sub-corrections is slightly asymmet-
ric [106].
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Data
|ηdet| range N S C

( GeV) ( GeV−1)
0.0 < |ηdet| < 0.5 5.05 0.753 0.0893
0.5 < |ηdet| < 1.0 0.0 1.20 0.0870
1.0 < |ηdet| < 1.5 2.24 0.924 0.135
1.5 < |ηdet| < 2.0 6.42 0.0 0.0974

Simulation
0.0 < |ηdet| < 0.5 4.26 0.658 0.0436
0.5 < |ηdet| < 1.0 4.61 0.621 0.0578
1.0 < |ηdet| < 1.5 3.08 0.816 0.0729
1.5 < |ηdet| < 2.0 4.83 0.0 0.0735

Table 5.1. The extract parameters in the parametrization of the measured jet
energy resolution for jets in data (top) and simulation (bottom).

5.5.3 Jet Energy Resolution

The Jet Energy Resolution (JER) is determined by studying the imbalance of pT in
γ+jet and dijet events [108]. For high-pT jets the resolution is extracted by studying

the width of the asymmetry variable A =
(

p
jet1
T − p

jet2
T

)

/
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jet1
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jet2
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)

. At lower

energies (lessim50 GeV) γ+jet events are used3. The asymmetry variable Apj is

here calculated as Apj =
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width. The resulting resolution can be parametrized (see Sec. 4.4) by,

σjet
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√
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+
S2

pT
+ C2, (5.1)

and the fitted results for data and simulation are shown in Tab. 5.1. More details can
be found in [108]. The resolution is clearly better in the simulation and simulated
jets are therefore smeared to match the resolution in data.

5.5.4 b-Quark Jets

Jets can further be classified by their flavor. A jet originating from the hadroniza-
tion of a gluon (g), u-, d- or s-quark or from the a c- or b-quark is referred to
as a light jet or a heavy flavor jet respectively. There are two techniques to dis-
tinguishing between light and heavy flavor jets: Soft Lepton Tagging uses the
presence of a lepton within a jet as a signature for a semi-leptonic decay of a heavy
flavor hadron. The branching fraction for a semi-leptonic (µ± or e±) B hadron
decay is ≈ 10% for each lepton mode [9]. Lifetime Tagging uses the the fact that

3This is because the triggers used to select dijet events are inefficient for jet energies below
50 GeV.
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Figure 5.3. A quantitative description of a jet with a secondary vertex arising
from the long lifetime of a B hadron. Several displaced tracks are fitted to the
secondary vertex which can be used to identify b-quark jets. d0 is the distance of
closest approach of a track with respect to the primary vertex.

hadrons containing a b-quark have a lifetime of approximately 1.6 ps. A B hadron
originating from the primary vertex will therefore travel a significant distance from
the primary vertex before decaying (the average flight length is around 3 mm for a
40 GeV B hadron). Approximately 70% of the B mesons with a decay length [109]
greater than 1 mm have more than two displaced tracks from its decay products
with an impact parameter significance above three [110]. The lifetime tagging algo-
rithm therefore searches for tracks significantly displaced from the primary vertex
as shown schematically in Fig. 5.3. In this analysis both ways to identify heavy
flavor jets are used. A jet tagged by the lifetime tagging algorithm is called a
“b-tagged jet” or simply a “tagged jet”. A jet tagged by the soft lepton tagging
algorithm is called a “µ-tagged jet” (due the difficulty of identifying an electron
within a jet, the soft lepton tagging algorithm uses only the muonic semi-leptonic
decay mode). Note that a b-tagged jet is not necessarily a jet originating from the
hadronization of a b-quark or even a c-quark. The tagging technique may wrongly
tag light jets as discussed below in more detail. In this thesis a jet from a x-quark
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Figure 5.4. Taggability parameterizations as a function of jet ET and η for the
preselected data sample (see Sec. 6.2) in three different regions of the primary vertex
|z|-position: |z| < 30 cm (left), 30 < |z| < 45 cm (middle) and 45 < |z| < 60 cm
(right).

(x = b, c, s, u, d) is called x-quark jet4 or gluon jet for a jet initiated by a gluon.

To separate the performance of the different algorithms from detector effects,
such as calorimeter noise and tracking inefficiencies, the probability for a jet to be
tagged using lifetime tagging is broken down into two components: (i) The proba-
bility for a jet to be taggable (also called taggability) and (ii) the probability for a
taggable jet to be tagged (also called tagging efficiency). The DØ b-identification
group [110] defines a taggable calorimeter jet as a jet reconstructed in the calorime-
ter matched to a track-based jet (track-jet) within ∆R < 0.5. A track-jet is defined
by the following track requirements: pT > 0.5 GeV (where at least one track has
pT > 1 GeV), at least one hit in the central part of the SMT detector and matched
to the primary vertex within 0.5 in r− φ space and within 2 cm in the z-direction.

The taggability is determined directly from data and parameterized as a function
of the jet pT and η. Due to the requirement of hits in the central region of the
SMT the taggability is expected to have a large dependence on the z-position of
the primary vertex. The taggability is shown in Fig. 5.4 for the preselected data
sample (see Sec. 6.2 for the sample definition).

There are several ways of tagging a jet using lifetime tagging [110]. In this thesis,
the Secondary Vertex Tagger (SVT) algorithm is used. The SVT algorithm finds
tracks with large impact parameters within the matched track-jets and explicitly
reconstructs secondary vertices that are within ∆R < 0.5 of the calorimeter jet
direction. A calorimeter jet is tagged by the SVT algorithm (SVT-tagged) if it has
at least one secondary vertex with decay length significance [109] greater than 7.
More information on the exact definition of the SVT tagging algorithm can be found
in Ref. [111] and on the selections used in this analysis in Ref. [112]. The simulation
is unable to describe the details of the tracking and is thus overestimating the

4Here the notation for a jet originating from e.g. a b or b̄-quark is called b-quark jet collectively.
In later sections the difference between a b or b̄-quark jet is exploited and the notation will be
obvious.
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Figure 5.5. The semi-leptonic tagging efficiency in data as a function of jet pT

(left), η (middle) and the combined two-dimensional parametrization (right) [112].

tagging efficiency for simulated jets. Therefore the tagging efficiency is measured
on data with as little input as possible from simulation.

To determine the SVT tagging efficiency for b-quark jets in data, a sample
enriched in b-quark jets is selected by requiring at least one µ-tagged jet in the event.
The measured SVT tagging efficiency of jets in this sample is called “semi-leptonic”
and is parametrized as a function of jet pT and η as shown in Fig. 5.5. In order to
find the tagging efficiency for inclusive b-quark jets in data a scale factor is derived.
This scale factor is the ratio of the measured semi-leptonic tagging efficiency in data
and the semi-leptonic tagging efficiency in simulated events. The tagging efficiency
for inclusive jets in the simulation is then multiplied with the scale factor to find
the tagging efficiency for inclusive b-quark jets in data. Assuming that the scale
factor for b- and c-quark jets are the same, the c-quark jet tagging efficiency in data
can be calculated in a similar way and varies between 7-12%. Due to the limited
track resolution and/or mis-reconstructed tracks, light jets can be wrongly tagged.
The probability for a light jet to be tagged (“mistag rate”) is derived on a QCD
data sample (which dominantly consists of light jets) and parametrized again as
function of jet pT and η. The mistag rate is of the order of 1%.

5.6 Missing Transverse Energy

The proton and antiproton colliding at the Fermilab Tevatron are themselves built
out of quarks and gluons, each carrying a small fraction of the parent protons
momentum. Thus, in the hard interaction between e.g. two quarks the initial
longitudinal momentum is unknown. However, the transverse momentum of the
colliding protons are very small and hence also small for the quarks participating
in the hard collision. From total energy and momentum conservation the sum of
transverse momentum is expected to be approximately zero in all events. This is
used as the only way to infer the production of weakly interacting particles, creating
an imbalance in the vector sum of the measured transverse momentum. A non-zero
missing transverse momentum can arise from several different sources that can be
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divided into two different categories; true and fake missing transverse momentum.
Fake missing transverse momentum are in general produced by some kind of mis-
measurement of particle momenta, the most important being mis-measurements of
jet energy leading to a fake missing transverse momentum in the opposite direction
to that jet. True missing transverse energy arises from production of particles with
none or very small interaction probability with the detector material where the
obvious example is the weakly interacting neutrino.

In the final state of a tt̄ → bb̄qq̄`ν event the neutrino can only be detected by
the measurement of such imbalance of momentum in the transverse plane. This
imbalance is measured by the vector sum of all energy depositions in calorimeter
cells. Cells in the coarse hadronic section of the calorimeter are excluded if they
are not part of a reconstructed jet. This has been shown to improve the missing
transverse energy resolution due to the higher noise level in those cells. The vector
opposite to this total visible momentum is the raw missing transverse energy ( /ET

raw). The measurement of missing momentum are one important motivation for a
hermetic detector with full coverage as any leakage of particles and thus momentum
is directly translated into missing transverse momentum.

The calorimeter response to electromagnetic particles such as electrons and pho-
tons is different than for hadronic particles, and in particular jets. This difference
propagates directly to the /ET raw if the energy depositions are not calibrated cor-
rectly. All jets are corrected for the jet energy scale and the correction is also
propagated to the /ET raw. The same procedure is used for the EM calibration. Af-
ter all corrections, the resulting missing transverse energy is called the “calorimeter
missing transverse energy”.

Muons are minimal ionizing particles and traverse the whole detector if the
muon momentum exceeds a few GeV and their measured transverse momentum
must be added to the missing transverse energy. The muon deposits only a small
fraction of its total energy in the calorimeter which is estimated and subtracted
from the missing transverse energy vector. This fully corrected missing transverse
energy is denoted simply as /ET .

5.7 Monte Carlo Simulation

The detailed study of proton antiproton collisions requires a detailed understanding
of all aspects of the event. The complex nature of these collisions (see Fig. 5.6)
require Monte Carlo simulations to fully understand and explore correlations in
data from the experiment, typically with the simulation validated using data. These
simulations includes the hard scattering interaction, hadronization and the detector
response and digitization, allowing for a detailed comparison between simulated
events and data. Typically different software programs are used to handle separate
pieces of the entire pp̄ collision and interfaced to each other. Below is a brief
description of the DØ simulation, the software used is also summarized in Tab. 5.2.

The hard scatter interaction described in Sec. 1.3.1 between two partons is mod-
eled using ALPGEN [87] that calculates the leading order matrix element. The
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Figure 5.6. A schematic view of a pp̄ collision.

set of parton distribution functions used is CTEQ5L [113]. One large source of
the complexity of pp̄ collisions is due to the fact that the colliding (anti)protons
are composite states of many partons. As a consequence, an interesting high-pT

(hard) interaction is accompanied by what is called the underlying event. It con-
sists of the beam-beam remnants, which are what is left over after a parton has
been knocked out of the initial incoming (anti)proton, and multiparton interac-
tions where in addition to the hard scattering interaction there are one or more
semi-hard interactions in the same event. A study of the transverse momentum
distribution of charged particles has led to the so-called “Tune A” [114] tuning of
the Pythia [115] underlying event model parameters to better describe data at the
Fermilab Tevatron.

In each bunch crossing of protons and antiprotons more than one hard scatter
pp̄ collision may occur. These multiple interactions are modeled by superimpos-
ing simulated events with so-called minimum bias data. This data is collected by
selecting real collider events with minimum activity in the detector triggered by
the luminosity monitoring detectors and not by other high-pT objects such as jets
or leptons. In addition pp̄ collisions from consecutive bunch-crossings can some-
times be reconstructed in the same event. This pile-up is taken into account in
the simulation. Because of QCD confinement (see Sec. 1.3.1), scattered partons
lose energy at long distances by pulling out more partons from the vacuum after
which the colored partons are transformed into colorless hadrons, a process called
hadronization5. In this process a scattered quark or gluon results in a number of
collimated hadrons (e.g. π0 and π±) called jets. There exist several phenomenolog-
ical models describing this process, PYTHIA uses the Lund string model [17] for
fragmentation. Heavy quark fragmentation is an important aspect in this analysis
and two models (Bowler [116] and Peterson [117]) with alternative heavy quark
fragmentation schemes are used as a cross-check in the analysis presented in this

5Hadronization are normally a collective concept consisting of fragmentation of the parton and
decay of particles.
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Software Version Purpose Ref.
ALPGEN 1.3 Hard interaction [87]

Matrix element
Pythia 6.2 Hard interaction [115; 114].

Hadronization
Underlying event

EVTGEN B hadron decay [122]
CTEQ 5L Parton Distribution Functions [113]
DØ gstar Particle transport and [118; 119]

interaction with detector
material

TopAnalyze - ROOT based analysis [120; 121]
framework

Table 5.2. The simulation software tools used in the top charge analysis. See text
for more information on the purpose of each program and the physical interpretation.

thesis. The decay of B hadrons are handled by EVTGEN and other decays are
handled by PYTHIA. The important simulation of the detector response to the
charged and neutral particles resulting from the hadronization is simulated using
DØ gstar [118], a GEANT3 [119] model describing the transport and interaction
of particles with the material of the DØ detector. The simulated signal produced
by the detector is digitized using the software package DØ sim. From this point
onwards events from the simulation and data can be treated in a uniform way.
The DØ event reconstruction software packages (DØ reco) transform the detector
signals into reconstructed physics objects such as electromagnetic clusters, muon
candidates, tracks, etc. Finally, the TopAnalyze [120] program processes the recon-
structed events further with algorithms and object identification selections specific
for the DØ top quark working group and produces ROOT [121] files. Throughout
the analysis, ROOT is used as analysis tool.

5.7.1 Simulated Samples

The Monte Carlo samples used in the analysis are generated with parameters given
in Ref. [124] listed in Tab. 5.3.
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Process Generator Comment
tt̄→ bb̄qq̄`ν ALPGEN+Pythia

tt̄j → bb̄qq̄`ν ALPGEN+Pythia

tt̄→ bb̄`ν`ν ALPGEN+Pythia

tt̄→ bb̄qq̄`ν ALPGEN+Pythia Bowler fragmentation [116]
tt̄→ bb̄qq̄`ν ALPGEN+Pythia Peterson fragmentation [117]
Wbb̄jj ALPGEN+Pythia

Z → bb̄(cc̄) Pythia

Z → bb̄→ µX Pythia

cc̄ Pythia

Table 5.3. The Monte Carlo samples used in the analysis. All samples generated
with Pythia uses the CTEQ5L parton distribution functions.
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Chapter 6

Determination of the Electric

Charge of the Top Quark

6.1 Overview of the Method

The determination of the electric charge of the top quark is based on reconstruc-
tion of the top quark decay products and proceeds in three steps. First a high
purity sample of tt̄ events in the tt̄ → bb̄qq̄`ν channel is selected in data. After a
preselection of such events based on selecting an isolated lepton from a W boson
decay a signal-to-background ratio of ∼ 1 is obtained. Only events with four or
more reconstructed jets are considered, two of which are required to be SVT-tagged
further increasing the purity of the sample (signal-to-background ratio ∼ 11). Each
of the selected tt̄→ bb̄qq̄`ν events have two “legs”, one with a leptonically decaying
W (t→Wb→ `νb) and one with a hadronically decaying W (t→Wb→ qq

′

b), see
Fig. 6.1. The second step concerns the discrimination between b- and b̄-quark jets
in the event. This is accomplished by using a jet charge algorithm that uses the
charge of the tracks associated to the jet to differentiate between jets originating
from a b- and b̄-quark. The two SVT-tagged jets in the event indicate what jets are
those originating from the b-quarks in the t → Wb decay and thus the jet charge
algorithm is only applied to those jets. The third step of the analysis consists of
assigning the correct jets and leptons to the two “legs” of the event. To make this
assignment the same constrained kinematic fit package as for measurements of the
top quark mass is used [125; 126; 127; 128]. The goal of the analysis presented in
this thesis is to discriminate between two hypotheses: the standard model top quark
charge of +2e/3 or an exotic quark with charge −4e/3. In fact, the analysis is only
sensitive to the modulus of the quark’s charge (|2e/3| or |4e/3|). This limitation
does not lead to any loss of information since it is always assumed that charge is
conserved and every event contains one quark and one antiquark. It also allows for
an equivalent treatment of the quark and antiquark. In each tt̄ event, the absolute
value of the charge of the quark and antiquark are computed, which are assumed

75
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Figure 6.1. Illustration of the decay of the two different hypotheses, the standard
model top quark pair (top) and an exotic quark pair decay (below). Processes where
the lepton appears on the t̄ or Q̄ are also possible.
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to be the same. Thus, each tt̄ candidate event has two observables Q1, Q2 which
are built in the following way: The first combines the charge of the lepton from the
W decay and the charge of the b-quark jet associated to the leptonic side of the
event by the kinematic fit. The charge of the b-quark jet is computed using the jet
charge algorithm and simply added to the lepton charge and the absolute value of
this number is taken. The second observable is the charge of the second “leg” of the
event. It is obtained by taking the charge of the second b-quark jet and subtracting
the charge of the lepton. This procedure is almost equivalent to the doubling of the
dataset size in terms of statistical sensitivity. Any mistake in the assignment of the
lepton and the b-quark jet due to the kinematic fit will automatically propagate to
both legs of the event, therefore the two charge measurements Q1 and Q2 are not
uncorrelated. Nevertheless, the measurement of the b-quark jet charge is applied
twice since it improves the sensitivity of the measurement.

The jet charge distributions for b- and b̄-quark jets are extracted from dijet data
and used to derive the expected distribution for the standard model and the exotic
scenarios. The distribution of Q1 and Q2 observed in the selected tt̄ data sample
is then compared to these expected disitributions.

In the next section the tt̄ event selection and the sample composition are pre-
sented. Section 6.3 is devoted to the description of the jet charge algorithm and the
method to extract the performance from data is presented in Sec. 6.4. Section 6.5
gives a detailed description of the method to discriminate between the 2e/3 and
4e/3 scenarios by combining the kinematic fit with the jet charge algorithm. The
systematic uncertainties are reviewed in Sec. 6.6. The final result is presented in
Sec. 6.7 together with an upper limit on the fraction of exotic quark pairs in the
data set.
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6.2 Signal Sample

Only a fraction of the collisions delivered by the Fermilab Tevatron is recorded.
Furthermore, series of variables and detector parameters are continously monitored
and if out of bounds for some time, the corresponding data might not be used. This
analysis uses data collected by the DØ experiment in a period from June 2002 to
August 2004. The total collected integrated luminosity amounts to approximately
363 pb−1 and 366 pb−1 in the µ+jets and e+jets channels, respectively. The differ-
ence between the two channels is due to the different signal triggers used. In this
section the selection of a data sample enriched in tt̄ → bb̄qq̄`ν events is described.
The signal event signature consists of:

• One charged high transverse momentum lepton (electron or muon, either
prompt or from a leptonically decaying τ),

• large missing transverse energy,

• two jets from the hadronization of the b-quarks from the top and anti-top
quark decay,

• two jets from the hadronically decaying W boson.

The requirement of one high transverse momentum electron or muon and large miss-
ing transverse energy rejects most multijet backgrounds. Other physics processes,
like W+jets, have the same signature.

There are three stages of the event selection: The first stage is to define a set
of trigger requirements to make sure that the interesting events fulfilling the tt̄ →
bb̄qq̄`ν event signature are recorded. Secondly, a set of selection criteria is defined
to select a sample enriched in events with isolated high pT leptons (composed
primarily of W+jets, multijet and tt̄ events). This second stage is referred to as the
preselection and is mostly concerned with selections based on lepton requirements.
In the third and last stage the tt̄ events are separated from the other backgrounds
by requiring the presence of two b-tagged jets in the event.

6.2.1 Trigger Selection

The triggers used to record the signal sample require a lepton and at least one jet
and are different for the e+jets and µ+jets channels1.

The signal trigger for the e+jets channel requires at Level 1, at least one elec-
tromagnetic calorimeter (EM) tower with transverse energy ET > 10 GeV and one
additional calorimeter tower (EM+H) with ET > 5 GeV. At Level 2 an EM candi-
date with electromagnetic fraction above 85% and ET > 10 GeV is required. Level
3 requires an EM candidate that passes transverse shower shape criteria and has
ET > 15 GeV together with a jet with ET > 15 GeV at Level 3.

1The specific trigger requirements are divided into well defined trigger lists. These trigger lists
change with time to accommodate detector and luminosity changes.



6.2. Signal Sample 79

For the µ+jets channel both a calorimeter and muon trigger is required. It
requires a calorimeter trigger tower with ET above 5 GeV at Level 1. At Level 2,
the calorimeter trigger varies depending on the period when the data was collected
and changes from no requirement to at least one Level 2 jet with ET > 10 GeV. The
Level 3 calorimeter trigger requirement is one jet candidate with ET > 20 GeV or
25 GeV depending on the period of data taking. The muon trigger uses information
from both Level 1 and Level 2. At Level 1, a candidate is required two have a
coincidence between at least two layers of scintillators and similar requirements for
Level 2 with the additional requirement of hits in the drift tubes.

The probability for a tt̄ event to pass all the trigger requirements is expressed
in the tt̄ trigger efficiency. The per muon, electron and jet probabilities to fire the
trigger are derived on data. The tt̄ trigger efficiency is then obtained by folding
per lepton and per jet trigger efficiencies with the η and pT of the lepton and jets
in simulated events. The tt̄ trigger efficiency in the e+jets (µ+jets) channel is
92.82 ± 0.08% (91.65 ± 0.91%) in events with four or more reconstructed jets.

More detailed information on the specific trigger requirements used and the
measurement of the trigger efficiency can be found in [88; 89].

6.2.2 Preselection

Apart from requirements on the charged lepton the preselection in both channels are
identical. This analysis is based on the the analysis measuring the tt̄ cross section
in the `+jets channel presented in Ref. [130; 131]. More detailed information can
be found in Ref. [112]2. The common event preselection criteria for both µ+jets
and e+jets channel are:

• At least four jets with pT > 15 GeV and |η| < 2.5. All additional jets in the
event are subject to the same pT and η requirements,

• missing transverse energy larger than 20 GeV,

• a primary vertex with at least three fitted tracks and zPV within the fiducial
volume of the SMT detector (|zPV| ≤ 60 cm) ,

• the distance in the z-direction between the primary vertex and the lepton
track has to be less than 1 cm.

Preselections specific to the µ+jets channel

The event preselection criteria specific for the µ+jets channel are:

• One muon with pT > 20 GeV and |η| < 2.0.

2Note that the published tt̄ cross sections [132; 133] using the same datasets as the analysis
presented in this thesis uses the updated luminosity calculation available [134]. The top charge
analysis is not concerned with measuring cross sections and the analysis in Ref. [112] updated to
a larger dataset was therefore used (slightly different preselection was used but this has no effect
on the final performance of the analysis presented here).
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• The muon is required to be separated (∆R(µ, jet) > 0.5) from reconstructed
jets and also isolated from activity in the calorimeter by requiring that the
scalar sum of ET of calorimeter clusters in a hollow cone between ∆R = 0.1
and ∆R = 0.4 away from the muon is less than 8% of the muon pT .

• The matched muon track is required to be isolated from other activity in the
central tracker by requiring that the sum of pT of all tracks inside a cone of
∆R = 0.5 around the muon is less than 6% of the muon pT .

• The missing transverse energy direction must be separated from the direction
of the muon in φ. The missing transverse energy in multijet events passing
the muon isolation requirements is found mostly in or opposite the muon
direction. This can be explained by bb̄ production where one or both B
hadrons decay semi-leptonically and the jet is not reconstructed.

• Events with an electron with pT > 15 GeV in the central or the end-cap
calorimeter are rejected to ensure orthogonality between the µ+jets, e+jets
and tt̄→ bb̄eνµν channels.

• Events with a second muon with pT > 15 GeV are rejeted. This ensures
orthogonality between the µ+jets channel and the tt̄ → bb̄µνµν channel and
also rejects Z → µ+µ− events.

Preselections specific to the e+jets channel

The event preselections specific to the e+jets channel are:

• The presence of an electron with pT > 20 GeV and |η| < 1.1.

• The missing transverse energy direction must be separated from the direction
of the electron in φ in order to eliminate events in which a jet was misidentified
as an electron.

• Reject events with a second electron with pT > 15 GeV ensuring orthogonality
between the e+jets and tt̄ → bb̄eνeν channels. This also rejects Z → e+e−

events.

• Reject events with a muon with pT > 15 GeV thus ensuring orthogonality
between e+jets, tt̄→ bb̄eνµν and µ+jets channels.

Preselected Sample

The number of preselected events in the µ+jets (e+jets) channel are shown in
Tab. 6.1 (6.2) together with the expected contribution of QCD multijet and W -like
events (note that W -like events include tt̄ events). The estimation of the sample
composition is described in detail in Ref. [88]. The QCD multijet contribution is
extracted directly from data by defining a “loose” preselected sample by loosening
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1 jet 2 jets 3 jets ≥4 jets

Npresel
µ+jets 10101 3863 933 231

Npresel
(Wµ)+jets 9726±103 3669±63 874±31 215±16

Npresel
QCDµ+jets 375±12 195±7 60±3 16±2

Table 6.1. Number of preselected events in the µ+jets channel and expected con-
tribution from QCD multijet and W -like events categorized by the number of jets in
the events, extracted from Ref. [130]. The jet bins are exclusive except for the last
which is inclusive, i.e. exactly one, two, three and four or more jets. This analysis
used only events with four or more jets.

1 jet 2 jets 3 jets ≥4 jets

Npresel
e+jets 12668 4587 1078 277

Npresel
(W e)+jets 12130±173 4142±101 909±41 221±19

Npresel
QCDe+jets 538±127 445±72 169±22 56±7

Table 6.2. Number of preselected events in the e+jets channel and expected con-
tribution from QCD multijet and W -like events categorized by the number of jets in
the events, extracted from Ref. [130]. The jet bins are exclusive except for the last
which is inclusive, i.e. exactly one, two, three and four or more jets. This analysis
used only events with four or more jets.

the selection criteria on the lepton3. The number of QCD multijet and W -like
events in the loose and standard preselected samples are related by the lepton
efficiency for the standard selection relative to the loose selection for signal (events
with a real W ) and background (QCD multijet), respectively. By calculating the
background lepton efficiency on multijet dominated events in data and signal lepton
efficiency from combination of simulated events and Z → `+`− events in data the
number of QCD multijet events can be extracted [135].

The efficiency for tt̄ → bb̄qq̄`ν events to pass preseletion with four or more
jets, εpresel

tt̄ , is 13.4 ± 1.8% (13.0 ± 1.5%) in the µ+jets (e+jets) channel. It is
calculated from simulated events and scale factors are applied to take into account
significant data-to-simulation discrepancies. Other backgrounds than W+jets and
QCD multijet have preselection efficiencies less than 1% except single top quark
and tt̄→ bb̄`ν`ν events which have preselection efficiencies around 1.5%.

6.2.3 Final Event Selection

The majority of the backgrounds does not contain b-quark jets while tt̄ events always
contain two b-quarks. The identification of b-quark jets (b-tagging) is therefore an
effective way to preferentially select tt̄ events while removing background events.

3In the µ+jets channel, the muon isolation is loosened by only requiring the muon to be isolated
from jets in a cone of ∆R = 0.5. In the e+jets channel, the requirement on the electron likelihood
is dropped.
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This is used to obtain a pure sample of tt̄ → bb̄qq̄`ν events in the last stage of the
event selection:

The event must contain at least two jets tagged by the SVT algorithm.

Sample Composition

The details on how to extract the full sample composition after requiring at least
two SVT-tagged jets (called signal sample) is described in determined in Ref. [88].
Starting from the preselected sample and the predicted number ofW+jets and QCD
multijet events, the probability for an event to have two or more b-tagged jets must
be calculated. This event tagging probability depends strongly on the topology and
jet flavors in the event which is determined from simulation but applying to each jet,
the per jet b-tagging efficiency derived from data (see Sec. 5.5.4). The QCD multijet
background contribution to the signal sample is estimated to be < 0.01 events. To
estimate the W+jets contribution to the signal sample, the predicted number of
W+jets events in the preselected sample is split into its expected flavor composition
(b-, c- and light flavor) as predicted by ALPGEN. The W+jets background in the
preselected sample is dominated by non-heavy flavor jets (81%) due to the low
production cross section of a W boson in association with heavy flavor jets. The
low probability to tag light jets leads to an effective rejection of W+light jets in
the signal sample (< 0.01 events). The only sizable W+jets background remaining
is the production of a W boson in association with a bb̄ pair which has an event
tagging probability (≈ 10%) of almost the same order as a tt̄ → bb̄qq̄`ν event
(≈ 15%).

Other physics backgrounds that contributes to the signal sample are diboson
production(WW, WZ, ZZ), single top production and Z+jets where one lepton
is not identified and fake missing transverse transverse energy arises from mis-
measurements of jets and/or the lepton. For a given background process i, the

number of events Npresel
i in the preselected sample is determined by Npresel

i =

σiε
presel
i BRi

∫

Ldt, where σi, ε
presel
i , BRi and

∫

Ldt are, respectively, the cross sec-
tion, the preselection efficiency, the branching fraction for the specific process and
the integrated luminosity. The expected number of events in the signal sample is
estimated by multiplying Npresel

i with the event tagging probability for that specific
process. The only non-negligible backgrounds are the single top quark production
and tt̄→ bb̄`ν`ν.

After all selections, 21 events are selected to the signal sample. Table 6.3 and 6.4
summarizes the sample composition according to the predicted signal and back-
ground contributions in the e+jets and µ+jets channel, respectively ( note that in
the analysis presented in this thesis, only events with four or more jets are used).
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e+jets
2 jets 3 jets ≥4 jets

W+light 0.015±0.002 0.012±0.001 <0.01

W (cc̄) 0.021±0.003 0.014±0.001 <0.01

W (bb̄) 0.29±0.04 0.12±0.01 0.03±0.01

Wc 0.037±0.002 0.015±0.001 <0.01

Wcc̄ 0.36±0.02 0.15±0.01 0.05±0.01

Wbb̄ 4.77±0.17 1.46±0.10 0.49±0.06

W+jets 5.5±0.2 1.77±0.10 0.59±0.06

QCD multijet < 0.01 0.29±0.34 <0.01

tb 0.96±0.01 0.52±0.01 0.16±0.01

tt̄→ ll 1.76±0.02 0.92±0.02 0.20±0.01

Diboson 0.47±0.02 0.06±0.01 <0.01

Z → τ+τ− 0.03±0.03 0.02±0.02 <0.01

Background 8.3±0.2 3.58±0.37 0.76±0.36

Syst. uncert. (bkg) +1.42-1.42 +0.49-0.51 +0.17-0.15

tt̄→ bb̄qq̄`ν 0.94±0.03 5.8±0.1 8.6±0.1

Sum pred. 9.2±0.2 9.3±0.4 9.4±0.4

Syst. uncert. +1.49-1.46 +0.87-0.87 +1.22-1.42

Observed 11 7 13

Table 6.3. Summary of observed and predicted number of events with two SVT-
tagged jets in the e+jets channel. The individual contributions from the various
backgrounds processes are shown. Unless explicitly stated, uncertainties are statis-
tical only.
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µ+jets
2 jets 3 jets ≥4 jets

W+light 0.028±0.003 0.016±0.002 <0.01

W (cc̄) 0.027±0.004 0.015±0.001 <0.01

W (bb̄) 0.30±0.04 0.09±0.01 0.04±0.01

Wc 0.044±0.003 0.017±0.001 <0.01

Wcc̄ 0.35±0.01 0.13±0.01 0.05±0.01

Wbb̄ 4.69±0.15 1.56±0.09 0.48±0.05

W+jets 5.4±0.2 1.83±0.09 0.59±0.05

QCD multijet 0.02±0.14 0.03±0.10 <0.01

tb 0.85±0.01 0.48±0.01 0.15±0.01

tt̄→ ll 1.51±0.02 0.84±0.02 0.18±0.01

Diboson 0.46±0.02 0.07±0.01 <0.01

Z → τ+τ− < 0.01 < 0.01 <0.01

Background 8.3±0.2 3.25±0.15 0.77±0.12

Syst. uncert. (bkg) +1.40-1.39 +0.49-0.51 +0.15-0.16

tt̄→ bb̄qq̄`ν 0.76±0.02 5.1±0.1 8.8±0.1

Sum pred. 9.0±0.2 8.4±0.2 9.6±0.1

Syst. uncert. +1.44-1.44 +0.92-0.94 +1.33-1.50

Observed 11 4 8

Table 6.4. Summary of observed and predicted number of events with two SVT-
tagged jets in the µ+jets channel. The individual contributions from the various
backgrounds processes are shown. Unless explicitly stated, uncertainties are statis-
tical only.
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6.3 Jet Charge Algorithms

The determination of the electric charge of the top quark requires that jet origi-
nating from b- and b̄-quarks can be separated. This section presents a method that
uses the electric charge of the particles inside jets, and their momenta, to form a
jet charge variable which can discriminate between such jets.

6.3.1 Jet Charge Algorithm Definition

Various algorithms to discriminate between b- and b̄-quark jets have been used in
the past [136; 137; 138; 139; 140; 141]. The idea is to identify particles from the
hadronization from tracks reconstructed by the central tracker, associate them with
a reconstructed jet in the calorimeter and compute the collected charge of the jet.
In the hadronization, the initial quark transverse momentum is shared in a multi-
stage process between many particles. A common feature of the modeling of this
process is that in most jets arising from the hadronization of a b- or b̄-quark, the
particle with the highest pT is often the B hadron and consequently the tracks with
the highest pT are those from the decay products of the B hadron.

In most algorithms a weighted sum of the tracks associated to the jet is used.
The weights are usually functions of the track momentum or its projection along a
certain direction. In designing such a jet charge algorithm one needs to decide:

• What tracks are considered associated with the jet, all tracks within a cone
in ∆R(track, jet) or in a whole hemisphere.

• What quality criteria imposed to select tracks to be considered.

• What weight to give each track.

In this analysis, only tracks that fulfill the following criteria are considered:

1. Track pT > 0.5 GeV,

2. the distance between the track and jet axis must be less than 0.5 in ∆R,

3. the distance between the track and primary vertex in the z-direction must be
less than 1 cm unless the track is fitted to a secondary vertex.

At least four jets are present in the tt̄ → bb̄qq̄`ν events and it is therefore
important to consider only tracks that are associated with the corresponding jet.
Also, in this analysis the interest is to calculate only the jet charge for the jets
originating from the b- and b̄-quarks in the t → Wb decay. In this analysis, only
jets that are tagged by the SVT algorithm are considered as candidate b- or b̄-quark
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Figure 6.2. Jet charge distribution for SVT-tagged b- and b̄-quark jets in simulated
`+jets events using algorithm I with a = 0.6 and a jet cone size of ∆R = 0.5.

jets and only tracks within a ∆R cone (studied below) of the jet axis are considered.
The performance of two algorithms were evaluated, algorithm I:

Qjet =

∑

i qi · pa
Ti

∑

i p
a
Ti

, (6.1)

and algorithm II:

Qjet =

∑

i qi · |p||i||a
∑

i |p||i |a
, (6.2)

where the subscript i runs over all charged tracks passing the track quality cuts
described above and that are located within a cone of ∆R from the jet axis. Each
track has a charge qi and a transverse momentum pTi

, while p||i represent the pro-
jection of the track momentum along the jet axis. The parameter a is an arbitrary
number which is optimized from simulated tt̄ → bb̄qq̄`ν events. For a = 0, the
weight given to each track is equal to one and hence, pT independent, while a = ∞
is equivalent to considering solely the highest pT track. Figure 6.2 shows, as an
example, the jet charge distributions for SVT-tagged b- and b̄-quarks in simulated
tt̄→ bb̄qq̄`ν events using algorithm I with a = 0.6.
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Figure 6.3. The discriminating power as a function of the jet charge weight a
(left) and jet charge cone size (right). Also shown is a comparison between the two
algorithms.

6.3.2 Optimization

A simple optimization of the jet charge algorithm parameters using b- and b̄-quark
jets is performed. To quantify the separation between b- and b̄-quark jets the so-
called discriminating (or discriminant) power D is used, defined as:

D =
|ab − ab̄|
√

Vb + Vb̄

, (6.3)

where ab, Vb and ab̄, Vb̄ are the mean and variance of the jet charge distributions
obtained for b- and b̄-quark jets respectively.

Since the purpose of the algorithm is to discriminate between b- and b̄-quark jets
from the decay of top quarks in tt̄ → bb̄qq̄`ν events, such events were used in the
optimization. A reconstructed jet is labeled as a true b(b̄)-quark jet if a b(b̄)-quark
at the parton level in the Monte Carlo history is found within a cone of ∆R = 0.5
with respect to the jet axis. If more than one heavy flavor (b or b̄) parton was
inside the cone, the closest one is used. To avoid biases from the event topology,
the events were required to have at least four reconstructed jets with pT > 15 GeV
and |η| < 2.5 (in the simulated Z → bb̄ events used for comparison below, exactly
two jets were required) and only SVT-tagged jets were used.

In the optimization, the parameter a was varied between 0.4 and 1.6 in steps
of 0.2 and the size of the jet cone was varied between 0.3 and 0.7 in steps of 0.1.
Figure 6.3 shows the discriminating power as function of a and ∆R. Little difference
is found between the two algorithms and algorithm I is chosen for the remaining
of this analysis. It is found that the highest discriminating power is obtained for
∆R = 0.5 and a = 0.6.

In general, tracks originating from the hadronization are expected to come from
the primary vertex unless they come from the decay products of the B hadron and
then consequently displaced. Therefore, the maximum distance of the tracks, that
are determined not to originate from a displaced vertex, to the primary vertex in the
z-direction was studied. Using simulated events, the discriminating power increases
when loosening this requirement. This is expected to be a variable heavily affected
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Figure 6.4. Discriminating power as a function of the minimum track pT require-
ment for simulated tt̄ → bb̄qq̄`ν and Z → bb̄ events.

by the detailed modeling of the tracking which is known to be poor. Therefore, a
conservative requirement of < 0.1 cm is used to ensure that tracks only close to the
primary vertex are considered. The discriminating power as a function of minimum
requirement of the pT of the tracks shown in Fig. 6.4 is increasing with a looser
cut. Similarly to in the ∆z study, a conservative requirement of at least 0.5 GeV is
required to reduce the contributions from bad tracks more prominent in data. The
requirements on the minimum track pT and maximum distance from the track to
the primary vertex are kept in the rest of this analysis.
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Muon Quark initiating the Quark initiating the
tag-jet probe-jet

µ− b b̄
µ+ b̄ b

Table 6.5. Charge of the muon in the tag-jet and the corresponding type of b-
quark in the tag-jet and the probe-jet in flavor creation bb̄ events, here assuming no
B mixing and only direct semi-leptonic b-decays.

6.4 Jet Charge Calibration on Data

The description of the DØ tracking system in the simulation includes a detailed
geometry of the detector and a modeling of the electronic noise. Nevertheless, the
simulation is unable to describe fine details of track quality distributions such as χ2,
hit multiplicities and tracking efficiency within jets4. Many physics analyses in DØ
that use the tracking detectors for b-tagging determine the performance of the b-
tagging algorithms on data, or with as little input from simulation as possible [112].
A similar approach is chosen in this analysis.

The goal of the present section is to show that the jet charge distributions for
SVT-tagged b-, b̄-, c- and c̄-quark jets can be extracted from data. These jet charge
distributions, or templates, are then used to derive the expected distributions of
the charge observables in the standard model top and exotic quark scenarios.

The difficulty is to find the true flavor of the particle initiating a jet in data.
Therefore, a data sample enriched in bb̄ pairs is selected. In such an event with ex-
actly two jets back-to-back in azimuth, called dijet event, one of the jets is required
to contain a muon from the semi-leptonic decay of a B hadron and is referred to
as the tag-jet, the muon associated with the tag-jet is referred to as the tag-muon
or simply tagging muon. Studies [143; 144; 145] have shown that the mechanism
for bb̄ production at the Fermilab Tevatron depends heavily on the azimuthal dis-
tance between the two jets in the event, with large distances dominated by flavor
creation 5.In an event where the bb̄ pair is produced through flavor creation, the
charge of the tagging muon can be used to find the type of quark initiating the
tag-jet and, consequently, also the other jet in the event (referred to as the probe-
jet) as given in Tab. 6.5. The method described above is called the tag-and-probe

method.
The starting point are the dijet samples (defined below in Sec. 6.4.1) dominated

by b- and b̄-quark jets. The dijet samples (illustrated in Fig. 6.5) contain a jet with
a µ- and a SVT-tag on one side and a SVT-tagged jet on the other side of the event.
The goal is to find the jet charge templates for b- and c-quark jets in general, not

4The main reasons are unmatching number of dead channels of the SMT, different noise pattern,
wrong material description of the beam pipe and missing material [142]

5Flavor creation refers to the lowest-order, two-to-to QCD bb̄ production including qq̄ and
gluon fusion. Because this production is dominated by two-body final states the bb̄ pair are often
back-to-back in φ and balanced in pT .
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Figure 6.5. Illustration of the tag-and-probe method in the tight dijet sample
(defined in Sec 6.4.1). The events contain exactly two SVT-tagged jets in a back-to-
back configuration in azimuth, one of which is also µ-tagged.

necessarily for µ-tagged jets and therefore the jet charge distribution is extracted
from the probe-jet.

In the simplified case, when there is no B mixing [9], nor contamination of the
sample by c-quark or light jets, and all the tagging muons come from a direct B
hadron decay, the charge of the tagging muon would reliably tell if the tag-jet was
initiated by a b- or a b̄-quark. According to this procedure, the two distributions of
jet charge for jets that are believed to be b-quark jets and those that are believed
to be b̄-quark jets can be extracted by plotting separately Qprobe−jet for the µ+ and
µ− events, respectively. This ideal scenario is complicated by a number of issues in
data. First the sample is not pure bb̄ production, but contains a small fraction of
cc̄ production. Therefore the observed b- and b̄-quark jet charge distributions from
the probe-jet are a mixture of the jet charge for b-quark jets and for c-quark jets.
The contamination by c-quark jets in the dijet samples is determined in Sec. 6.4.3.
The tagging muon can also arise from a decay which is not a direct B hadron decay.
This sort of muon is referred to as a cascade muon. It can either arise from the
decay of a D meson or lighter hadrons e.g. B0 → D → ` + X. In this case, the
relation between the charge of the tagging muon and the type of b-quark in the
probe-jet is not given by Tab. 6.5 anymore. B mixing on the side of the tag-jet
can also destroy the correlation between the muon sign and the type of b-quark
initiating the probe-jet. The B meson on the probe-jet side can also mix, but this
does not matter, since in the end the data-derived b-quark jet charge distributions
is applied to the b-quark from the decay of the top quarks in tt̄ events, not the B
meson. Another effect that can destroy the correlation between the muon sign and
the type of b-quark initiating the probe-jet is an incorrectly measured muon charge.

To illustrate the effect of the B mixing, cascade decay and c-contamination,
Fig. 6.6 shows a comparison of the discriminating power of the jet charge distribu-
tions between:

i) Simulated Z → bb̄ events where the true b-type (b or b̄) is extracted from the
simulation history to sort between the b- and b̄-quark jet charge. Note that
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Figure 6.6. Comparison of the discriminating power using the tag-and-probe

method in the tight dijet sample (rightmost bin) and in simulated Z → bb̄ events
(middle bin). In the leftmost bin, the discriminating power for simulated Z → bb̄
events is shown using the true charge of the b-quark initiating the jet found in the
simulation history to sort the b- and b̄-quark jets.

we look for the b- or b̄-quark in the simulation history that is closest in ∆R
to the jet axis.

ii) Simulated Z → bb̄ events using the tag-and-probe method.

iii) Event in a dijet data sample (defined in Sec.6.4.1) using the tag-and-probe

method.

As expected the discriminating power in case i) is much better than in either case ii)
and iii) which both suffer from cascade decays and B mixing. Data also suffers from
contamination by cc̄ events and from poorer tracking than the simulated events.

The amount of contamination from cascade decay and c-quark jets can be
changed by requiring a high pT,rel, defined as the relative momentum of the tagging
muon with respect to the jet axis, see Fig. 6.7. The expected pT,rel is larger for
b-quark jets than from c- or light jets due to the larger mass of the b-quark. This
effect is illustrated in Fig. 6.8. The goal is to extract the jet charge distributions of
the probe-jet. The tagging muon only serves as the source to find the true type of
quark initiating the jet. Thus, after taking into account all sources that affect the
charge of the tagging muon (that can destroy the correlation between the charge
and the type of quark) the extracted jet charge distributions from the probe-jet
should be independent of the specific requirement on the minimum pT,rel of the
tagging muon. Thus, as a cross-check the extraction of the jet charge distributions
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Figure 6.7. Definition of pT,rel for a muon within a jet.
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Figure 6.8. The effect of the requirement of a minimum pT,rel of the tagging muon
in the dijet sample and simulated Z → bb̄ events using the tag-and-probe method.
For comparison the discriminating power in simulated Z → bb̄ events is shown when
using the simulation history to find the quark initiating the jet.
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are therefore performed with different requirements of the minimum pT,rel of the
tagging muon. The jet charge distributions extracted with different pT,rel require-
ments are are however later shown to give similar results and the final jet charge
distributions are derived without any pT,rel requirement on the tagging muon in
order to minimize the statistical uncertainty.

6.4.1 Dijet Data Samples

To calibrate the jet charge algorithm using data a sample enriched in b-quark jets
is selected as discussed above. The data sample is based on a sample requiring a
muon matched to a jet. The following additional requirements are used to further
enhance the sample in events with bb̄ production:

• The event must have exactly two jets j1 and j2 with pT > 15 GeV and
|η| < 2.5.

• The azimuthal distance (∆φ) between j1 and j2 is larger than 3.0.

• j1 and j2 must be b-tagged using the SVT algorithm,

• j1 must be associated with a muon within ∆R(µ, jet) < 0.5 from the jet axis.

In summary, this sample has exactly two jets in a back-to-back configuration in
φ, one jet j1 being both SVT-tagged and µ-tagged and the second jet j2 being
SVT-tagged as shown schematically in Fig. 6.5. This sample is referred to as the
“tight dijet sample”.

Similarly, the “Loose Dijet sample” is defined in the same way as the “tight
dijet sample” apart from the requirement of the SVT-tag for j1 which is removed.
Thus, the “tight dijet sample” is a subset of the “loose dijet sample”.

6.4.2 Extraction of Jet Charge Templates from Data

In the ideal case where the tagging muon comes from a direct B hadron decay
without B mixing, the tag-and-probe method would in fact yield the true jet charge
distributions. In practice when the tag muons are for example of positive sign the
probe-jets are in majority from b-quark jets but mixed with a certain fraction of b̄-,
c-, and c̄-quark jets.

The jet charge distributions of the probe-jet obtained in the tight dijet sample
are denoted: fµ+ and fµ− where the subscript µ± indicates the sign of the tagging
muon. Similarly, fb and fb̄ denotes the jet charge distributions for b and b̄-quark
jets, respectively. These are the distributions we want to extract from the data.

In absence of B mixing, if the fraction of c-quark jets were zero and if all tagging
muons were coming from a direct B decay, then the jet charge distributions for b-
and b̄-quark jets would simply be given by: fb = fµ+ and fb̄ = fµ−.

In reality, care has to be taken to the processes which change the sign of the
tagging muon. In the tight dijet sample xflip is defined as the fraction of tagging
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muons which do not have the same sign as the parent B hadron due to B mixing,
cascade decay or because it originates from e.g. kaon or pion decay.

If these are the only processes that affect the correlation between the sign of
the tagging muon and the quark that initiated the probe-jet, fµ+ and fµ− can be
written as:

fµ+ = xflip × fb̄ + xnoflip × fb (6.4)

fµ− = xflip × fb + xnoflip × fb̄ (6.5)

where xnoflip is simply 1 − xflip.

The tight dijet sample also contains a fraction of c- and c̄-quark jets. The jet
charge templates fµ+ and fµ− thus contain a fraction of the jet charge distributions
fc and fc̄ for c- and c̄-quark jets, respectively. The fraction of c-quark jets in the
tight dijet sample is denoted xc. Equation 6.5 can therefore be rewritten as

fµ+ = (1 − xc) (xflip × fb̄ + xnoflip × fb) + xc × fc̄,

fµ− = (1 − xc) (xflip × fb + xnoflip × fb̄) + xc × fc (6.6)

Note that the fraction of c (c̄) jets contributing to fµ+ (fµ−) are neglected. These
contributions are at most of the order of xc × xflip,c relative to the flipped muon
contributions from direct B decays. In addition, the muons from D meson decays
have significantly lower momenta and are less likely to pass the muon momentum
requirement in the dijet samples. As a result, the component of c (c̄) jets contribut-
ing to fµ+ (fµ−) is further suppressed.

Equations 6.6 provides two equations with four unknowns (fb, fb̄, fc, fc̄). To be
able to extract these four jet charge distributions another two equations are needed.
This is achieved by using the loose dijet sample, which has a different fraction of
c-quark jets, that we denote x′c because of the relaxation of the SVT-tag on the
tag-jet.

In the same fashion as for the tight dijet sample, f ′
µ+ and f ′

µ− are the jet charge
distributions observed for the probe-jet in the loose dijet data when the tag muon
is positive or negative respectively. The equivalent of equations 6.6 in the loose
dijet sample are

f ′µ+ = (1 − x′c)
(

x′flip × fb̄ + x′noflip × fb

)

+ x′c × fc̄,

f ′µ− = (1 − x′c)
(

x′flip × fb + x′noflip × fb̄

)

+ x′c × fc. (6.7)

Using Eq. 6.7 and 6.6 the system of equation can be solved for fb, fb̄, fc and fc̄

provided that the fraction of c-quark jets and the fraction of times the measured
tagging muon charge is changed with respect to the quark initiating the jet is
known. The procedure to determine the fraction of c-quark jets in both samples
is described in Sec. 6.4.3 and the calculation of fraction of events with changed
tagging muon charge sign xflip and x

′

flip is described in Sec. 6.4.4.

The solutions to Eq. 6.6 and are 6.7:
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fb̄ =
f ′µ−xc − f ′

µ−xcxflip − f ′
µ+xcxflip − fµ−x′c + fµ−xflipx

′
c + fµ+xflipx

′
c

(−1 + 2xflip)(x′c − xc)

fb =
f ′µ+xc − f ′

µ−xcxflip − f ′
µ+xcxflip − fµ+x′c + fµ−xflipx

′
c + fµ+xflipx

′
c

(−1 + 2xflip)(x′c − xc)

fc̄ =
−fµ+ + f ′

µ+ − f ′
µ+xc + fµ+x′c

x′c − xc

fc =
−fµ− + f ′

µ− − f ′
µ−xc + fµ−x′c

x′c − xc
(6.8)

To conclude, the fµ± and f ′
µ± are the observables and below is a description on

how to extract xc, x
′
c, xflip and x′flip.

6.4.3 Fraction of c-Quark Jets in the Dijet Samples

The difference in mass between the b-quark, c-quark and light quarks implies that
the momentum distribution of muons within jets from semi-leptonic decays of B−,
D− and light mesons are different (this property is also used in the extraction
of b-tagging efficiencies from data [88]). This property is exploited to extract the
respective fraction of b-quark, c-quark and light jets in the dijet samples which is
critical to extract the jet charge distributions for b- and c-quark jets.

The expected pT,rel spectra from b- and c-quark jets found from simulation are
used to fit the observed pT,rel spectra in the dijet samples. The light flavor contribu-
tion is assumed to be negligible. This is also confirmed a posteriori by the fact that
the fitted fraction of c-quark jets is small and that the light jet tagging efficiency
is ≈ 15 times lower than than the c-quark tagging efficiency (see Sec. 5.5.4).

The expected b-quark jet pT,rel spectrum is determined using simulated Z → bb̄
events including cascade decays (b → (c →) µ) and the expected c-quark jet pT,rel

spectrum is determined from simulated Z → cc̄ events. Templates in pT,rel in three
bins of muon pT : 4 GeV < pTµ < 8 GeV, 8 GeV < pTµ < 10 GeV and pTµ > 10 GeV
and in three bins of jet pT : 15 GeV < pT < 35 GeV, 35 GeV < pT < 55 GeV and
pT > 55 GeV are constructed. The jet flavor in the Monte Carlo simulated events
is determined by matching the direction of the reconstructed jet to the heaviest
hadron flavor within a cone of ∆R < 0.5. If there is more than one hadron found
within the cone, the jet is considered to be a b-quark jet if the cone contains at
least one B hadron. It is called a c-quark jet if there is at least one D meson in the
cone and no B hadron. The fitted parameter is the fraction of c-quark jets among
the tag-jets of the dijet samples. Examples of the pT,rel template fits are shown
in Fig. 6.9. The fitted fractions of b- and c-quark jets are presented in Tab. 6.6
and 6.7 respectively. The fit also takes into account the statistical uncertainty on
the pT,rel spectra obtained from simulated events as well as the uncertainty from
the observed spectrum.
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Figure 6.9. Examples of two pT,rel template fits in the loose (top) and tight
(bottom) dijet samples for muon pT between 4 GeV and 8 GeV and three bins of jet
pT . The result of the fits in the other muon and jet pT bins are shown in Tab. 6.6
and 6.7.
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Table 6.6. Result of the pT,rel fit for the loose dijet sample for the nine different
combinations of muon and jet pT requirements.

Muon pT [GeV ] Jet pT [GeV ] Fitted c-fraction
4 < pTµ < 8 15 < pT < 35 0.19 ± 0.01
4 < pTµ < 8 35 < pT < 55 0.23 ± 0.01
4 < pTµ < 8 pT > 55 0.09 ± 0.06
8 < pTµ < 10 15 < pT < 35 0.15 ± 0.03
8 < pTµ < 10 35 < pT < 55 0.24 ± 0.02
8 < pTµ < 10 pT > 55 0.07 ± 0.06
pTµ > 10 15 < pT < 35 0.18 ± 0.04
pTµ > 10 35 < pT < 55 0.21 ± 0.02
pTµ > 10 pT > 55 0.14 ± 0.03

Weighted sample average(x′c): 0.19 ± 0.02

Table 6.7. Result of the pT,rel fit for the tight dijet sample for the nine different
combinations of muon pT and jet pT requirements.

Muon pT [GeV ] Jet pT [GeV ] Fitted c-fraction
4 < pTµ < 8 15 < pT < 35 0.01 ± 0.02
4 < pTµ < 8 35 < pT < 55 0.01± 0.02
4 < pTµ < 8 pT > 55 0.00 ± 0.02
8 < pTµ < 10 15 < pT < 35 0.01 ± 0.04
8 < pTµ < 10 35 < pT < 55 0.02 ± 0.03
8 < pTµ < 10 pT > 55 0.00 ± 0.03
pTµ > 10 15 < pT < 35 0.02± 0.05
pTµ > 10 35 < pT < 55 0.01 ± 0.02
pTµ > 10 pT > 55 0.000 ± 0.004

Weighted sample average(xc): 0.01 ± 0.02
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Table 6.8. Fraction of times the tagging muon changes sign with respect to the
quark that initiated the jet, xflip, in four different bins of tag-jet pT . The value of
xflip plugged into Eq. 6.8 is the weighted average to take into account the tag-jet pT

spectra of the dijet samples.

Jet pT [GeV] xflip

15 < pT < 25 0.257 ± 0.064
25 < pT < 35 0.290 ± 0.013
35 < pT < 45 0.305 ± 0.009
pT > 45 0.317 ± 0.009

Weighted sample average 0.303 ± 0.006

The total fraction of of c- and b-quark jets in the dijet samples can be extracted
by the sum of the measured fraction in each bin weighted by the event population
in each bin. As expected, removing the requirement of a SVT-tag on the tag-jet
enhances the fraction of c-quark jets.

6.4.4 Determination of the Muon Charge Flip Fraction

The total fraction of times the tagging muon charge sign is “flipped” compared to
the quark that initiated the jet in the tight (loose) dijet sample is given by the
variable xflip (x′flip). The value of xflip is measured from simulated bb̄ events where
the simulation history allows for a determination of the correlation between the
tagging muon and the quark sign. The fraction of times the tagging muon changes
sign depends on the pT spectrum of the jets. At lower jet pT , the probability that a
cascade muon is found above the reconstruction threshold is lower and the fraction
of cascade muons thus increases slightly as a function of increasing jet pT . The
fraction of times the tagging muon changes sign determined from simulated events
is therefore weighted to the pT spectrum observed in the dijet samples. The result
is shown in Tab 6.8. Any topological differences between the loose and tight dijet
sample such as the jet pT spectrum could lead to a difference between xflip and
x′flip. Therefore, the tag-jet pT and η spectra are compared (see Fig. 6.10) and the
differences is small enough to be neglected and xflip = x′flip is therefore used.

Cross-check of tagging muon charge flip

The fraction of times the tagging muon in the loose and tight dijet samples changes
sign calculated above can be cross-checked with data by requiring that the probe-
jet in the tight dijet sample contain a muon track (with the same quality as the
tagging muon). If Nbb̄ is the total number of events in this sample, Nos is the
number of events with two opposite-sign muons and Nss the number of events with
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Figure 6.10. Comparison of jet pT (top) and η (bottom) for tag-jets in the dijet
samples.
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two same-sign muons, the following relationships can be used to predict the number
of Nss and Nos in this sample given the flip fraction xflip estimated above,

Nbb̄ = Nss +Nos, (6.9)

Nss = 2Nbb̄xflip(1 − xflip). (6.10)

The prediction gives Nss = 76 ± 6 and Nos = 105 ± 15 while the observation is
Nss = 79 and Nos = 103 which is consistent within the statistical uncertainty. The
caveat of this cross-check is that a rather broad range of xflip is allowed before
conflicting with the statistical uncertainties.

6.4.5 Correction for Kinematical Differences in the Signal
and Dijet Samples

The jet charge templates were derived from the dijet data samples but the aim is
to extract the jet charge templates for jets in `+jets events. Figure 6.11 shows a
comparison of the jet pT and η for the probe-jet in the tight dijet sample and the
SVT-tagged b-quark jets in simulated `+jets and Z → bb̄ events. The b-quark jet
from the top quark decay has as expected harder pT and more central η spectra.
From the correlation between jet pT and the number of tracks associated with
the jet one can expect that the discriminating power depends on the jet pT . A
dependence on jet |η| is also expected due to the geometry of the inner tracking
detector where particles around |η| = 1.0 traverses more layers in the SMT (a
similar behavior exists for the tracking efficiency in Fig. 5.5, Sec. 5.5.4). The jet
pT and |η| dependences of the jet charge algorithm in simulated `+jets and Z → bb̄
events are shown in Fig. 6.12. As the jet charge algorithm performance is improving
with increasing jet pT and mostly decreasing with increasing |η| the conclusion is
that the jet charge templates derived on the dijet samples are underestimating the
jet charge algorithm discriminating power when applied to b-quark jets in `+jets
events.

Jet Kinematical Weighting

To fully take into account the kinematical differences for b-quark jets in the dijet
samples and tt̄→ `+jets both the difference in jet pT and η and their correlations
have to considered. This can be achieved by weighting the b-quark jet pT spectrum
of `+jets to the probe-jet pT spectrum in the tight dijet sample (this direction
of weighting is the only possible due to the low statistics at high pT in the dijet
samples). Figure 6.13 shows the weight and the result is shown in Fig. 6.14.
The weighting of the pT spectrum does not take into account the differences in η
spectrum between the two samples. This difference is treated in a similar fashion.
The simulated `+jets events are weighted again but this time with respect to the
b-quark jet η spectrum. After applying both weights the jet pT and η spectrum of
the different samples agree as can be seen in Fig. 6.15, confirming the validity of
the assumption of uncorrelated pT and η.
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Figure 6.11. Jet pT (top) and |η| (bottom) for the probe-jet in the tight dijet
sample, in simulated Z → bb̄ events and for SVT-tagged jets in simulated `+jets
events.
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tt̄ → `+jets events to obtain the same pT spectrum as the probe-jet in the tight
dijet sample.

Derivation of the Kinematical Correction

The correction is extracted as the ratio between the b-quark jet charge templates
in normal and reweighted simulated events. The jet charge templates can be seen
as probability densities to observe a certain jet charge given the true charge and
type of quark. In the following, the jet charge templates are modeled as functions
of the measured jet charge Qjet defined in Eq. 6.1. Further, we denote:

• fdata
b (Qjet) the b-quark jet charge template obtained from dijet data (as de-

scribed in Sec. 6.4.2),

• f tt̄
b (Qjet) the b-quark jet charge template from simulated `+jets events passing

signal selections,

• f tt̄,ω
b (Qjet) the b-quark jet charge template from simulated `+jets events pass-

ing signal selections reweighted as discussed in the previous section,

• fb(Qjet) the jet charge distribution from the dijet data, corrected to reproduce
the jet charge distribution for jets with the same pT and η as the simulated
tt̄ events.

The corrected distribution is obtained in the following way:

fb(Qjet) = fdata
b (Qjet) ·

f tt̄
b (Qjet)

f tt̄,ω
b (Qjet)

(6.11)
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Figure 6.14. Comparison of jet pT (top) and |η| (bottom) for SVT-tagged b-quark
jets in simulated `+jets events passing signal selections before and after weighting of
the pT spectrum. The pT spectrum of probe-jets in the tight dijet sample is shown
for comparison.



6.4. Jet Charge Calibration on Data 105

 [GeV]
T

Jet p
0 20 40 60 80 100 120 140 160 180 200

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07 Dijet data

 weighted)
T

 MC (ptt

 weighted)η & 
T

 MC (ptt

|ηJet |
0 0.5 1 1.5 2 2.50

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Dijet data

 weighted)
T

 MC (ptt

 weighted)η & 
T

 MC (ptt
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The correction for the b̄-quark jet charge template is derived in a similar way. The
correction functions are shown in Fig. 6.16 for both b- and b̄-quark jets. As expected,
the corrections decrease the width of the jet charge templates since a higher jet pT

give a larger probability to observe a higher number of tracks associated with the
jet. The more tracks associated with the jet means less probability to observe |Qjet|
close to one. Figure 6.17 shows the discriminating power for b-quark jets before
and after the kinematical correction.

6.4.6 Final Jet Charge Distributions Extracted from Data

After applying the correction for the kinematical differences in the dijet and signal
samples the final b-, b̄-, c− and c̄-quark jet charge templates shown in Fig. 6.18
are obtained. The jet charge templates are normalized to an area of one and can
be seen as the probability density to measure a certain jet charge Qjet, given the
type of quark (b, b̄, c or c̄) initiating the SVT-tagged jet. These templates are
subsequently used to derive the expected charge templates for the standard model
top and the exotic quark.

Figure 6.19 shows the discriminating power of the final b-quark jet charge tem-
plates compared to the tight dijet sample. The error band is the combined system-
atic uncertainty related to the extraction of the templates which is propagated to
the final result. As required, the discriminating power of the extracted jet charge
templates is independent of the minimum pT,rel requirement on the tagging muon
(remember that the final jet charge templates are derived with no requirement on
the pT,rel of the opposite tagging muon). As expected, the jet charge algorithm
performs slightly worse in data compared to the simulation.
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6.5 Top Quark Charge Observables

In order to discriminate between the charge |2e/3| standard model top quark and
the charge |4e/3| exotic quark scenarios an event observable and an expectation
of this observable for the two different hypotheses is needed. The charge |2e/3|
standard model top quark and the charge |4e/3| exotic quark scenarios will simply
be refered to as the standard model and exotic scenarios respectively.

The observable is based on reconstructing the charge of the decay products of
the top quark, assuming as mentioned earlier the decay t → bW+ (and similarly
in the exotic charge scenario Q → bW−). Since there are two top quarks in each
event, the top quark charge can be measured twice in each event.

One top quark charge is constructed as the sum of the charge of the charged
isolated lepton (referred to as the charged lepton if not otherwise specified) and the
jet charge of the b-quark jet from the same top quark. The second top quark charge
in the event is constructed as the sum of the second b-quark jet charge minus the
charge of the charged lepton. The two observables Q1 and Q2 in each event are
defined as:

Q1 = |q` + qb| (6.12)

Q2 = | − q` + qB |

where q` is the charge of the charged lepton, qb is the charge of the b-quark jet on
the leptonic leg of the event (defined in Sec. 6.1) and qB is the charge of the b-quark
jet in the hadronic leg of the event. The charges of the SVT-tagged jets qb and qB
are obtained by applying the jet charge algorithm discussed earlier.

6.5.1 Associating Jets and W Bosons

In order to compute the top quark charge observables, the two b-quarks in the event
needs to be assigned to two reconstructed jets. This is done using a kinematic fitting
algorithm initially developed to measure the top quark mass [125; 126; 127]. Below,
the main features of the kinematic fit is described, more detailed information can
be found in Ref. [128].

Kinematic Fit

The algorithm used performs a kinematic fit of top quark pair candidate events
to the `+jets decay topology. If the event contains the decay of a tt̄ pair, with
four jets (the issue regarding events with more than four jets is discussed below)
in addition to the charged lepton and neutrino, the three jets (two light jets from
the hadronic decay of the W boson and a b-quark jet) forming the invariant mass
of the “hadronic” top quark (the top quark on the hadronic side of the event) is
expected to be equal to the invariant mass formed by the charged lepton, neutrino
and remaining b-quark jet (the leptonic side of the event). In addition to this
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constraint, two jets (out of three) on the hadronic side of the event is expected to
form the invariant mass of the W boson as is the charged lepton and the neutrino
on the leptonic side of the event. Together with the overall energy-momentum
conservation in the collision this over-constrains the problem.

The input variables to the kinematic fit are:

• The measured momentum of the four jets and the charged lepton (3 com-
ponents each). The masses of the jets are fixed to zero except for the jets
assigned in the input as b-quark jets which are given a mass of 4.6 GeV.

• The x- and y components of the measured missing transverse energy repre-
sents the transverse momentum of the neutrino. Note that the neutrino mo-
mentum in the longitudinal direction (pν

z ) cannot be inferred from momentum
imbalance in a similar way due to the spectator quarks in the colliding pp̄ pair
which carries away a large fraction of the momentum in this direction which
is mostly unmeasured close to the beam direction.

The conclusion is that there are 17 measured and one unmeasured variable (the
neutrino momentum in the z direction) in the `+jets event under subject to the
three constraints:

mleptonic side
W = 80.4 GeV,

mhadronic side
W = 80.4 GeV, (6.13)

mt = mt̄,

(6.14)

which makes the problem twice over-constrained6. In this analysis, which is not
concerned with measuring the mass of the top quark, the top quark mass itself is
used as an additional constraint and fixed to 175 GeV (the top quark mass used in
the generation of the simulated tt̄ events).

If the correspondence between jets and partons were known, a kinematic fit
would not be needed. In general, this is not known. Therefore, the algorithm tries
all 12 possible permutations (or assignments) of jets in the events (there are 4! = 24
permutations for four jets but the exchange of the two jets from the W boson leaves
the fit unchanged) and the “best” one can be chosen. Since the problem is over-
constrained, the “best” permutation can be quantified by defining a “χ2” which
reflects to what degree a particular jet permutation satisfy the given constraints.
The kinematic fit iteratively changes the measured and assigned kinematic variables

6There are 13 “particles” in the event, 4 quarks (jets), two leptons, the pp̄ pair, W ±, the
tt̄ pair and an additional pseudo-particle X to obtain total four-momentum balance which gives
52 (= 13 × 4) variables. The constraints come from the measured four-momenta of the quarks
(jets), lepton and missing transverse energy giving 23 (= 5× 4 + 3 (pν

x, pν
y), mν) constraints. The

pp̄ pair (which has known four-momenta) in the initial state gives an additional 8 constraints,
four-momentum conservation in all 5 vertices gives 20, the known masses of W ± gives 2 and the
assumption that mt = mt̄ gives one constraint. This results in total to 54 constraints for 52
variables and thus twice over-constrained.
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based on the experimental resolutions and evaluates the impact on the χ2. For a
given jet assigment the measured variables are pulled until the χ2 stops changing
and the constraints are satisfied.

For events with more than four jets the additional jets are assumed to originate
from initial (ISR) or final state radiation (FSR). The number of permutations grows
fast when including extra jets in the fit (note that if the extra jet is assumed
to be FSR it must be merged with another jet in the event and 5 jets give 140
permutations, 6 jets give 1020, etc.). As in the top mass analyses, this analysis
uses only the four highest pT jets in the fit and other jets are assumed to arise from
ISR [128; 125; 126; 127].

Consider now tt̄ → bb̄qq̄`ν events where exactly two of the jets in the event
are SVT-tagged. These b-tagged jets are denoted as jSV T1, ..., jSV Tn, with n = 2
and the other jets j1 ..., jn, with n ≥ 2. If jb and jB are denoted as the b-quark
jets from the leptonic and hadronic leg of the event respectively, and jw1 and jw2

the two jets from the hadronic W decay, then each permutation considered by the
kinematic fit associates one jet (jSV T1, jSV T2, j1 and j2) to each of the jets jb,
jB, jw1 and jw2. There are exactly 12 combinations, but only two for which the
SVT-tagged jets are associated to the two jets jb and jB from the b-quarks of the
leptonic and hadronic legs:

1. jSV T1 ↔ jb and jSV T2 ↔ jB, or

2. jSV T2 ↔ jb and jSV T1 ↔ jB.

For an event with more than two SVT-tagged jets the number of permutations
for which the kinematic fit can associate SVT-tagged jets to jb or jB is multiplied.
Note that only 1% of simulated tt̄ events passing preselection have three or more
SVT-tagged jets.

Only permutations for which jb and jB are associated to SVT-tagged
jets are considered.

Sometimes the input kinematic variables are very far from the constraints and the
fit may therefore fail to pull the variables enough to satisfy the constraints or it
does not find a stable χ2 and fails to converge. The kinematic fit fails to converge
in 17.6 ± 0.6% of simulated tt̄ events passing signal selections for any of the two
permutations where the SVT-tagged jets are associated to jb and jB, see Tab. 6.9.
One should note that it is not seldom that the W decay contains a c-quark jet,
and the SVT-tagged jets do not correspond to 100% of actual b-quark jets, see
Tab. 6.10. Finally, out of the permutations for which the kinematic fit assigns the
SVT-tagged jet to jb and jB, only the permutation with the lowest χ2 is used.
Based on the simulation history, it is observed that the lowest χ2 permutation is
the correct one in 83.8 ± 1.8% of the cases. In the signal sample, 21 events are
selected, out of which 16 have at least one permutation that converged where both
SVT-tagged jets are assigned to jb and jB. This is statistically consistent with the
prediction 17.6 ± 0.6% from the study on simulated events.
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Permutations Tagged tt̄ Tagged tt̄
(%) data b-eff.(%)

0 17.6 ± 0.6 17.7 ± 0.8
1 5.6 ± 0.3 6.1 ± 0.4
2 71.9 ± 1.4 73.0 ± 2.0
3 0.2 ± 0.1 0.2 ± 0.1
4 1.9 ± 0.2 1.2 ± 0.2
5 0.20 ± 0.05 0.03 ± 0.03
6 2.6 ± 0.2 1.7 ± 0.2

Table 6.9. Number of jet permutations where the kinematic fit converges for which
jb and jB (defined in text) are associated to SVT-tagged jets in simulated `+jets.
More than two permutations can arise in events where there are more than two SVT-
tagged jets. In the rightmost column the SVT tagging algorithm was not explicitly
used but the jets tagged in the event was predicted from the per-jet tagging efficiency
derived from data (Sec. 5.5.4)

.

Jet flavor χ2
min All All

(%) (%) data b-eff.(%)
no match 0.00 ± 0.00 3.40 ± 0.16 3.64 ± 0.24

u 0.37 ± 0.06 0.45 ± 0.06 0.33 ± 0.07
d 0.37 ± 0.06 0.47 ± 0.06 0.40 ± 0.08
s 0.33 ± 0.05 0.45 ± 0.06 0.27 ± 0.06
c 4.90 ± 0.22 7.16 ± 0.24 7.53 ± 0.35
b 94.03 ± 1.29 88.07 ± 1.10 87.84 ± 1.56

Table 6.10. Jet flavor for the SVT-tagged jets in simulated tt̄ → bb̄qq̄`ν events
passing signal selections. The permutation giving the lowest χ2 in the kinematic fit
gives as expected a higher fraction of b-quarks matched to the jets compared to any
permutation (middle and last column). Using the per-jet tagging efficiency derived
from data (Sec. 5.5.4) gives a similar result (right-most column) as using the explicit
SVT-tags in the simulated events. The true jet flavor is found by matching the
closest parton from the simulation history within a cone of ∆R < 0.5 to the jet axis.
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6.5.2 Expected Charge Templates in the Standard Model
and Exotic Scenarios

The expected charge distribution templates in both scenarios are derived from
simulated tt̄ events and the jet charge templates derived from data earlier.

Standard Model Charge Template

The estimated charge distribution of the standard model top and the exotic quark
depends on how well the b- and b̄-quark jets can be identified but also the assignment
of the correct b-quark jet to correct W boson in the event. Therefore, it is necessary
that the kinematic fit is applied to the simulated events in an equivalent way as to
data in order to extract the expected distributions.

The procedure to obtain the expected standard model top quark charge distri-
bution is explained below:

1. Apply signal selection criteria as defined in Sec. 6.2 on simulated tt̄ events.

2. Fit the event using the constrained kinematic fit.

3. Select the lowest χ2 combination for which the jets jb and jB are associated
to SVT-tagged jets jSV T1 and jSV T2.

4. Determine the true flavor of the jets jb and jB using jet-parton matching.
The true flavor can be: b-, b̄-, c- , c̄- or light (u, d, s) jet.

5. The jet charges qb and qB is set to one randomly chosen value according to
the probability density function f(Qjet) derived from data depending on the
flavor of the jet e.g. if the flavor is b̄, then the probability density function
fb̄(Qjet). If it is a light jet, then a random value from the corresponding jet
charge probability density function is used, derived from simulation7.

6. Compute the two observables Q1 = |q` + qb| and Q2 = | − q` + qB |.

7. Make an entry for Q1 and another entry for Q2 in a histogram to store the
expected charge distribution for the standard model top quark.

To decrease the statistical uncertainty due to the sampling of the jet charge dis-
tributions step 5, steps 6 and 7 are carried out 200 times per event. The pre-
dicted standard model top quark charge distribution referred to as psm is shown in
Fig. 6.20.

7It is very seldom the light jet charge templates are sampled due to the low probability to tag
a light jet (≈ 1%), see Tab. 6.10



116 Chapter 6. Determination of the Electric Charge of the Top Quark

Quark charge [e]
0 0.5 1 1.5 2

A
rb

itr
ar

y 
U

ni
ts

0

0.01

0.02

0.03

0.04

0.05

0.06
sm

p

ex
p

Figure 6.20. The predicted standard model top (psm) and exotic (pex) quark charge
templates including backgrounds.

Exotic Scenario Charge Template

The estimated charge distribution template for the exotic scenario is derived in a
similar way as for the standard model top quark. From Fig. 6.1 it can be seen that
it can be obtained by simply replacing the above step 6 by the following

6 . The two expected observables are derived by permuting the jet charge of the
SVT-tagged jet on the leptonic and hadronic leg of the event: Q1 = |q` + qB |
and Q2 = | − q` + qb|.

The expected charge template for the exotic scenario is also shown in Fig. 6.20.
Note that with this procedure the charge template for the exotic scenario is a
mirror distribution of the Standard Model top quark charge template.

6.5.3 Backgrounds

The signal sample contains in addition to tt̄ events also a small fraction of back-
ground processes, mostly W boson production in association with a bb̄ pair and two
or more jets (Wbb̄jj) but also some expected single top quark events. Details about
the sample composition is described in Sec. 6.2. The observed charge in the signal
sample is to be compared with a combination of the expected standard model top
quark and exotic quark charge templates described above and of the charge con-
tribution from the background processes. Due to the large signal-to-background
ratio in the signal sample (∼ 11), the effect of adding the charge contribution from
the background processes is small. The backgrounds considered are the Wbb̄jj and
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Figure 6.21. The combined background charge contribution compared to the stan-
dard model top and exotic quark charge templates.

single top production while the other background processes are neglected. Two
assumptions are made: i) the charge of the isolated high pT lepton is uncorrelated
with the b-quark jets in Wbb̄jj events, ii) the b-quark jet charge template in Wbb̄jj
events are the same as for the b-quark jets in tt̄ events. Due to the low expected
contribution from the single top background (≈ 0.3 events) it is simply modeled by
the same charge template as the Wbb̄jj background.

Figure 6.21 shows the background charge template contribution and the ex-
pected standard model and exotic templates. The standard model and exotic tem-
plates are normalized to an area of one and can be seen as the probability density
functions to observe a certain charge Q in the standard model and exotic scenar-
ios. In the rest of this thesis these probability density functions are denoted by
psm(Q) and pex(Q) for the standard model top quark and the exotic quark scenario
respectively.
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Figure 6.22. A comparison of the discriminating power in simulated `+jets events
where the b-quark jets are fragmented using the default (Lund string) and the
Bowler [116] and Peterson [117] fragmentation models as a function of the jet pT .

6.6 Systematic Uncertainties

In this section the sources of systematic uncertainties and the procedure to evaluate
them are briefly described. A systematic uncertainty can affect the measurement
in two ways: it can change the jet charge templates derived from data or it can
affect the kinematic fit that assigns the SVT-tagged jets in the event to the correct
W boson. The result in the end is an uncertainty on the standard model top
and exotic quark templates. Thus, for each systematic uncertainty, the standard
model top and exotic quark charge templates are re-derived taking into account the
uncertainty considered. The result is a set of varied templates for each systematic
which is taken into account when extracting the final result.

Fragmentation Model

This analysis use as little input as possible from simulated pp̄ events in deriving the
jet charge algorithm performance. For instance, the extraction of the correction
function in Sec. 6.4.5 uses the ratio of variables obtained from simulated events
as input. Nevertheless, the dependence on different models for the fragmentation
of b-quark jets has been investigated. As discussed in Sec. 5.7, the fragmentation
of partons is modeled by the Lund string model [17]. Figure 6.22 shows the dis-
criminating power between b- and b̄-quark jet charge distributions comparing the
alternative Bowler and Peterson fragmentation models. Similar agreement is
observed as function of other variables (e.g. η, primary vertex position, etc.) and
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Figure 6.23. Comparison of the discriminating power between SVT-tagged b- and
b̄-quark jets in simulated tt̄ → bb̄qq̄`ν and tt̄ → bb̄`ν`ν events as a function of jet pT .
Jets from simulated Z → bb̄ events are shown for comparison.

thus no systematic uncertainty due to the fragmentation model is accounted for
since the b- and c-quark jet charge templates are derived from data and as noted
above, the kinematic corrections are ratios of simulation distributions, resulting in
a large cancellation of any existing difference among the fragmentation models.

Additional Jet Dependence

The jet charge templates are derived from dijet samples where exactly two recon-
structed jets are required while `+jets events have at least four jets. More activity
in the event could affect the jet charge templates due to a higher number of tracks
and possible overlap between tracks originating from different jets. This depen-
dence is studied in Fig. 6.23 by comparing the discriminating power for b- and
b̄-quark jets in simulated tt̄ → bb̄qq̄`ν and tt̄ → bb̄`ν`ν events where only two jets
are expected (additional jets can arise due to ISR and FSR). No sizable difference
is found and thus no systematic uncertainty is considered.

Tagging Efficiency in Data and Simulation

The b-tagging efficiencies are known to be different in simulated events compared to
data. The method to determine the expected charge distributions for the standard
model top and exotic quark charge scenarios depends on the tagging efficiency for
different jet flavors e.g. a SVT-tagged jet in a tt̄ event is not always a b-quark
jet but sometimes a c-quark jet from the W boson decay. In addition, the rate at
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Sample µ-tagged jets (%)
Dijet data 3.0 ± 0.2
`+jets 8.6 ± 0.2
Signal sample 11.9 ± 5.0
Z → bb̄ 3.2 ± 0.2

Table 6.11. Fraction of SVT-tagged jets that have a muon associated to it in various
samples. The difference between the dijet data and simulated `+jets events (passing
signal selections) is taken into account as a systematic uncertainty. For comparison,
the fractions in the signal sample and simulated Z → bb̄ events are shown.

which the various types of jets are SVT-tagged are different in data and simulated
events. For this analysis, only the relative fraction of SVT-tagged jets of different
flavors are important and not the absolute efficiencies.

To make sure that the procedure to find the flavor of the SVT-tagged jets in
simulated tt̄ events is correct, it is repeated but this time relying on the tagging
efficiencies derived from data to determine which of the jets in the event that are
SVT-tagged. The expected standard model top and exotic quark charge templates
were re-derived using this alternative procedure and the change was negligible.

Dependence on the Primary Vertex Position

The tracking efficiency and other tracking related variables depends on the geometry
of the tracking detectors. Since samples with different primary vertex distributions
are used to extract the jet charge templates for jets in the signal sample, the
discriminating power for b- and b̄-quark jets was calculated with respect to the
primary vertex position. No significant dependence was found which may be related
to the fact that only SVT-tagged jets are considered. SVT-tagged jets are by
definition associated with a set of well defined tracks (see Sec. 5.5.4).

Fraction of Muon-Tagged Jets

The jet charge algorithm considers all tracks satisfying the standard quality cuts
in Sec. 6.3.1. All jets are required to be tagged by the SVT algorithm but no veto
is applied to reject µ-tagged jets. The muon track usually has significantly higher
transverse momentum than other tracks in the same jet (especially when it arise
from the semi-leptonic decay of the b-quark), and the jet charge distribution for b-
quark jets containing a muon is significantly different. The jet charge templates are
derived on a different sample than the signal sample and therefore a possible bias
may exists due to different fraction of jets associated with a muon in the samples.
Table 6.11 shows the fraction of the SVT-tagged jets that also has a muon associated
to it. A systematic uncertainty due to this discrepancy is obtained by re-deriving
the jet charge templates for b- and c-quark jets with a veto on any probe-jet that
has a muon matched to it within a cone of ∆R < 0.5.
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Fraction of c-Quark Jets in the Dijet Samples

The uncertainty on the fraction of c-quark jets in the dijet samples originates from
the uncertainty of the pT,rel fit. The b- and c-quark jet charge distributions are
re-derived varying the fraction of c-quark jets according to this uncertainty.

Fraction of Muon Charge Sign Change in the Dijet and Simulated

Samples

The amount of muons from cascade decays passing the loose and tight dijet selec-
tions depends on the jet pT . The simulated Z → bb̄ events and the dijet samples
have similar but not equal jet η and pT spectrum. Therefore, there is still the
possibility that the fraction of cascade muons is different in the dijet and simulated
Z → bb̄ events, that are used to extract the fraction of times the muon charge sign
is different from the quark initiating the jet. This uncertainty is taken into account
by re-deriving the jet charge templates by varying the fraction of times the muon
charge changes sign, xflip (calculated in Sec. 6.4.4), according to the uncertainty
on the weighted average.

The measured charge of the muon can be different from the quark that initiated
the jet simply because the muon track was poorly reconstructed. This effect exists
also in the simulated events and we observe that it affects about 1% of the muons
inside jets in simulated Z → bb̄ events. The rate at which the muon charge is
measured incorrectly might be different in data and simulation. This potential
difference between data and simulation is taken into account by varying how often
the charge is misidentified between 0% and 3%.

Statistical Uncertainty on the Kinematic Correction

The procedure to weight the tt̄ simulated events to reproduce the jet pT and η
spectrum of the dijet samples has a number of uncertainties associated with it. By
using the ±1σ band in the fits, the statistical uncertainty can be evaluated. There
are two weights that are applied, the jet pT and η weights, both with a statistical
uncertainty associated with them. Conservatively, the uncertainties are added in
quadrature and the jet charge templates are re-derived varying this uncertainty.

There is an additional systematic uncertainty related to the kinematic correction
which arises from the limited statistics used in the correction. This systematic is
evaluated by using the ±1σ bands on the kinematic correction fit shown in Fig. 6.16
and re-deriving the jet charge templates using these varied correction functions.

Statistical Uncertainty on the Jet Charge Templates

The extraction of the jet charge template in Sec. 6.4.2 leads to a statistical uncer-
tainty on the jet charge distributions. This uncertainty is evaluated by fitting the
jet charge distributions with Gaussian functions and varying the fitted parameters
within their uncertainties to produce ±1σ templates. The fit for b-quark jet charge
distributions are shown in Fig. 6.24. c-quark jets are treated in a similar fashion
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Figure 6.24. The b- and b̄-quark jet charge distributions (left and right respectively)
fitted with a Gaussian function. The ±1σ jet charge templates are derived by varying
the parameters of the Gaussian within their errors. The varied jet charge templates
are calculated from the difference between the varied and central Gaussian.

and results in much larger statistical uncertainty. The validity of this procedure
was estimated by allowing each bin of the jet charge distributions to vary according
to a Gaussian centered on the bin content and a width according to the error of that
bin. After varying all bins in the jet charge templates the discriminating power is
calculated and put in a histogram. This procedure is repeated 10, 000 times and the
resulting distribution is fitted with a Gaussian where the width is compared to the
difference in discriminating power between the ±1σ varied jet charge distributions.
The varied jet charge templates have a discriminating power that agrees with the
width of the Gaussian and the statistical uncertainty on the templates are thus
reasonable.

Top Quark Mass Uncertainty

The constrained kinematic fit uses the top quark mass as an additional constraint
at a value of 175 GeV. This value is chosen to be consistent with the mass used
in the generation of the simulated events. Top quark mass is known only to a
certain precision and constraining the mass in the fit to an alternative value might
affect the fit performance. To take this into account, the standard model top and
exotic quark charge templates are re-derived using simulated tt̄ events generated
with different masses, while keeping the same top mass constraint in the fit. Events
generated with a top quark mass of 170 GeV and 180 GeV are used to evaluate
this systematic uncertainty. The world average uncertainty in the top mass was
≈ 2.3 GeV [129]8 and therefore the standard model top and exotic quark charge
templates obtained from the 170 GeV and 180 GeV samples are scaled correspond-
ing to this uncertainty.

8Compared to a world average uncertainty of 1.4 GeV today (Sec. 1.3.3).
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Jet Reconstruction Efficiency, Energy Scale and Resolution

The jet energy scale correction is an attempt to correct the measured jet energies in
the calorimeter back to the stable-particle level before interacting with the detector
and is applied to all jets. The jet energy scale correction is different for jets in
data and in simulated events as discussed in Sec. 5.5.2. The uncertainty from the
jet energy scale is found by adding the uncertainties from data and simulation in
quadrature, conservatively treating them totally uncorrelated. This uncertainty
changes the jet energies in the event and may consequently affect the kinematic fit.
The standard model top and exotic quark charge templates are re-derived using the
varied jet energy scale correction.

The observed pT spectrum of jets in simulated events is smeared to match the
resolution measured in data. The uncertainties on the parametrization of the jet
energy introduces an uncertainty not taken into account by the jet energy scale.
To account for this, the parametrization is varied according to the uncertainty and
the standard model top and exotic quark charge templates are re-derived.

The efficiency to reconstruct a jet subject to all requirements in Sec. 5.5.1 is
higher in simulated events than in data [88]. The discrepancy is most prominent
in the low pT region (15− 25 GeV). Therefore, a pT dependent data-to-simulation
scale factor is derived and jets in simulated events are removed to reproduce the jet
reconstruction efficiency observed in data. This scale factor is varied according to
its uncertainty to take into account any effect on the kinematic fit and the standard
model top and exotic quark charge templates are re-derived.

Composition of the Signal Sample

The signal sample composition discussed in Sec. 6.2 has some uncertainty. Due
to the large signal-to-background ratio this uncertainty has a small net effect on
the analysis. It is evaluated by taking into account the statistical and systematic
uncertainty when extracting the final result described in Sec 6.7.

bb̄ Production Mechanism

The dominant bb̄ production mechanism in the dijet samples is assumed to be flavor
creation. Other processes contributing to the production of bb̄ pairs (flavor exci-
tation and gluon splitting) destroy the correlation between the sign of the tagging
muon and the quark initiating the probe-jet. The fraction of flavor creation is sen-
sitive to the azimuthal distance between the jets [143; 144; 145]. Therefore, the
jet charge templates are re-derived with the requirement of ∆φ > 2.65 instead of
∆φ > 3.0 on the azimuthal distance between the two jets in the dijet samples to
take this uncertainty into account.

tt̄ Signal Modeling

In the kinematic fit it is assumed that the four highest pT jets in the event are
the result of the hadronization of the partons from the tt̄ decay. As discussed
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Systematic uncertainty Variation
Fraction of c-quark jets ±0.003
Fraction of muon charge sign change ±0.007
Stat. uncert. on the kinematic weighting ±0.003
Stat. uncert. on the kinematic correction ±0.014
bb̄ production mechanism ±0.008
Stat. uncert. b-quark jet charge templates ±0.023
Stat. uncert. c-quark jet charge templates ±0.002
Fraction of µ-tagged jets ±0.005
tt̄ signal modeling ±0.007
Jet energy scale ±0.003
Jet energy resolution ±0.012
Jet reconstruction efficiency ±0.009
Top quark mass uncertainty ±0.002

Table 6.12. The maximum shift in discriminating power between the varied stan-
dard model top and exotic quark charge templates for the individual sources of
systematic uncertainty.

before, additional jets can arise from ISR and FSR. When tt̄ events are produced in
association with a jet, the additional jet can be misinterpreted as a decay product
from the tt̄ pair. To assess the uncertainty in the modeling of these effects, events
has been generated using a dedicated simulation of the production of tt̄ events
together with an additional parton using ALPGEN. The fraction of such events
is estimated not to be larger than 30% [146]. The standard model top and exotic
quark charge templates are re-derived using this sample and systematic uncertainty
of 30% of the difference between this and the default simulated tt̄ sample is quoted.

To estimate the effect of the individual sources of systematic uncertainties, the
discriminating power between the varied standard model top and exotic quark
charge templates is calculated and shown in Tab. 6.12.
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6.7 Results

The underlying models in this analysis are the two hypotheses of a standard model
top quark with a charge of 2e/3 or an exotic quark with charge 4e/3 referred to in
the following as Hsm and Hex respectively. In Sec. 6.7.1 a likelihood ratio test is
performed to assess the validity of the different hypotheses. However, the test only
provides an estimation of the compatibility of the data with either hypotheses,
it does not assess the probability of a mixture of quarks with charge 2e/3 and
4e/3. Therefore, the fraction of quarks with the exotic 4e/3 charge is estimated in
Sec. 6.7.2 using the method of maximum likelihood.

6.7.1 Discrimination Between Charge 2e/3 Top Quark and
Charge 4e/3 Exotic Quark Production Scenarios

In data a certain set of chargesQ1 and Q2 are observed for the leptonic and hadronic
leg of the `+jets event respectively. There are 21 selected events in the signal
sample. In 16 events, the kinematic fit converges in at least one of the permutations
where the two jets jb and jB are associated to SVT-tagged jets. Each of the 16
events provides two observations of the charge, giving 16 observations of Q1 and
16 observations of Q2, i.e. a total of 32 charge observations. Figure 6.25 shows
the binned and unbinned distribution of the measured charges in the data overlaid
with the expected standard model top and exotic quark charge templates. As can
be seen from the figures, the observed data prefers the standard model hypothesis.
Below, a procedure to quantify the compatibility with the hypotheses based on a
likelihood ratio is described.

Likelihood Ratio

Often when discriminating between two scenarios it is useful to define a test statis-
tics. If the set of 32 measured values Q1 and Q2 are denoted by a vector qdata

then the test statistics, denoted Λ, can be a single number or a vector with fewer
components than qdata [9]. The value of Λ reflects the level of agreement between
the data and the hypothesis. Under the assumption of each hypothesis, different Λ
will be obtained for repeated experiments.

The goodness of compatibility is quantified by the P -value, which is the prob-
ability to observe Λ in the region of equal or lesser compatibility under a specific
hypothesis H than the level of compatibility observed with the data, Λdata. In this
analysis, the test statistics Λ is the ratio of the likelihoods L for the two different
hypotheses, Hsm and Hex, given a vector of data q:

Λ(q) =
L(q|Hsm)

L(q|Hex)
, (6.15)
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Figure 6.25. The 32 observed charges compared to the standard model top and
exotic quark charge templates for binned (top) and unbinned (bottom) data.
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where the likelihood functions L are defined as:

L(q|Hsm) =
∏

i

psm(qi), (6.16)

L(q|Hex) =
∏

i

pex(qi). (6.17)

Here, the probability density functions (pdf) psm and pex are the standard model
top and exotic quark charge templates derived in Sec. 6.5.2. The subscript i runs
over 1, 2, ...., 32, i.e. the same as the total number of observations in data.

Under the assumption that the data, q, derived from a hypothesis H, the ex-
pected distribution of the test statistics under that hypothesis, g(Λ|H), is deter-
mined. Here, the two hypothesis and their expected distributions are denoted
Λsm ≡ g(Λ|Hsm) for the standard model and Λex ≡ g(Λ|Hex) for the exotic sce-
nario, respectively. Given the definition of the test statistic, the P -value for the
exotic scenario is

P =

∫ ∞

Λdata

Λex(Λ)dΛ. (6.18)

Consequently, in order to compute the P -value for the exotic scenario, Λex and
Λdata have to be determined. The latter is the observed likelihood ratio in data,
i.e. Eq. 6.15 with q = qdata which results in:

Λdata = 4.3

Note that Λdata by itself also can be interpreted as positive evidence for the standard
model hypotheses according to the Bayes factor [147]9. The expected distribution
of the likelihood ratio under the assumption of the exotic scenario, Λex, is calculated
from pseudo-experiments as described below.

Generation of Pseudo-experiments

Λex can be determined by generating pseudo-experiments which in an idealized
world would correspond to building a set of new experiments and for each experi-
ment measure the electric charge of the top quark and compute the likelihood ratio
under the assumption of Hex. The pseudo-experiments are produced according to
the following procedure:

1. Signal and background fraction
The signal and background fractions are allowed to fluctuate according to the
statistical and systematic uncertainties: The number of background events is
obtained from a Binomial distribution with a mean equal to the prediction

9The Bayes factor can be derived from Bayes theorem and is defined as ratio of the posterior
odds and prior odds of the two hypotheses. Assuming that the two hypotheses are equally probable
a priori, the Bayes factor reduces to the simple likelihood ratio. It can be interpreted as [147]: Λ
is, 1 < Λ < 3: barely worth mentioning, 3 < Λ < 20: positive, 20 < Λ < 150: strong and Λ > 150:
very strong.
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given by a Gaussian distribution with a mean of 1.53 (the central prediction)
and a standard deviation equal to the total uncertainty on the number of
background events.

2. Systematic uncertainties
The various sources of systematic uncertainties affect the template distri-
butions. The method used here to take the systematic uncertainties into
account is to allow these to change the default (or best guess) template. Each
source of systematic uncertainty j, is assumed to follow a Gaussian distri-
bution with width σj and is modeled by a free parameter νj called nuisance

parameter [148]. If the default standard model top quark template is charac-
terized by a function psm(Q) and if pj+

sm(Q) and pj−
sm(Q) are the ±1σ varied

templates for the source of uncertainty j, then the standard model top quark
template (and similar for the exotic quark charge template) as a function of
all systematic uncertainties can be written as:

psm(Q, νj) = psm(Q) +
∑

j

νj(p
j±
sm(Q) − psm(Q)), (6.19)

pex(Q, νj) = pex(Q) +
∑

j

νj(p
j±
ex (Q) − pex(Q)). (6.20)

The nuisance parameters νj follow Gaussian distributions with mean zero and
standard deviation one.

3. Pseudo-measurements
The number of pseudo-measurements for each pseudo-experiment is equal to
the total number of observed charges in data. Hence, pex(Q) is randomly
sampled 32 −Nbkg times and the background template (see Sec. 6.5.3) Nbkg

times to obtain a set of pseudo-measurements qpseudo. Nbkg is determined as
outlined in step 1.

4. Likelihood ratio
Given the set of pseudo-measurements qpseudo, the likelihood ratio is calcu-
lated using the generated psm(Q, νj) and pex(Q, νj) templates that now takes
into account the systematic uncertainties.

By repeating the four steps described above 100, 000 times (each time with a new
background fraction and new set of nuisance parameters ν), Λex can be determined.
Similarly, Λsm can be determined by sampling the psm(Q) charge template in step 2.
Both Λex and Λsm are shown in Fig. 6.26 together with the observed likelihood ratio
in data, Λdata.

Confidence Level

From Fig. 6.26 it is clear that the observed set of charges is more standard model
like than exotic like. Formal hypothesis testing is not the usual practice in this
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Figure 6.26. The expected distribution of the likelihood ratio under the assumption
of the standard model (Λsm) and the exotic scenario (Λex) obtained from pseudo-
experiments. The observed value in data, Λdata, is also shown.
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field. The usual practice is to exclude parameter space, to 90 or 95% confidence
level and/or state tail probabilities pertaining to the hypotheses. Here, the latter
is chosen. The P -value is defined, as mentioned above, as the probability, under
the hypothesis Hex, to observe a likelihood ratio Λdata or higher. Following the
nomenclature of formal hypothesis testing, the maximum confidence level in which
we could exclude the exotic hypotheses given the observed data is

1 − βmin = 1 − P = 1 − 0.078 = 0.922 = 92.2%. (6.21)

In order to quantify the compatibility of the observed data with the standard model

hypothesis Hsm, the P -value is calculated by P =
∫ Λdata

−∞
Λsm(Λ)dΛ = 55%. An

expected maximum confidence level under the assumption of Hsm can be defined
from the median of the Λsm by

1 − βexpected
min = 1 −

∫ ∞

Λsm
Median

Λex(Λ)dΛ = 1 − 0.088 = 91.2%, (6.22)

in good agreement with the standard model. Note that in formal hypothesis test-
ing [149], (1− βmin) could be denoted the maximum power of the test. The results
on the maximum confidence level is not directly comparable to formal hypothesis
testing as the tail probabilities, in the form of P -values for each hypothesis, are not
strictly taking into account the acceptance/rejection probability of the alternative
hypothesis10. Next section describes a complementary statistical treatment of the
compatibility of the data with the two hypotheses.

The effect of including systematic uncertainties as described above is shown
both cumulative and individually in Tab. 6.13.

6.7.2 Fraction of Exotic Quarks

The exclusion up to 92% confidence level that the set of data qdata arose from
the decay of a quark with the exotic 4e/3 electric charge does not address the
possibility that qdata results from a mixture of a charge 2e/3 and a 4e/3 quark.
Therefore the fraction of exotic charged quarks in the signal sample is estimated
which also constitite a complementary way of presenting the degree of belief in the
two hypothesis.

Maximum Likelihood Fit

The fraction of exotic quarks ρ is estimated using the method of maximum likeli-
hood [149]. This method is based on that under the assumption of the hypothesis
H with pdf p(q; ρ), where ρ is an unknown parameter and q is a random vari-

able, one expects a high probability of the product
∏N

i=1 pH(qi; ρ) if the hypothesis

10In formal hypothesis testing, a null hypothesis (typically Hsm) is used to a priori choose a

significance level α defined as α =
R Λcut

−∞
Λsm(Λ)dΛ of the order of 5%. The power of the test

is then given by 1 − β = 1 −
R

∞

Λcut
Λex(Λ)dΛ. If the observed Λdata > Λcut, then the exotic

hypothesis is rejected with 1 − β confidence level.
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Source 1 − βmin 1 − βexpected
min 1 − βexpected

min

(single)
Stat. uncert. 95.82 95.25 95.25
Fraction of c-quark jets 95.75 95.23 95.24
Fraction of µ charge sign change 95.66 95.21 95.26
Stat. uncert. kinematic weighting 95.56 95.21 95.25
Stat. uncert. kinematic correction 94.37 94.11 94.35
bb̄ production mechanism 93.70 93.35 94.55
Stat. uncert. b-quark jet charge 93.47 93.22 95.18
Stat. uncert. c-quark jet charge 93.33 93.12 95.23
Fraction of µ-tagged jets 93.28 93.06 95.19
tt̄ signal modeling 93.11 92.89 95.12
Jet energy scale 93.08 92.62 95.15
Jet energy resolution 92.82 92.26 95.16
Jet reconstruction efficiency 92.44 91.79 95.17
Top quark mass uncertainty 92.22 91.17 95.17

Table 6.13. Breakdown of the systematic uncertainties and their cumulative effect
on the confidence level. Single depicts the effect when allowing only one source of
systematic uncertainty to enter the calculation.

and parameter values are correct. The estimation of the parameter ρ can then be
found11 by finding the parameter value ρ̂ (the maximum likelihood estimator) that
maximizes the likelihood function L,

L =
N
∏

i=1

p(qi; ρ) , i.e. (6.23)

∂L
∂ρ

= 0. (6.24)

Here, q are theN = 32 observed charges qdata shown in Fig. 6.25 and the hypothesis
p(q; ρ) is the pdf under the assumption of a fraction of exotic quarks ρ. This pdf is
found by mixing the pure standard model top quark charge template psm(Q) and
the pure exotic quark charge template pex(Q) with the appropriate fraction

p(Q; ρ) = ρ× pex(Q) + (1 − ρ) × psm(Q). (6.25)

The unbinned likelihood that the data qdata is consistent with the sum of signal and
background as a function of the fraction of exotic quark is calculated. Practically,
the negative of the log-likelihood function, − logL(qdata, ρ′) is evaluated for ρ′ =
0, 0.05, ..., 1.0 and fitted with a parabola to find the maximum likelihood estimator
of ρ.

11Note that in principle there could be more than one unknown parameter.
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Interpretation of the Result to a Confidence Interval

It can be shown that in the large sample limit, the maximum likelihood estimator
ρ̂ is Gaussian which implies a parabolic shape for the − logL and that there is a
simple prescription to estimate the uncertainty of the fitted parameter [149]. A
change of the parameter ρ by n standard deviations results in a well defined change
of the minimum value of the log-likelihood function [9]:

− logL(ρ̂± nσρ̂) = − logLmax +
κn

2
. (6.26)

The parameter κn is chosen to construct a confidence region with a given confidence
level. The 68% and 90% confidence level intervals are obtained with κ1 = 1 and
κ2 = 2.71, respectively [9].

The result is also reported using a Bayesian approach where the prior pdf π(ρ)
characterizes the prior knowledge of the true value of ρ. Using Bayes theorem, the
posterior pdf p(ρ|qdata) is obtained from

p(ρ|qdata) =
L(qdata|ρ)π(ρ)

∫ ∞

−∞
L(qdata|ρ′)π(ρ′)dρ′

. (6.27)

The p(ρ|qdata) can be used to determine a Bayesian interval [ρmin, ρmax] such that
for a given probability α [149]

1 − α =

∫ ρmax

ρmin

p(ρ, |qdata)dρ. (6.28)

Here, a flat prior pdf π(ρ) according to the physical region is used, i.e. it is one
in the interval ρ ∈ [0, 1] and zero elsewhere. Consequently, the calculation of the
Bayesian interval amounts to finding ρmin and ρmax such that the probability of
1 − α is,

∫ ρmax

ρML
L(qdata|ρ) dρ

∫ 1

0
L(qdata|ρ) dρ

=

∫ ρML

ρmin
L(qdata|ρ) dρ

∫ 1

0
L(qdata|ρ) dρ

=
(1 − α)

2
, (6.29)

where ρML is the fraction at the minimum of the parabola (i.e. the fitted fraction).
If ρML is outside the physical region a one-sided confidence interval is reported as,

∫ ρmax

0
L(qdata|ρ) dρ

∫ 1

0
L(qdata|ρ) dρ

= 1 − α, (6.30)

if ρML < 0 or,
∫ 1

ρmin
L(qdata|ρ) dρ

∫ 1

0
L(qdata|ρ) dρ

= 1 − α. (6.31)

if ρML > 1.
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Figure 6.27. The fitted fraction of exotic quarks versus the true input fraction for
the pseudo-experiments.

Validation of the Fit Procedure

Before applying the maximum likelihood fit to the selected signal sample the fit
procedure is validated by performing pseudo-experiments where the input fraction
of exotic quarks is known. Ideally, the fit returns the same fraction without any
deviations together with information on the expected statistical sensitivity. One
pseudo-experiment is built by randomly sampling the pdf p(Q|ρ) for a given frac-
tion ρ to obtain a set of pseudo-data measurements qpseudo

ρ . In this procedure, the
correct signal and background fractions are taken into account. The fraction of
exotic quarks ρ is then estimated using the same maximum likelihood fit procedure
to qpseudo

ρ as for data. By performing a large number of these pseudo-experiments
for different true input fractions ρ = 0.0, 0.05, .., 1.0 the expected performance of
the fit can be evaluated. The fitted fraction as a function of the true input fraction
is shown in Fig. 6.27. The result is consistent with offset zero and slope one as
required. The pull and the width of the fitted pull functions are shown in Fig. 6.28.
For each pseudo-experiment in the validation procedure, the confidence interval
can be calculated as described above which indicates the expected statistical sen-
sitivity of the estimation. The expected width of the 68% confidence interval is
approximately ±0.6.
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Figure 6.28. The pull (left) and the width of the fitted pull function (right) as a
function of the true input fraction of exotic quarks.

Systematic uncertainty ∆ρ
Fraction of c-quark jets ±0.023
Fraction of µ charge sign change ±0.027
Stat. uncert. on the kinematic weighting ±0.029
Stat. uncert. on the kinematic correction ±0.027
bb̄ production mechanism ±0.045
Stat. uncert. b-quark jet charge templates ±0.045
Stat. uncert. c-quark jet charge templates ±0.022
Fraction of µ-tagged jets ±0.031
tt̄ signal Modeling ±0.021
Jet energy scale ±0.024
Jet energy resolution ±0.035
Jet reconstruction efficiency ±0.038
Top quark mass uncertainty ±0.022
Total ±0.111

Table 6.14. Summary of the observed shift in the fitted fraction for the systematic
uncertainties.

Systematic Uncertainties

Sources of systematic uncertainties affect the fitted fraction in two ways: they can
either change the fraction of signal and background events or they can change the
pdf’s p(Q|ρ). The first is taken into account by allowing the predicted background
fraction to vary according to its total uncertainty, constrained to the total num-
ber of events observed in data. The effect of the other systematic uncertainties
are estimated by performing pseudo-experiments using the default pdf p(Q|ρ) but
with pseudo-data randomly sampled from the templates obtained by varying the
systematic uncertainties. The average observed shift in the fitted fraction for each
systematic uncertainty is added in quadrature to obtain the total shift from the
systematic uncertainties. Table 6.14 shows the estimated systematic uncertainties.
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Figure 6.29. The maximum likelihood fit applied to the observed charges qdata in
the signal sample.

Probability ρ ρ (Bayesian)
68% −0.79 < ρ < 0.53 0 < ρ < 0.52
90% −1.22 < ρ < 0.95 0 < ρ < 0.79

Table 6.15. Confidence intervals with statistical uncertainties only.

Results from Data

Applying the maximum likelihood fit to the observed charges qdata results in the
fit shown in Fig. 6.29. The maximum likelihood estimator that minimizes the
− logL function is ρ = −0.13 ± 0.66(stat) ± 0.11(syst), in good agreement with
the standard model expectation. The effect of including systematic uncertainties
in the − logL function is shown in Fig. 6.30. The systematic uncertainties are
taken into account by convoluting the − logL function with a Gaussian centered on
the minimum (− logLmax) and a width equal to the total systematic uncertainty
calculated above. The upper limit on the fraction of exotic quarks in the signal
sample is 0.80 (0.52) at 90% (68%) confidence level using the Bayesian approach.
The confidence intervals are shown in Tab. 6.15 with statistical uncertainty only
and in Tab. 6.16 including systematic uncertainties.
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Figure 6.30. The fitted − logL with and without systematic uncertainties.

Probability ρ ρ (Bayesian)
68% −0.80 < ρ < 0.54 0 < ρ < 0.52
90% −1.24 < ρ < 0.97 0 < ρ < 0.80

Table 6.16. Confidence intervals including systematic uncertainties.
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6.8 Conclusion and Outlook

The first determination of the electric charge of the top quark is presented in this
thesis. A data sample from pp̄ collisions at a center-of-mass energy of 1.96 TeV
recorded with the DØ detector at the Fermilab Tevatron collider corresponding to
an integrated luminosity of 365 pb−1 was used. In the standard model the top quark
decays predominantly (> 99.9% [9]) through t → W+b and the predicted electric
charge of the top quark is thus 2e/3. However, the top quark electromagnetic
coupling is not measured and since the correlation between the charge sign of the
decay products, i.e. W+ and b or W− and b̄, was not known, an exotic quark with
electric charge −4e/3 [83; 84] was not excluded.

A pure sample of tt̄ candidate events was selected in the `+jets channel charac-
terized by one isolated high-pT charged lepton from the W boson decay and four
jets out of which two are tagged as originating from b-quark jets using a b-tagging
algorithm. A jet charge algorithm for b-quark jets based on the pT weighted sum of
charges of the tracks associated with the jet was developed to distinguish between
b- and b̄-quark jets. The algorithm was calibrated using dijet data dominated by
bb̄ events. Template distributions to discriminate between the standard model top
and exotic quark charge scenarios were obtained by reconstructing the charge of
the decay products, i.e. the charge of the high-pT lepton and the jet charge of
the b-quark jet. The pairing of the charged lepton to the correct b-quark jet was
accomplished by performing a kinematic fit to the tt̄ decay hypothesis.

A likelihood ratio was used to determine the overall agreement between the
data and the charge hypotheses showing good agreement with the standard model.
The probability of the observation assuming that 100% of the selected events are
exotic quarks with electric charge 4e/3 is 8%. Nevertheless, the candidate heavy
quarks could still be a mixture of two particles with the different charges. Using a
Bayesian method to estimate the confidence intervals including both statistical and
systematic uncertainties, the fraction of exotic charges ρ in the selected sample is

0 < ρ < 0.52 (68% C.L.),

0 < ρ < 0.80 (90% C.L.),

giving an alternative statistical inference from the measurement. The fraction of
exotic quarks in the selected sample is consistent with zero, the standard model
prediction.

The recorded integrated luminosity at the Fermilab Tevatron is presently above
2fb−1. The CDF collaboration have later presented a preliminary result of the
same observable using 1.5 fb−1 of data which confirms the result presented in this
thesis [150]. They compute an upper limit of 0.56 at 90% C.L. on the fraction of
exotic quarks using similar analysis techniques.

The CERN LHC (discussed in the third part of this thesis) is planned to start
data taking during end of 2008. It will increase the luminosity with a factor of ∼ 100
and the center-of-mass to 14 TeV. The CERN LHC will be a top quark factory with
a tt̄ cross section more than a factor of 100 larger than at the Fermilab Tevatron
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resulting in a production rate of approximately 8 million per year [151] allowing
not only for the charge determination from the decay products but also from the
determination of the top quark electromagnetic coupling [152; 153; 154; 155].
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Chapter 7

Introduction to the tt̄
Background Estimation

7.1 Motivation and Overview

The CERN Large Hadron Collider (LHC) will provide an excellent opportunity to
search for new physics beyond the standard model with pp collisions at a center-
of-mass of 14 TeV. The ATLAS detector is a multi-purpose experiment with reach
to discover exotic physics with a wide range of signatures. One attractive model
for physics beyond the standard model, discussed in Sec. 1.5.1, is supersymmetry
(SUSY). If the squarks and gluinos have a mass within the CERN LHC reach, the
cross section for producing them will be large enough to motivate searches with
early data. If R-parity is conserved, the squarks and gluinos will be pair-produced
and quickly cascade decay into lighter supersymmetric particles until reaching the
lightest supersymmetric particle (LSP) which has to be stable. Depending on the
mass scale of the supersymmetric particles, the smoking gun signature of such events
is in many models: multiple jets with high transverse momentum, large missing
transverse energy from the LSP and possibly isolated high transverse momentum
leptons. The rich and complicated topologies of such SUSY signatures requires
the understanding of all parts of the detector, making studies of such models good
benchmark analyses for more general searches of exotic physics.

At the CERN LHC it is expected that the simulation is not sufficient by itself
to predict cross sections of physics processes and the sub-sequent description of
the detector response. To make any claims of discovery of new physics, the back-
grounds most likely have to be derived from data itself or with as little input as
possible from simulated events. It is an obvious advantage to have several different
methods to estimate the backgrounds since each method is likely to be affected by
different sources of backgrounds (and possible signal contamination) and systematic
uncertainties.

141
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In this part of the thesis, one data-driven method to estimate the tt̄ background
where both W boson decays leptonically (tt̄→ bb̄`ν`ν) for a signal signature of two
isolated charged leptons, multiple high transverse momentum jets and large missing
transverse energy is presented. One advantage of a signature based on isolated
charged leptons is the relatively clean environment due to the large background
rejection and the relatively low cross section for processes with two real isolated
charged leptons.

The ATLAS detector used to study the pp collisions is described in Chapter 8.
The event selections are based on objects such as electrons, muons, jets and missing
transverse energy. The definition and reconstruction of such objects are described
in Chapter 9 and the method to estimate the tt̄→ bb̄`ν`ν background is presented
in Chapter 10.

7.1.1 Scope of this Study

Data-driven methods are generally trying to use data to estimate the standard
model backgrounds in a region where signal might be present, the “signal region”.
Often this region is defined by a set of event selections used to suppress backgrounds
with respect to the expected signature of the signal. The data-driven methods are
often based on selecting, in data, a set of events that are dominated by the back-
ground under study, the “control sample”. A good control sample is one that is
not statistically limited, have low theoretical uncertainty (if any input from sim-
ulation is used) and where the composition and possible biases compared to the
events in the signal region are understood. In this thesis, one way of selecting such
a control sample enhanced in tt̄ events in data is described. The properties of these
events can be extrapolated into the signal region giving an estimate of this specific
background. Note that in this study other backgrounds are shown to be very small
or negligible, an assumption based on simulated events which needs to be verified.
The ATLAS Computer System Commissioning (CSC) exercise [156], of which this
study is a part, contains a condensed description of ideas and methods to estimate
a wide range of backgrounds using data-driven techniques. The scope of the study
is limited to the evaluation of the method, i.e. to what precision the known in-
put background can be estimated and what the largest systematic uncertainties
are likely to be if applied to data. As the study is based on simulated events, it
is very probable that the search analyses evolve and thus the background estima-
tions, such as the one presented here need to evolve too. Note that this study only
comprises the estimation of the tt̄ background where both W boson decays lepton-
ically, tt̄→ bb̄`ν`ν, and for a full search analysis it needs to be complemented with
estimations of the other standard model backgrounds, preferably using data-driven
techniques.
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7.2 Signature of New Physics at ATLAS and it’s

Backgrounds

The searches for new physics need to first establish a deviation from the standard
model and after resolve what kind of physics is responsible for it. The analysis
presented in this thesis is concerned with the first part, i.e. to make sure that
a possible excess of events can be interpreted as new physics and not to some
misunderstood detector effect or miscalibration. It may be surprising, but in many
data-driven background studies the largest uncertainty comes from the fact that
a possible signal may affect the background estimation. Therefore it is important
to include a signal when benchmarking the performance of the methods. Here,
the goal of the simulation studies is to investigate the method’s applicability in
a wide ensemble of exotic physics models with the restriction to a specific search
signature characterized by two isolated charged leptons, multiple high transverse
momentum jets and large missing transverse energy as previously mentioned. This
type of signature is generally accessible in a range of models, with one example
being supersymmetry with R-parity conservation (see Sec. 1.5). The consequences
of R-parity conservation is that supersymmetric particles must be produced in
pairs and the Lightest Supersymmetric Particle (LSP) is stable. The attractive
cosmological argument that the LSP is weakly interactive and thus escapes the
detector, leads to the smoking gun signature of supersymmetry - the imbalance of
measured transverse energy in the detector. As discussed in Sec. 1.5.1, it is not
feasible to study the full ∼ 100 dimensional parameter space of e.g. MSSM and it
is a common approach to assume a specific supersymmetry breaking scenario.

Here, the mSUGRA scenario is looked at in order to assess the background
estimation with respect to possible signal contamination. In this section a brief
overview of the mSUGRA signals is given and a more general discussion of the
backgrounds.

7.2.1 The mSUGRA Benchmark Signal

The breaking of supersymmetry in the MSSM by gravitational interaction at the
GUT scale as in mSUGRA is attractive at least from phenomenological reasons.
The masses and mixing of all the supersymmetric particles and thus their decays can
be derived from only five parameters that are fixed at the supersymmetric breaking
scale: the scalar mass m0, the gaugino mass m1/2, the trilinear (Higgs-fermion-
fermion) coupling A0, tanβ and the sign of the Higgsino mixing parameter sign(µ).
The effective low-energy theory that is interesting for collider phenomenology can
be calculated from these parameters and their scale dependence in the mSUGRA
theory (this is accomplished by using the so-called renormalization group equa-
tions) [7]. At the CERN LHC, the production of supersymmetric particles in the
mSUGRA model are dominated by strong production of squark and gluinos. The
production cross sections, generally of the order of a few pb, are typically only de-
pendent on the masses and can be calculated from normal QCD calculations. The
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Sample m0 m1/2 A0 tanβ σLO σNLO

(GeV) (GeV) (GeV) (pb) (pb)
SU1 coannihilation 70 350 0 10 8.15 10.86
SU2 focus point 3550 300 0 10 5.17 7.18
SU3 bulk 100 300 −300 6 20.85 27.68
SU4 low mass 200 160 −400 10 294 402
SU6 funnel 320 375 0 50 4.47 6.07
SU8 coannihilation 210 360 0 40 6.48 8.70

Table 7.1. mSUGRA parameters of the SUSY samples used in the study of how
SUSY can affect background estimates. For all samples, µ > 0 [156]. See Sec. 9.2
for details on the simulation.

sparticles decay to lighter supersymmetric particles and standard model particles
through decay chains determined from the mass spectrum and mixing of the spar-
ticles. Since R-parity is conserved, the decay chains of the pair-produced sparticles
will always result in two undetected LSPs.

Since the phenomenology of the model is determined by the set of parame-
ters chosen, there are as many models as there are points in the parameter space.
Practically it is not feasible to simulate events in all of the parameter space and
therefore a set of benchmark points in the mSUGRA parameter space was chosen
for full simulation. The points where chosen with the aim of selecting a wide range
of final state signatures, again to make sure that the ATLAS experiment is sensitive
to a wide range of models. The points were guided by the assumption that the LSP
should give the correct relic abundance (and not be excluded by direct searches) in
order to account for the observed dark matter. In mSUGRA this is possible only
in a small part of the parameter space through specific mass-relations or specific
neutralino mixing [157; 158]. Table 7.1 shows the mSUGRA parameters for the six
benchmark points and their cross sections. Even though a wide range of signatures
are available there are similarities. The gluino mass are below 1 TeV for all points
and comparable to the squark masses (except for SU2). In addition, the lightest
neutralino χ̃0

1 is the LSP and the mq̃/mχ̃0
1
∼ 6 − 8. Thus in most points squarks

and gluinos will be produced and cascade decay to lighter sparticles resulting in
signatures of high-pT jets, large missing transverse energy and possibly isolated
leptons as shown schematically for a gluino decay in Fig. 7.1. The sparticle mass
spectrum and branching fractions for two of the benchmark points are presented
graphically in Fig. 7.2.

Many earlier SUSY studies [151] have shown that a signal discovery could be
possible with rather simple cuts on number of leptons, number of jets and most
importantly, missing transverse energy. A discovery of SUSY particles using such
simple cuts are based on that squarks and gluinos are strongly interacting and have
rather large cross sections at the LHC. Another widely used variable is the effective
mass (Meff) which can be used as a simple estimate of the masses of the SUSY
particles [160]. It is defined as the scalar sum of the missing transverse energy
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Figure 7.1. A typical decay chain of a gluino in mSUGRA.

Figure 7.2. The sparticle mass spectrum and approximate decay branching frac-
tions for the SU3 (left) and low mass SU4(right) mSUGRA benchmark points gener-
ated with HERWIG. The decay branching fractions are represented by the different
lines. Black/solid: > 10−1, blue/dashed: > 10−2 and red/dotted: > 10−3. From
Ref. [159].



146 Chapter 7. Introduction to the tt̄ Background Estimation

0

250

500

750

1000

1250

0 500 1000 1500 2000
Meff (GeV)

M
S

U
S

Y
 (

G
eV

)

Figure 7.3. The peak of the effective mass distribution as a function of MSUSY =
min(Mg̃, Mq̃R

) for several points in the mSUGRA parameter space. Adapted from
Ref. [151].

( /ET ) and the four jets with largest pT (and sometimes the pT of the leptons):

Meff =
4

∑

i=1

pjet i
T + /ET + (

∑

i=1

plepton i
T ). (7.1)

The mass scale of the squarks and gluinos can be indicated by the peak of the
effective mass distribution as shown in Fig. 7.3.

7.2.2 Backgrounds to New Physics

From the discussion on the signal signature above, several sources of expected
standard model backgrounds can be identified. Comparing to the signal signature,
it is possible to divide the different sources into two classes of background that
mimic the signal; instrumental and irreducible backgrounds similarly to in Sec. 3.2.
The different sources of backgrounds are briefly described below1.

Irreducible Backgrounds

The irreducible backgrounds contain two isolated leptons and has a natural source
of missing transverse energy.

1Note that irreducible and instrumental backgrounds depend on the signal signature, compare
with the top charge analysis (Sec. 3.2).
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tt̄ → bb̄`ν`ν: Expected to be the largest source of background as it contains the
decay of two objects with large mass with two high-pT jets and large missing trans-
verse energy (additional jets can arise from initial and final state radiation). This
background is the main focus in the data-driven background estimation presented
in this thesis.
Z → ττ → `νν`νν: The leptonic decay of the Z boson via tau leptons to
electrons and/or muons leads to genuine missing transverse energy from the τ -
neutrinos. The small branching ratio to this final state (0.4%) and requirements of
several high-pT jets severely restricts the contribution from this background.
Dibosons: Production of two electroweak bosons (WW,WZ,ZZ) in association
with jets followed by leptonic decays leads to a similar signature to the signal. The
requirement of several high-pT jets is a good handle to suppress these backgrounds
(leptonic decays of the Z boson can also be handled through requirements on that
the invariant mass of the leptons is not compatible with the Z boson mass).

Instrumental Backgrounds

The instrumental backgrounds refer to processes where one or two isolated leptons
arise from detector effects such as jet reconstruction inefficiencies and/or the fake
missing transverse energy arises from mismeasurements of jet momenta or other
detector effects.
tt̄ → bb̄qq̄`ν: One fake isolated charged lepton may arise from jets, in partic-
ular from the semi-leptonic decay of the b-quarks where the associated jet is not
reconstructed. Based on simulated events it is expected that this background is
the second largest in the dilepton channel. The lepton isolation criteria, e.g. the
calorimeter isolation is important to handle this background.
Z →e+e− (µ+µ−): Production of a leptonically decaying Z boson in association
with jets give rise to two isolated charged leptons but no genuine missing trans-
verse energy. Fake missing transverse energy can arise from detector effects such as
badly reconstructed jets, semi-leptonic decay of heavy flavor jets and malfunction-
ing detector components. The main handle on this background is to require large
missing transverse energy and/or to require the invariant mass of the leptons to be
inconsistent with the mass of the Z boson.
W+jets: The semi-leptonic decay of a W boson produced in association with sev-
eral jets, where one of these jets fakes a lepton, is required for the W+jets process
to enter as background. The requirement of several high-pT jets together with good
jet rejection in the lepton identification are important to limit this background.
QCD multijets: This process has by far the largest cross section but the prereq-
uisite of two isolated leptons and large missing transverse energy, none of which
arise naturally in these events, are expected to severly suppress this background.
Single top: This process is expected to be negligable after the high-pT requirement
on at least four jets.
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Chapter 8

The ATLAS Detector

8.1 Introduction

The ATLAS experiment at CERN is a detector designed to study the particle col-
lisions at the CERN LHC accelerator (see Sec. 2.2). ATLAS is the largest particle
physics detector ever built and should rather be regarded as an experimental facil-
ity than a detector because of the broad physics goals and size and range of the
detector technologies used. ATLAS is a multipurpose detector built from a similar
overall design as the DØ experiment, i.e. with three roughly independent parts: the
innermost tracking system, the calorimeters and a surrounding muon system. The
design principles are based on: possibility of stand-alone muon measurements, good
and hermetic hadron calorimetry, good electron/photon calorimetry, tracking with
enough redundancy to work in a busy environment with electron/pion separation
through transition radiation. At design luminosity, bunches of protons will collide
every 25 ns with an expected ∼ 20 interactions per bunch crossing. Furthermore,
the size of the detector is 44 m long and 25 m in diameter giving three consecutive
bunch crossings during particle propagation throughout the detector. Also, the
high design luminosity of 1034cm−2s1 constitute a challenge regarding the handling
of radiation induced damage, especially for the detectors closest to the interaction
point. Figure 8.1 shows an animated view of the ATLAS detector.

In this thesis, a study of backgrounds for new physics with a signature requiring
signals from all subdetectors of ATLAS is presented. This chapter gives a brief
overview of the ATLAS detector and each sub-detector and may serve as a guide
to the overall structure of the detector. Further details are given in the ATLAS
detector paper [161] and references therein. The definition of the coordinate system
and the terminology used are similar to the DØ experiment and can be found in
Sec. 4.1.
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Figure 8.1. Animated cut-away view of the ATLAS detector [161].

Detector Active medium B-field Particle Comment

Inner Detector
Pixel Si solenoid charged
SCT Si solenoid charged
TRT XE,CO2,O2 solenoid charged PP for TR
Calorimeters
EM Cal (ECAL) Liquid Ar - all Pb
Had. Cal(Tile) Polystyrene - hadrons Steel (scint.)
Had. Cal(HEC) Liquid Ar - hadrons Cu
Had. Cal(FCAL) Liquid Ar - all Cu&W
Muon Detectors
Muon(MDT) Ar,CO2(H2O) toroid µ Central
Muon(CSC) Ar,CO2 toroid µ Forward
Muon(RPC) C2H2F4 toroid µ Central
Muon(TGC) CO2/n-pentane toroid µ Forward

Table 8.1. Summarize of the different sub-detector types and what type of particles
that are measured. For the calorimeters the absorber material is given in the last
column. (PP is short for Polypropylene).
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8.2 The Inner Tracking Detectors

The production of SUSY particles in a pp collision leads typically to the creation of
several hundreds of particles, many of them charged. To identify and measure such
events, good charged particle identification and tracking capabilities are essential
to e.g. reconstruct tracks from leptons and finding the primary interaction point
(or vertex). The purpose of the inner detector is to reconstruct tracks and vertices
from charged particles and to contribute to the particle identification. Ideally it
should give many space-point measurements for each charged particle emanating
from the collision, making precise track fitting possible in a hermetic way.

The design of the inner detector is a trade-off between the number of space-point
measurements and the precision of energy measurement in the calorimeters. Each
layer of material inserted between the collision point and the calorimeter degrades
the energy resolution that can be achieved. In addition to the high efficiency, the
inner detector has to have fine granularity to handle the high occupancy expected
from the large number of tracks in the LHC collisions.

Another challenge which was one of the driving design constraints is the un-
precedented required radiation hardness to operate in the extreme LHC radiation
environment for about 10 years.

The inner detector consists of three independent but complementary sub-detectors
immersed in a 2 Tesla magnetic field oriented along the beam axis resulting in that
charged particles bend in the φ-plane allowing for momentum measurements (see
Eq. 4.1). In order to minimize the amount of material upstreams of the calorimeter,
the superconducting magnet providing the magnetic field is only 45mm thick (a to-
tal of ∼ 0.66 radiation lengths) and share vacuum vessel with the electromagnetic
calorimeter. The magnet is 5.3 m long with an inner diameter of 2.4 m that also
reveals the outer dimensions of the inner detector as a whole. The three different
sub-detectors are:

• The Pixel detector - a highly granular silicon pixel detector closest to the
beam pipe,

• the SemiConductor Tracker (SCT) - a silicon microstrip tracker,

• the Transition Radiation Tracker (TRT) - a straw tube gas detector providing
many space-point measurements with electron/pion separation capabilities.

In order to provide hermetic coverage with efficient and precise track reconstruction,
the three sub-detectors are arranged in several layers with a barrel-type assembly
in the central region and disk-type in the forward regions as seen in Fig. 8.2.

The inner detector provides tracking capability for charged particles with pT

typically larger than 0.5 GeV and primary- and secondary vertex finding up to
|η| < 2.5. The charged particle resolution is pT and |η| dependent, ranging from
16% at 100 GeV and |η| ≈ 2.4 to 2% at 5 GeV and |η| ≈ 0.
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Figure 8.2. Drawing showing a cross section of the inner detector [161].

8.2.1 The Pixel Detector

The pixel detector’s main purpose is to allow tracking close to the interaction point
and specifically impact parameter measurements and reconstruction of secondary
decay vertices from long-lived particles such as B hadrons (see Sec. 5.5.4). The
central part of the pixel detector is assembled as a ∼80 cm long barrel with three
layers at radii=50.5, 88.5 and 122.5 mm respectively and a forward part consisting
of discs at |z|-distance of 495, 580 and 650 mm from the center of the detector,
respectively. There are in total 1744 pixel sensor modules, each with dimensions
19 × 63 mm2 with the long edge oriented along (radially to) the beam axis in the
barrel (discs). In order to reach full coverage for each layer in the barrel the modules
are tilted in the R − φ plane. The sensitive part are 250 µm thick reverse-biased
silicon wafers, with readout pixels of size 50 × 400 µm2 oriented to give a higher
resolution is in the R − φ plane for a better measurement of the track momentum
(charged particles bend in the φ-plane. With 47232 pixels on each module the
full pixel detector has in total around 8 million readout channels. The enormous
integrated radiation dose requires that the innermost vertexing layer has to be
substituted after approximately three years of running at design luminosity. The
other pixel layers will receive a dose similar to 8 × 1014 cm2 of 1 MeV neutron
equivalent fluence. The detector will be operated at −5◦ to −10◦C and is required
to have a reasonable performance even when operated below the depletion voltage.

8.2.2 The Semiconductor Tracker

At radii outside the innermost pixel detector, the SemiConductor Tracker (SCT)
provides precision space-point measurements with good hermicity up to |η| < 2.5.
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The SCT sensor technology is based on cheaper single sided silicon microstrip de-
tectors with a p-in-n technology and a sensor thickness of 285 µm. The SCT has
a 1.5 m long central barrel supporting four concentric layers at radii of 284, 355,
427 and 498mm. The rectangular sensors with a strip pitch of 80 µm are glued to
a thermal graphite base-board that provides support and cooling to the operation
temperature of approximately at −10◦C. Each barrel module consists of two 12 cm
long sensors (two 64 mm sensors with strips connected by bond wires, only one
sensor is read out at one end) that are glued back-to-back with a stereo angle of
40 mrad on the base-board to reach the sufficient resolution in the R − φ plane.
There are in total 2112 barrel modules, each tilted at 11◦ in the R − φ plane to
provide full coverage.

The SCT end-cap ensures that four space-point measurements are obtained up
to |η| < 2.5 from nine discs in each end-cap region that are placed at |z|-positions
between 854 and 2720 mm from the center of the detector. There are three different
types of module sizes, all with two sensors glued back-to-back with the same 40 mrad
stereo angle.

8.2.3 The Transition Radiation Tracker

Surrounding the SCT is the Transition Radiation Tracker (TRT) filling up the
volume out to the solenoid magnet. The TRT, divided into a barrel and an end-
cap part, is a combination of straw tube tracker and transition radiation detector.
The basic detector elements are 144 cm (37 cm in the end-cap) long the polyamide
straw tubes, each 4 mm in diameter, with a gold-covered tungsten 31 µm diameter
anode wire held at ground voltage in the center. The straw tube inner wall act as
cathode at -1530 V to give a typical gain of 2 × 104 with the chosen continuously
re-circulating Xenon based gas mixture. The maximum electron drift time is 48 ns
and a position accuracy of ∼ 130 µm.

The barrel part has axially oriented straws. There are up to 73 layers of straws
interleaved with polypropylene fibers that provide the additional material for the
production of transition radiation. The TRT end-cap have shorter (37 cm) radially
oriented straws, arranged in 20 wheels at z positions from |z| = 827 mm to |z| =
2744 mm from the central point of the detector with in total 160 planes of straws
interleaved by polypropylene foils.

Covering much larger volume than the pixel and the SCT, the TRT has poorer
resolution but provides continuous tracking of charged particles with on average 36
straws traversed up to |η| < 2.0. The transition radiation (arising when an ultra-
relativistic particle passes the boundary between two materials with very different
index of refraction) can be used to separate particles with different Lorentz γ-
factors by separating low and high threshold hits in the straw tubes (the transition
radiation gives a high threshold signal). The Lorentz γ-factor threshold of 103 in
the TRT allows for electron-pion separation in the energy range from 1 to 200 GeV.
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Sub-detector Nr. of Measurements Resolution
Pixel 3 R− φ 12 µm, R/z 115 µm
SCT 4 R− φ 17µm, R/z 580 µm
TRT 36 130 µm

Table 8.2. The number of, on average, measured space-point for each track by each
sub-detector and the typical resolution. Note that the R/z i n the last column gives
the resolution in the z-direction for the barrel part and in the R-direction in the
end-cap region. For the SCT this also depends on the pitch.

Figure 8.3. A schematic view of the ATLAS detector calorimeter system. Adapted
from [161].

8.3 The Calorimeters

The calorimeters measure the energy and position of both neutral and charged par-
ticles and are key components in most analyses and especially in high-pT physics
such as top quark physics and searches for supersymmetry. The calorimeters, shown
in Fig. 8.3, are designed to stop all particles emerging from the interaction point
except muons and neutrinos (and possible new unknown weakly interacting par-
ticles) and measure their energy and position as accurately as possible. In order
to make accurate measurements of non-interacting particles inferred from the im-
balance of transverse momentum, the ATLAS calorimeters are fully hermetic and
provide coverage (both electromagnetic and hadronic) up to |η| < 4.9 using sam-
pling calorimeters. Closest (radially) to the interaction point, the calorimeters use
liquid argon as active medium and are housed in three different cryostats, a central
barrel (that also contain the superconducting solenoid magnet) and two end-caps.
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Liquid argon was chosen for the active medium for e.g. its good linearity and ra-
diation hardness. The outer central calorimeter uses scintillator tiles as sampling
material.

The electromagnetic calorimeter is designed to measure electromagnetic energy
from electrons and photons with eminent energy resolution and pointing accuracy
up to |η| < 3.2. This is achieved with an accordion geometry (chosen to manage
the fast read-out required from the 40 MHz collision frequency and full φ-symmetry
without cracks) with three (two) depth layers in the region 0 < |η| < 2.5 (2.5 <
|η| < 3.2) where the first layer has very high granularity (see Fig. 8.4). The barrel
electromagnetic calorimeter, housed in the central cryostat, is 6.4 m long in total
and covers 0 < |η| < 1.475 with an inner and outer radius of 2.8 m and 4 m,
respectively. It has in total 2048 lead absorber plates, each with thickness 1.53 mm
(1.13 mm) in the region |η| < 0.8 (otherwise). The accordion waves are oriented
axially and to keep the liqiud argon drift gap constant (2.1 mm) the folding angle
varies with radius (see Fig. 8.4).

The end-cap electromagnetic calorimeter (EMEC) consists of two coaxial wheels,
at each end of the barrel, with the outer (inner) wheel covering 1.375 < |η| < 2.5
(2.5 < |η| < 3.2). As in the barrel, the 1.7 mm thick (2.2 mm for the inner
wheel) absorber plates have varying folding angle and wave amplitude with the
radius. However, in the EMEC the waves are parallel to the beam axis and thus
the liquid argon drift gap varies with the radius. The thickness of the barrel (end-
cap) electromagnetic calorimeter varies between approximately 22 to 30 (25 to 38)
radiation lengths.

The read-out electrodes between the absorber plates consist of three copper
layers where the two outer are held at high voltage (varying between +1 to +2 kV
depending on the liquid argon drift gap size) and the signal is read out from the
central layer.

One of the largest challenges for a good electromagnetic calorimeter performance
in ATLAS is the large amount of material (the inner detector and solenoid) in front
of the first sampling layer shown in Fig. 9.1. In order to correct for the energy
lost in this dead material an active layer of liquid argon, a presampler, has been
placed in front of the first accordion sampling layer. The energy measured in the
presampler is proportional to the fractional energy lost upstreams and is therefore
added (with a suitable weight) to the energy measured in the calorimeter.

The ability for electromagnetic calorimetry is extended with the liquid argon
forward calorimeter (FCAL) which shares cryostat with the EMEC and covers 3.1 <
|η| < 4.9. The FCAL is divided into three cylindrical parts, one electromagnetic
and two hadronic, and is situated in the very forward region more that 4.5 m from
the interaction point. It receives large particle fluxes and the radiation hard liquid
argon technology was therefore used with copper tubes, oriented along the beam
axis, providing smaller liquid argon gaps embedded in a copper (tungsten) matrix
acting as absorber in the first (second and third) cylinder. Figure 8.5 shows a sketch
of the calorimeter structure in the forward region.

The hadronic calorimeter is crucial to stop and measure hadronic showers that
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Figure 8.4. A slice of the barrel electromagnetic calorimeter showing the accordion
shape with the granularity in η and φ, the three read-out layers and the ganging of
electrodes in φ. The size and grouping of Level 1 trigger towers is also shown [161].
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Figure 8.5. A sketch of a quarter of the end-cap calorimeters [161].
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are normally not confined in the electromagnetic calorimeter. In ATLAS, the cen-
tral hadronic calorimeter uses steel absorbers plates with polystyrene scintillating
tiles oriented normal to the beam axis in 64 wedge-shaped modules. It is located
(radially) outside the electromagnetic calorimeter in the region |η| < 1.7 and di-
vided into three cylinders, a central and two extended barrels. The steel absorber
plates are 5 mm thick interspersed with 3 mm thick scintillating tiles of varying sizes
forming the active element of the detector. Charged particles traversing the tiles
induce production of ultraviolet scintillating light which is sub-sequently converted
into visible light by wave-length shifting fibers. These are grouped together to form
three radial samplings with approximately projective towers in η. The fibers are
read out by photo multiplier tubes housed on the back of each module. The total
radial thickness of the tile calorimeter is roughly 7.4 interaction lengths. In the
more forward region a copper/liquid argon calorimeter provide hadronic coverage
in the region 1.5 < |η| < 3.2 (and the before-mentioned FCAL up to |η| < 4.9). It
consists of two wheels in z for each end-cap (see Fig. 8.3) with 25 mm (50 mm in the
outer wheel) thick stacked copper plates with a 8.5 mm liquid argon gap housing
the three electrodes connected in an electrostatic transformer configuration. The
thickness of the hadronic end-cap and the forward calorimeters are approximately
9 interaction lengths with each layer having similar thickness.

8.4 The Muon Spectrometer

The muon spectrometer is designed to detect and measure the momentum of
charged particles exiting the calorimeters up to |η| < 2.7. It is a key component in
most physics analysis, both those where muons are directly searched for but also in
order to accurately calculate the total momentum balance of the event. It is also
capable of triggering on charged particles up to |η| < 2.4. The major design goal
is to measure muons with pT from ∼ 6 GeV (lower limit from the energy loss in
the calorimeter) to ∼ 1 TeV. The momentum measurement in the central |η| < 1.4
barrel region is possible using from the deflection of the charged particles in the
magnetic field provided by eight large superconducting barrel toroids (the bending
plane is the η-plane). In the forward region (1.6 < |η| < 2.7), the magnetic field
is provided by smaller end-cap toroids. Momentum measurements of muon tracks
with momentum up to ∼ 1 TeV requires the measurement of the track sagitta
of 500 µm with a resolution less than 50 µm. This precision is achieved up to
|η| < 2.7 using chambers in three concentric cylindrical layers built from Monitored
Drift Tubes (MDT) at radii 5 m, 7.5 m and 10 m (also giving the overall size of
the muon system and the ATLAS detector as a whole)1 . Fig. 8.6 shows an overall
schematic view of the muon spectrometer. Each MDT chamber consists of three to
eight layers of drift tubes which achieve a resolution of 35 µm (80 µm) per chamber
(tube). In the forward region (2 < |η| < 2.7) the precision measurements are ac-
complished using Cathode Strip Chambers (CSC) due to their higher flux capability

1In the forward innermost layer MDT’s are not used due to the expected high counting rate
and are replaced by cathode strip chambers.
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Figure 8.6. View of the ATLAS muon spectrometer showing the location of the four
different muon chambers and the toroid magnets providing the magnetic field [161].

and better time resolution. The CSC’s are multi-wire proportional chambers where
the avalanche are measured on strips on the cathode plates achieving a resolution
down to 40 µm per chamber in the bending plane. The forward muon detectors
are located on three large wheels located at |z| =7.4 m, 10.8 m and 14 m from the
collision point.

The precision measurement chambers have a response time much slower than
needed (< 25 ns) in order for them to be used in the Level 1 trigger. Therefore
two other type of muon detectors were used for this purpose with lower spatial
resolution. In the central region within |η| < 1.05 Resistive Plate Chambers (RPC)
are mounted as extra layers on the MDT chambers. The RPC’s are parallel plate
chambers (no wire) with a large electric field between the anode and cathode plates
that are separated by 2 mm. The spatial resolution is ∼ 1 mm with a time resolution
of around 10 ns allowing it to be used to associtate hits in the detector with specific
bunch crossing. In the forward region multi-wire proportional chambers are used.
These are Thin Gap Chambers (TGC) with the characteristic of smaller gap than
wire-to-wire distance. The TGC’s are mounted on the precision muon chambers
discussed above.

The triggers chambers have one additional purpose in addition to providing
muon trigger capabilities. The coordinate in the bending plane is measured very
accurately by the MDT’s and CSC’s but the φ-component is measured by the trigger
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chambers 2

8.5 The Forward Detectors

There are three detector systems which cover the very forward region. The main
purpose of two, LUCID (LUminosity measurement using Cherenkov Integrating
Detector) and ALFA (Absolute Luminosity For ATLAS), are measurements of the
luminosity. The third system is the Zero-Degree Calorimeter located at ±140 m
from the collision point, just after the location where the beams are split, with pri-
mary objective to measure neutral particles at |η| > 8.2 to determine the centrality
of heavy-ion collisions.

LUCID detects the Cherenkov light emitted when charged particles passes through
the C4F10 gas placed in 1.5 m long tubes with a diameter of 15 mm. There are
two LUCID detectors each consisting of 20 tubes placed at ±17 m from the inter-
action point and ∼ 10 cm (|η| ≈ 5.2) radially from the beam. The Cherenkov light
is detected by fast PhotoMultiplier Tubes (PMT) that allows for separating indi-
vidual bunch-crossings. The signals are sent to custom-made front-end electronics
that provide a first calculation of the luminosity from hits recorded in the differ-
ent PMT’s. LUCID, which can serve for online monitoring or inelastic pp trigger,
will be used to determine the integrated luminosity in the beginning of the CERN
LHC period but only to an accuracy of 20-30% as it measures only the relative
luminosity. The absolute luminosity can be measured by combining the LUCID
information with calculation of CERN LHC beam parameters3.

The ALFA detectors are two so-called Roman pots of scintillating fibers placed
far away from the interaction point (±240 m). Its primary purpose is to detect
elastic collisions in the very forward region that can be used to determine the total
pp cross section and the absolute luminosity The extremely small scattering angle of
such elastic collisions are smaller than the normal beam emittance and thus special
runs are required to allow the ALFA detectors to move as close as 1 mm to the
beam in order to facilitate the measurement.

8.6 The Trigger System

The proton bunch crossing frequency at the CERN LHC is 40 MHz with on average
approximately 20 interactions per crossing. In contrast, the maximum rate at which
events can be permanently stored for later offline analysis is of the order 102 Hz.
This means that the trigger system in ATLAS have to reject bunch crossings with
a factor 2 × 105. Furthermore, the trigger system has to be sensitive enough to
find collisions that contain interesting physics to be studied such as the production

2This leads to the ambiguity that two separate tracks passing a single pair of MDT’s and
RPC’s cannot be disentangled. Fortunately, studies have shown that the probability of having
hits from one track per chamber is 1.5×10−5 for a given bunch crossing indicating that this effect
is negligable for two tracks.

3At later times LUCID will be calibrated with measurements from the ALFA detector



160 Chapter 8. The ATLAS Detector

of new particles or events dedicated for calibration purposes. The ATLAS trigger
system is built from three layers, the fast Level 1 (L1) trigger, the Level 2 (L2)
and finally the Event Filter (EF) level. The L1 trigger is based on information
from special trigger towers in the electromagnetic- and hadron calorimeter and
hits in the RPC’s and TGC’s of the muon system. The L1 calorimeter trigger is
designed to find high-pT electrons and jets but there is also a possibility to trigger
on scalar sum and missing transverse energy with programmable thresholds. The
overall L1 trigger decision combines the object multiplicity from the calorimeter
and the muon detector and distributes the L1 trigger decision to all sub-detectors.
One of the challenges of the L1 trigger is the tagging of data with the correct
bunch-crossing. Comparing the short 25 ns interval between bunch-crossings to
the overall size of the detector and the long signal collection time for some sub-
detectors implies that information from several bunch-crossings will be handled
simultaneously in the detector. The data are therefore stored for at least 2.5 µs
in pipeline read-out buffers, located close or on the detectors, waiting for the L1
trigger decision. On a L1 accept all information from the different sub-detectors are
sent from the read-out buffers to the data-acquisition system. In ATLAS, the L2
trigger uses information from the full granularity of the sub-detectors but limited
to specific Regions-Of-Interest (ROI) that are defined by the L1 trigger signals
(the data processed by the L2 trigger corresponds to about 1-2% of the entire
event). The input frequency to the L2 trigger is about 75 kHz and is reduced to
around 3.5 kHz with an average event processing time of 40 ms. The core of the
L2 trigger is the L2 processing farm providing fully configurable algorithms and
feature extraction hypotheses. The EF trigger is based on a processor farm which
is seeded by the L2 output but uses almost standard offline event reconstruction
and analysis applications to reach large sophistication. The event processing time
in the EF is typically lower than 4 s. The EF level uses all information from the
regions defined by the L2 and produces an output event data structure with all
trigger information for consistency checks of the trigger chains. Events accepted
by the EF are stored locally, with up to 24 h data taking capacity, before being
recorded by the CERN central storage service.



Chapter 9

ATLAS Event Simulation

and Reconstruction

The pp collisions in ATLAS are detected from the direct response of many million
read-out channels from different sub-detectors. To facilitate the detailed study of
collisions selected by the trigger system, these signals are subject to a large chain of
sophisticated software algorithms. This chain is designed to reduce the enormous
amount of data for each event and at the same time simplify and combine signals
from each detector system or combinations of them into objects e.g. electrons that
can be used for analysis. Each algorithm in the chain has a specific task, often
to reconstruct a specific object e.g. an electron or muon. The analysis presented
in this thesis is concerned primarily with studies of production and decay of su-
persymmetric particles and tt̄ events that require a detailed understanding of most
aspects of the collision: electrons, muons, jets and missing transverse energy. In
order to study and interpret the complex collisions, simulated events including sub-
sequent interaction with the detector material and detector response are necessary.
Simulated events are also important for algorithm development and performance
studies.

This section gives a short description of the object algorithms used and a sum-
mary of the simulated samples.

9.1 Event Reconstruction

9.1.1 Tracks

Charged particles traversing and depositing energy in the pixel and SCT silicon
layers and straw tubes of the TRT within |η| < 2.5 can be reconstructed as particle
tracks and the bending in the magnetic field is used to infer the particle momentum.
At the heart of track finding is, similar to the DØ track reconstruction, the pattern
recognition algorithm whose job is to find track patterns of a particle given the large

161
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amount of input space points. Different algorithms are used, most of them based
on the Kalman filter [161; 162], with important extensions to take into account
electron bremsstrahlung and to find photon conversions. The tracking performance
is important for both electron- and muon identification that requires a good track in
the inner detector in addition to the electromagnetic cluster and muon detector hits
respectively. Electrons have in general lower and strongly |η|-dependent tracking
efficiency ∼ 95% (75%) at |η| ≈ 0 (|η| ≈ 2 ) due to bremsstrahlung. The electron
(muon) charge misidentification probability in the inner detector is pT -dependent,
but . 7×10−4 (4×10−4) in the relevant pT region . 100 GeV [161]. The transverse
momentum resolution (quoted for muons) ranges from from 16% (100 GeV and
|η| ≈ 2.4) to 2% (5 GeV and |η| ≈ 0), improving at low transverse momenta and
|η| as expected.

9.1.2 Primary Vertex

In the pp collisions at the CERN LHC, the expected number of interactions can
reach more than 20 per bunch crossing. Reconstructing and resolving these inter-
action vertices and in particular the primary interaction vertex associated with the
hard (high-pT ) interaction is important for both electron- and muon identification.
The resolution in the transverse plane varies between 11 µm and 14 µm depending
on the topology of the event. The resolution in z varies between 40 − 66 µm. The
hard interaction vertex is expected to be found within ±300 µm with 99% efficiency
in tt̄ events (the hard interaction is selected by choosing the vertex with the largest
∑

(

ptrack
T

)2
) [161].

9.1.3 Muons

Muons will be copiously produced in the pp collisions and in a wide range of en-
ergies and configurations from W bosons in t→ Wb decays, semi-leptonic b-quark
and J/ψ decays and possibly and possibly slepton decays in high multiplicity su-
persymmetric events. The muon identification uses hits in the drift chambers of
the muon spectrometer to reconstruct muons independently or in combination with
inner detector tracks over energies from ∼ 3 GeV to 3 TeV. Muons are also used
in all trigger levels within |η| < 2.4.

The reconstructed muons are divided into three different types similar to what
is done in DØ (Sec. 5.3): muons based solely on measurements in the precision
drift chambers of the muon spectrometer (stand-alone muons) which can identify
muons up to |η| < 2.7, muons based on a combination of a stand-alone muon and
a track in the inner detector (combined muons) and the so-called segment tags
that extrapolates an inner track to the innermost layer (of three) of the muon
spectrometer. The segment tags are most useful for reconstruction of very low-pT

muons. The stand-alone muons is expected to have good energy resolution at high-
pT , but suffers from the large amount of material belonging to the end-cap toroids
and the lower magnetic field in the region 1.1 < |η| < 1.7. Combined muons can
take advantage of the momentum resolution of the inner detector in that region
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and generally at low-pT (. 100 GeV) where the inner tracker is expected to have
better resolution.

There are two different algorithms to reconstruct combined muons: STACO [163]
and MuID [164; 165]. They differ both in the way to find stand-alone spectrometer
muon candidates and how to combine this candidate with a track from the inner
detector. The performance is similar and STACO was used in this analysis based
on recommendations of the ATLAS muon combined performance group [166]. It
uses a statistical approach and forms a χ2 variable from the covariance matrices
of the independent stand-alone and inner detector track. This variable serves as a
measure of the track matching quality for the combined muons. The input stand-
alone muon candidate is found from seeds in the so-called regions-of-activity defined
by the muon trigger chambers (RPCs and TGCs in the barrel and end-cap respec-
tively). A full three dimension pattern recognition algorithm is used to form track
candidates from these local segments and requires the muon to originate from the
interaction point. The muon spectrometer track candidates are then back-tracked
through the calorimeter and solenoid magnetic field to correct for energy losses and
yields the final spectrometer candidate to be combined with a track in the inner
detector.

The combined muon momentum resolution for muons with pT . 100 GeV is
approximately 3% up to |η| < 2.7 except in the end-cap toroid magnet region
discussed above where it is degraded to 11%. For muons with pT = 1 TeV the
resolution is approximately 10%. The reconstruction efficiency is above 95% for
muons with pT & 10 GeV. Holes in the acceptance1 degrades the efficiency at
|η| ≈ 0 and |η| = 1.3 while the efficiency drops for combined muons with |η| >
2.0 due to lower tracking performance in the inner detector (no TRT and more
material).

9.1.4 Electrons

Good electron and photon reconstruction at the CERN LHC is a major task. In
general, the backgrounds to electrons are similar to those described in Sec. 5.4
and the reconstruction principles are similar: (1) electron candidates are searched
for among the electromagnetic clusters in the calorimeter, (2) a track in the inner
detector is required to be spatially matched to the cluster and (3) various electron
quality criteria are applied to further reject backgrounds. The identification of
electrons in ATLAS is challenging with an expected inclusive electron-to-jet ratio
of the order 10−5 (at pT ≈ 40 GeV) and the large amount of material in front of
the calorimeter (see Fig. 9.1) leading to substantial bremsstrahlung and conversions
for electrons and photons, respectively.

The starting point for the electron identification is the search for clusters in the
electromagnetic calorimeter [167]. The algorithm looks for energy depositions in

1The gaps (varies depending on φ) in chamber coverage has been left out to allow for services
to the solenoid magnet, calorimeters and the inner detector. The maximum gap of 1-2 m implies
gaps in the acceptance of |η| < 0.08 seen from the interaction point.
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Figure 9.1. The material distribution in radiation lengths before and after the
presampler. The increase in the region 1.3 < |η| < 1.7 is due to services for the inner
detector such as cooling pipes and cables and the transition between the barrel
and end-cap calorimeters. It is expected that electrons with pT ∼ 25 GeV loose
approximately 30% (60%) of the initial energy and that 20% (60%) of the photons
convert to e+e− pairs in the inner detector volume at |η| ≈ 0 (|η| ≈ 2) [161].

fixed sized clusters, 3×7 (5×5) for the middle layer in the barrel (end-cap) calorime-
ter (this corresponds to ∆η × ∆φ = 0.075 × 0.175)2. Reconstructed tracks in the
inner detector are searched for close to the cluster that are compatible in momen-
tum (ratio of the cluster energy to the track momentum less than 10). This loose
track matching is the first discrimination between electron and photons (taking into
account if the track is associated to a conversion) and is the starting point for a
more refined identification. The electron is required to pass various shower shape
and longitudinal leakage selection criteria combined with tighter selection criteria
on the matched track such as number of hits in the pixel layers to reject photon con-
version, close proximity to the primary interaction vertex and a transition radiation
threshold that provides separation from pions [168]. The identification of electrons
that are expected to be isolated, e.g. electrons from a W boson in a t→Wb decay,
has additional constraints on the maximum allowed energy deposited within a cone
around the cluster.

Normally, the energy of photons and electrons at high-pT is taken from the clus-
ter energy (the inner track is not expected to increase the resolution for pT &

20 GeV) whereas the position of the cluster is determined from the inner detector
track.

The relative energy resolution is typically around 2.0% (3.5%) for electrons
(electron definition in Sec. 10.2.2) with pT ≈ 25 GeV and 1% (1.5%) for pT ≈

2Photons are searched for in the barrel with a smaller clusters of size 3 × 5. Electrons need
larger clusters than photons due to their larger interaction probability in the upstream material
and that they radiate photons in the φ-direction when bending in the magnetic field.
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100 GeV at |η| = 0.3 (|η| = 2.0). The resolution is especially degraded in the crack
region (1.2 < |η| < 1.7). The overall efficiency is ∼ 77% for true isolated electrons
from W bosons in tt̄ events given a jet rejection of approximately 2.2 × 103 [168].

9.1.5 Jets

The ATLAS calorimeters are designed to meet a wide range of physics goals mea-
suring the energy deposited from both electromagnetic- and hadronic particles. As
discussed in Sec. 5.7, one of the most important abilities of the calorimeter is the
reconstruction of jets of particles emerging from the hadronization of quarks and
gluons from the pp collision in varying topologies, extending from dijet to multijet
events such as tt̄ and supersymmetry with jet energies ranging from & 15 GeV up
to 3 TeV.

The procedure to go from signals in the calorimeter cells to calibrated jets used
in the physics analysis broken down into several different steps. To lower the number
of input objects to the jet finding algorithm, cells are grouped together with two
options; towers and topological clusters. Towers are formed by simply summing
cell signals in ∆η × ∆φ = 0.1 × 0.1 3. Topological clusters are more sophisticated
preclustering of cells in an attempt to identify three dimensional energy depositions
in the calorimeter[169]. The neighboring cells to seed cells are added given that
they have a signal exceeding a predetermined value compared to the cell noise.
Secondary seeds are constructed from cells surrounding these initial clusters that
exceeds a second lower threshold and are together with neighboring cells added
to the topological cluster. The main difference between the tower and topological
clustering step is that topological clusters uses noise suppression (normally noisy
cells are not included at all) while calorimeter towers include noise cells but adding
neighboring cells giving an effective noise canceling [169]. In this work, towers are
used as input to the jet finding algorithm, a seeded cone algorithm similar to the
one used at DØ (see Sec. 5.5) but with a cone size of ∆R < 0.4 applied.

So far, jets are reconstructed at the electromagnetic scale giving the correct
energy for electrons and photons. However, the ATLAS calorimeters are non-
compensating and a non-negligible fraction (10-20% varying between events) of
the energy of hadrons is invisible [170]. There are several methods to calibrate
the jets to the hadronic scale based on the measured energy [171]. In this analy-
sis, the procedure used is to derive a set of weights from simulated jets in specific
regions of the calorimeter (regions include the different sampling layers and the
presampler). These weights (which depend effectively on the energy density) are
then optimized to reconstruct the true energy. As the weights are applied to all
regions, this calibration are considered a global calibration. More details can be
found in Ref. [172; 173]. The jets obtained after this global calibration are at the
correct hadronic scale but nevertheless additional corrections need to be taken into
account, e.g. specific biases introduced from the algorithm choice. As in DØ an

3Towers with negative signals, are combined with neighboring towers until a positive signal is
obtained.
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Figure 9.2. The fractional jet energy resolution as a function of the true particle
jet energy from the simulation for two different cone sizes and in two different region.
From Ref. [161].

ambiguity may occur about which energy scale to be used as reconstructed electrons
are simultaneously reconstructed as jets. The solution is to remove the jet over-
lapping with a well identified electron (the definition of this electron is the same
as in the analysis discussed in Sec. 10.2.2) if ∆R(electron, jet) < 0.2. Good jet
reconstruction performance is especially important in analyses dealing with events
with many jets and missing transverse energy as the jet reconstruction performance
is intricately correlated with the missing transverse energy measurement.

The jet energy resolution (a noise term is included for each cell derived from test-
beam data) is parametrized using Eq. 5.1 and is degraded in the forward compared
to the central part of the calorimeter, see Fig. 9.2, This is attributed to the larger
relative cell sizes and the change of tile to liquid argon calorimeter with higher
noise. The jet reconstruction efficiency is approximately 90% over most |η| region
for jets with pT > 20 GeV (increasing for higher pT ).

9.1.6 Missing Transverse Energy

The only way to infer the production of weakly interacting particles, e.g. neutrinos
from tt̄→ bb̄`ν`ν events or neutralinos from the decay of supersymmetric particles,
is through the momentum imbalance in the transverse plane. The description of
true and fake missing transverse energy is discussed in Sec. 5.6. Good reconstruction
of missing transverse momentum is one of the largest challenges and involves all
sub-detectors. The main steps and principles of the calculation is similar to in
DØ : the sum of all calorimeter cells, corrections for energy lost in dead materials
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Figure 9.3. The missing transverse energy resolution for different physics samples
as a function of the sum of transverse energy. From Ref. [161].

and also object based corrections e.g. related to muons and cells belonging to
electromagnetic objects4. Studies of the missing transverse energy performance
use the comparison of reconstructed missing transverse energy and true missing
transverse energy calculated from stable non-interacting particles in the simulation
history [174]. The linearity (( /ET true − /ET )/ /ET true) is expected to be within 1%.
The missing transverse energy resolution is stable for the various processes and
reasonably well parametrized with a dependence σ( /ET ) = 0.53

√
∑

ET as shown
in Fig. 9.3 The expected fake missing transverse energy is difficult to estimate from
simulated events. Nevertheless, studies have shown that similarly to DØ the largest
source of fake missing transverse energy is expected to be mismeasurements of jet
momenta [174].

9.2 Event Simulation

Until the advent of the first collisions from the CERN LHC the only option to
practice and prepare for data are simulated pp collisions. Similar to the event
simulation in the DØ experiment the ATLAS simulation is a long sophisticated
chain of software programs, each designed to handle a specific task in generating
as realistic pp collisions as possible. For the purpose of this discussion the reader is

4The sum of all calorimeter cells are using globally calibrated cells and are thus measured at
the hadronic scale. Cells belonging to real electromagnetic objects such as an electron or photon
are therefore corrected back to the electromagnetic scale.
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Software Version Purpose Ref.
Alpgen 2.05 Hard interaction [87]
Herwig 6.5 Hard interaction [19; 175]

Hadronization
Isajet 7.69 Hard interaction [176]

SUSY particle production
Pythia 6.4 Hard interaction [20; 177].

Hadronization
Underlying event

Jimmy 4.31 Underlying event [178]
Tauola 2.7 Tau lepton decay [179]
Photos 2.15 Photon radiation [180]
Prospino 2.0 NLO SUSY calculation [181]
MCFM NLO calculation for vector [182]

boson production
cteq 6L1,6M Parton Distribution Functions [183]

(6M for NLO calculation)
GEANT 4 Particle transport and [123]

interaction with detector
material

Athena 12.0.6 ATLAS software framework [169; 184]
Atlana - ROOT based analysis [121]

framework

Table 9.1. The simulation software tools used in the analysis. See text (also in
Sec. 5.7) for more information on the purpose of each program and the physical
interpretation.

advices to consult Sec. 5.7 for details regarding the physical interpretation of the
various steps in the event simulation and Tab. 9.1 for detailed information on the
individual software programs.

The analysis is based on the ATLAS analysis framework Athena [169; 184]
(version 12.0.6) with full simulation of the ATLAS detector. The cornerstone is the
Geant4 toolkit [123] that simulates particle transport and interactions through
a detailed description of the ATLAS detector geometry as well as the detector
response.

The hard interaction is calculated using different event generators: the mSUGRA
signal benchmark points was generated with Isajet and the main backgrounds was
generated using Alpgen [87]. Both samples was interfaced to Herwig [19] that
handles the showering and hadronization of the event and Jimmy [178] was used to
model the underlying event. Backgrounds expected to give small contribution to
the present analysis was generated with Herwig (dibosons) and Pythia [20] (QCD
multijet). Photos [180] was used to properly take into account photon radiation
from leptons and tau leptons were decayed by Tauola [179].
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Process Generator
tt̄→ bb̄`ν`ν ALPGEN+HERWIG

tt̄→ bb̄qq̄`ν ALPGEN+HERWIG

W → `ν ALPGEN+HERWIG

Z → `+`− ALPGEN+HERWIG

WW,WZ,ZZ HERWIG

QCD multijet PYTHIA

SUX ISAJET+HERWIG

Table 9.2. The Monte Carlo samples used in the tt̄ background study. The default
parton distribution functions for the leading (next-to-leading) order event generators
is CTEQ6L1 and for the next-to-leading order CTEQ6M. The underlying event and
multi-parton scattering was modeled by JIMMY except for the sample generated
with Pythia. The supersymmetry benchmark models SUX (X=1,2,3,4,6,8) are
described in Sec. 7.2.1.

Alpgen calculates the leading order matrix element for production of tt̄ (W/Z
boson) in association with up to three (six) partons. Since the Isajet mSUGRA
signal is scaled to the next-to-leading order cross section calculated by Prospino2

the tt̄ and W/Z background processes are also scaled to the next-to-leading order
for consistency [185; 182].

The output of the ATLAS reconstruction is analyzed partly on the GRID [186]
using the helper application Panda [187]. The GRID is a form of distributed com-
puting on clusters of computers connected via Internet. Finally the output files are
analyzed using AtlAna [188] running outside the Athena framework. AtlAna is
a ROOT [121] based analysis framework that provides standard functionality such
as object overlap removal, handling of weighted events, job reports and histogram-
ming services.

Table 9.2 summarizes the simulated samples and the software generators that
were used. By mistake some of the samples were generated with the wrong range
cut definition in the GEANT4 simulation and had to be corrected [189] 5.

Another misshapen was a slightly incorrectly calculated electron isolation in the
reconstruction release used. It was shown that the only significant bias was in the
calorimeter crack region between the barrel and extended barrel [156].

5The range cut determines if e.g. the energy deposited from photon radiated from an electron
is deposited along and part of the electron or as a separate photon. In effect, if the photon range
is smaller than the cut range it is never produced. In the ATLAS simulation the change was from
the default 30 µm to 1 mm.The effect on this analysis are negligible.
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Chapter 10

Data Driven Estimation of

the tt̄ Dilepton Background

to SUSY

10.1 Overview of the Method

In a typical search for new physics an idea of how the new physics process will man-
ifest itself is normally assumed. This assumption is often based on a specific model,
or as in this thesis, a set of models or a model with many adjustable parameters e.g.
supersymmetry (SUSY). Nevertheless, the discovery of this new physics, whatever
it may be, is only possible if an excess of events is observed over all the known
physics processes, typically all the standard model processes. It is not practical to
search for an excess with any signature in pp collisions and therefore searches are
normally divided into so-called channels, that are defined by the final state signa-
ture. The task of the search is then to maximize the amount of (expected) signal
in this channel over the expected background from standard model processes. The
procedure is usually an iterative approach where characteristics from the expected
signal and the background are exploited using a set of selections or cuts to obtain
the largest possible separation. In the case of a specific model an optimization of
the signal reach is feasible but in the case of e.g. SUSY with many adjustable pa-
rameters it is important that the discovery potential of new physics is sensitive over
an as large as possible region of the parameter space. As discussed in Sec. 7.2.2,
the key ingredients for a discovery of heavy squark and/or gluino decay (assuming
that R-parity is conserved) in the CERN LHC collision environment is the char-
acteristic of multiple high-pT jets and large missing transverse energy. In many
models, including SUSY, there is a substantial branching ratio into leptons indi-
cating that searches can further be sub-divided into channels characterized by the
number and flavor of isolated leptons. The problem of signal reach optimization in
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case of a model with many parameters is discussed in Ref. [156] in which mSUGRA
is studied. The study of backgrounds and in particular their uncertainties, which
is the focus of this chapter, is a fundamental input to any optimization of a signal
reach. The scope of the background studies presented in this thesis is concerned
only with the dilepton signature. Studies of backgrounds in other final states are
presented in Ref. [156]. The main background to searches with a signature of two
isolated charged leptons, multiple jets, and large missing transverse energy is ex-
pected to be tt̄ events where both W bosons decay leptonically (tt̄ → bb̄`ν`ν). In
these events, where two jets arise from b-quarks jets in the top quark decay, addi-
tional jets are produced by initial and final state radiation discussed in Sec. 7.2.2.
This decay channel is often referred to as the dilepton channel. It is interesting that
this background is also the largest background to searches in channels with only
one isolated charged lepton, multiple jets and large missing transverse energy. In
this case, one of the leptons from the W boson evades detection. This is discussed
briefly in Sec. 10.6.1.

In earlier analyses for SUSY searches [160] with R-parity conservation the miss-
ing transverse energy and effective mass (Eq. 7.1) were proven to be good variables
to use as observables.

The method to estimate the tt̄ → bb̄`ν`ν background is based on three major
steps:

1. Selection of a signal sample of events in which the observation of an excess of
signal over background events in the missing transverse energy and effective
mass distributions is anticipated.

2. The selection of a subsample of the signal sample, dominated by the process
that will be estimated i.e. tt̄ → bb̄`ν`ν background. This sample of events
is referred to as the control sample. As will be discussed in detail later, it
is essential that the selection of the control sample is largely unbiased with
respect to missing transverse energy and effective mass that is subsequently
used in the signal extraction.

3. The control sample selected in data is used to estimate the shape of the
background distributions of the missing transverse energy and effective mass,
naturally incorporating the detector effects that may be difficult to model
in the simulation. To evaluate the absolute background level, the missing
transverse energy and effective mass distributions are normalized in a region
depleted in signal events.

The first step is the selection of the signal sample. This is originally based on
the SUSY reach studies of the ATLAS Computer System Commissioning (CSC)
exercise [156]. The standard model contributions to events that contains two iso-
lated charged high-pT leptons (electron or muon), at least four high-pT jets and
large missing transverse energy are expected to be dominated by tt̄ events (∼98%).
In particular the tt̄ → bb̄`ν`ν process contributes more than 80% of the events
from standard model processes that enter the signal sample. In the second step the
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tt̄ → bb̄`ν`ν process is isolated from all other processes (not completely which is
discussed in detail below) by requiring that the objects in the events satisfy a set of
kinematic constraints, unique to the tt̄ → bb̄`ν`ν decay. Assuming that the events
that satisfy these constraints are dominated by tt̄→ bb̄`ν`ν events, this subsample
of the signal sample is used to estimate the missing transverse energy and effective
mass distribution for the tt̄ → bb̄`ν`ν process in data. Once these distributions
are obtained, and assuming that the set of kinematic constraints used to select the
control sample is unbiased with respect to missing transverse energy and effective
mass, the third step is to extrapolate the distributions to the signal sample by
normalizing them in a properly chosen normalization region. The normalization re-
gion chosen here is in the low missing transverse energy region where the expected
signal contribution is low. The estimated distributions are then compared to the
true tt̄ → bb̄`ν`ν distributions (from the simulation input) and an assessment of
the applicability of the method is performed. As will be shown, the largest sys-
tematic uncertainty is possibly the contamination from SUSY events. Since there
is no preferred model a priori, the background estimation performance is evaluated
without any SUSY signal and the signal contamination is then calculated with one
SUSY benchmark signal at a time.

The signal sample selection and the expected sample composition are described
in detail in the next section. Section 10.3 describes the set of kinematic constraints
used to select a sample with enhanced fraction of tt̄ → bb̄`ν`ν events that is used
to extract the missing transverse energy and effective mass distributions in data.
Performance studies are discussed in Sec. 10.4. The extrapolation of these distri-
butions to the signal sample is described in Sec. 10.5 and the resulting background
estimation is presented in Sec. 10.6 followed by a discussion on systematic uncer-
tainties.

This exercise is using simulated events to study a method to estimate one ex-
pected background for the discovery of SUSY using data. The study explicitly
relies on that other methods are used to estimate other backgrounds contributing
to the dilepton channel and it is here only assumed that the level of backgrounds
from these other sources are described by the simulation. One example is the mul-
tijet background that is expected from simulation to be heavily suppressed by the
requirement of four hard jets but mostly from the requirement of large missing
transverse energy which has to be (mostly) non-real in such events. In data, it may
turn out that the rejection is not as strong as expected and thus methods to esti-
mate this background has to be constructed to take this into account. Considering
these facts, it is understood that applicability of the method is not guaranteed to be
the same with real data although there are no evidence to the contrary before data
is obtained. For a full search analysis, it may also turn out that the signal sample
selection must be altered to fit together with background estimations and rejections
that were not required in this study1. The last part of this chapter, Sec. 10.8, is
therefore devoted to a discussion on the result and specifically on issues related

1One example in the dilepton channel is a veto on Z → `+`− through a lepton invariant mass
selection such as in Ref. [190].
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to assumptions not validated in data and their effect on the result together with
ideas on further improvements and studies. In each section of this chapter it is
also pointed out when important assumptions are made that a priori should be
validated with data.

10.2 Signal Sample

The pp collisions at the CERN LHC will take place with an enormous rate and it
is impossible to select and save all events for analysis. Therefore a set of triggers
are defined to select the events that are interesting. Furthermore, not all events
selected by the trigger can be used for analysis as they may be flagged for e.g. a
hardware problem during some time of the data taking. The last step is of course
difficult to simulate and is not included in this analysis. Also, in data the triggers
determine the integrated luminosity while in simulation the integrated luminosity
is normalized using the theoretical cross section for that process. Here, the number
of events is normalized to an integrated luminosity of 1 fb−1. The signal event
signature consists of

• two isolated charged leptons (electron or muon, either prompt or from the
decay of a tau),

• four jets from the decay chain of the squark or gluino,

• large missing transverse energy from the escaping LSP.

The requirement of two isolated leptons rejects most of the standard model back-
grounds in particular the multijet production and the requirement of large missing
transverse energy rejects most of the Z → `+`− background. The requirement of
many high-pT jets from the SUSY particle cascade decay suppresses most of the
irreducible backgrounds. In the case of the tt̄→ bb̄`ν`ν background, additional jets
except the two b-quark jets are produced by initial and final state radiation. The
selection of SUSY events are divided into two steps: First a set of triggers is used to
sort out the interesting events. The second stage is the offline selection of a sample
of events enriched in signal and hopefully depleted in standard model backgrounds.

10.2.1 Trigger Selection

Studies in the CSC exercise [156] show that the optimal triggers for an mSUGRA-
like signal are based on jet and/or missing transverse energy triggers. It should
be noted that extraction of trigger efficiencies from data for combined triggers
such as jets and missing transverse energy are complicated and normally analysis
dependent. For the scope of this study, it is sufficient to show that the trigger
selection is not imposing a bias with respect to the estimated observables in the
selection of the control sample2. To cross check that no relative bias exists between

2To first order it is a possible difference between the trigger efficiency for events in the signal
and the control samples that is important. A hypothetical example would be a trigger selection
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the signal and control sample a trigger was defined as an “OR” between a multijet
trigger requiring four jets with pT > 50 GeV and a combined missing transverse
energy and single jet trigger with thresholds 50 GeV and 80 GeV, respectively. The
trigger efficiency for the SUSY benchmark points are high (∼ 99%). In Sec. 10.7 it
is shown that no bias is observed and thus there is no trigger selection applied to
the signal or control sample in order to benefit from the increased statistics.

10.2.2 Selection

Below is the list of selection criteria used to select the signal sample:

• At least four jets with pT > 50 GeV and |η| < 2.5,

• at least one jet with pT > 100 GeV,

• two leptons (electron or muon) with pT > 20 GeV,

• transverse sphericity [191] ST = 2λ2

λ1+λ2
> 0.2, where λ1, λ2 are the ordered

eigenvalues of the the matrix Sij =
∑

i,j pjpi with p being the momentum
of all jets and leptons with pT > 20 GeV. The transverse sphericity is
essentially a measurement of the isotropy of the event in the transverse plane,
with ST ∼ 1 for an isotropic event and ST ∼ 0 for an event with two objects
back-to-back,

• missing transverse energy larger than 100 GeV and larger that 20% of the
effective mass.

An electron is identified requiring a cluster in the electromagnetic calorimeter
with pT > 20 GeV and |η| < 2.5 and a matched track not associated with a photon
conversion. The identification is a cut-based selection on 11 variables related to the
cluster and 5 variables on the inner detector track defined as medium selections in
Ref. [168]. The cluster selections include hadronic leakage, ratio of the energy in
the cells adjacent to the cluster in the η- and φ direction separately and various
shower cuts on the first precision layer of the electromagnetic calorimeter. Since
the electrons are expected to be isolated a requirement that the energy in a hollow
cone of size ∆R < 0.2 around the electromagnetic cluster is less than 10 GeV and
that the electron is not close to any jet (∆R(e, jetpT >20 GeV) > 0.4).

Muons are identified using the STACO algorithm (Sec. 9.1.3) and are required
to have pT > 20 GeV and |η| < 2.5. The quality of the matching of the inner
detector track to the muon spectrometer track is characterized by a χ2 required
to be less than 100 to reject high-pT fake muons [166]. Similar to the electrons,
muons are required to be isolated in the calorimeter, requiring the energy in the
calorimeter in a hollow cone with size ∆R < 0.2 around the muon track to be
less than 10 GeV. Muons that are close to a jet (∆R(µ, jetpT >20 GeV) > 0.4) are
rejected.

based on one very high-pT jet which would bias the events in the signal sample but as long as it
inflicts the same bias on events in the control sample the estimated backgrounds are usable.
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Process Fraction (%)
tt̄→ bb̄`ν`ν 0.81 ± 0.12
tt̄→ bb̄qq̄`ν 0.18 ± 0.04
Z → τ+τ− 0.01 ± 0.01
W → `ν < 0.01
Total number of events 105 ± 10

Number of SUSY events
SU1 69.2 ± 8.3
SU2 15.8 ± 4.0
SU3 169 ± 13
SU4 790 ± 28
SU6 43 ± 7
SU8 22 ± 5

Table 10.1. The composition of the signal sample corresponding to an integrated
luminosity of 1 fb−1 is shown separately for the standard model contributions and
for the different SUSY signal benchmark points. The uncertainties are statistical
only.

In addition to the above requirements, events that satisfy the following con-
straints are rejected:

• events that contain an electron (as defined above except the hollow cone
calorimeter isolation) in the crack region of the calorimeter (1.37 < |η| <
1.52)3,

• events that contain a third lepton with pT > 10 GeV to ensure orthogonality
with the three lepton searches.

The signal sample composition is shown in Tab. 10.1 and the corresponding
missing transverse energy and effective mass distributions are shown in Fig 10.1.

10.3 Control Sample and Kinematic

Reconstruction

The goal is to extract a control sample enriched in tt̄ → bb̄`ν`ν events from data
in order to study the observables independent from simulated events. The idea
here is to assume that the events in the signal sample are tt̄ → bb̄`ν`ν events and
attempt to kinematically reconstruct these events, to decide, for each event, the
probability that the event originates from tt̄→ bb̄`ν`ν. The tt̄→ bb̄`ν`ν events are
special compared to the other tt̄ decay channels described in Sec. 1.3.2 in that they
have not enough measurable kinematic quantities to allow for a kinematic solution

3The rejection of events with electron candidates in the crack region of the calorimeter is the
result of a mistake in the calculation of the calorimeter isolation, see Sec. 9.2.
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Figure 10.1. The missing transverse energy (top) and effective mass distribution
(bottom) for the signal sample for 1 fb−1 of data including one of the SUSY signal
benchmark point. Note that the backgrounds are stacked but not the signal.
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of the system. This is due to the fact that the event contains two non-interacting
neutrinos escaping the detector and that the initial longitudinal momentum of the
colliding particles is unknown. Luckily, the transverse momentum is well defined
and therefore partial information of the neutrino momentum can be obtained from
the measured imbalance in the transverse momentum, the missing transverse energy
/ET , and its two components, /ET,xand /ET,y, and that the four-vectors of the other
objects from the tt̄ decays are fully measured. To fully solve the kinematics of the
system 24 variables (four momenta of the six decay products) are needed but there
are only 18 measured quantities4. To further constrain the system it is possible
to use the fact that the charged leptons and neutrinos originate from a W boson
decay and that the neutrino masses are negligible [9]. Yet another constraint is
that the masses of the t and t̄ are equal which results in 23 overall constraints
but system is thus under-constrained [192; 193]. Since the purpose here is not to
measure the top quark mass, the value of the top quark mass can be used as the
last constraint in order for the system to be solvable. For the purpose of discussion
it can be instructive to compare with the kinematic constraints on the tt̄→ bb̄qq̄`ν
events discussed in Sec. 6.5.1. The two charged leptons, two b-quark jets and the
x- and y-components of the /ET -vector in a tt̄→ bb̄`ν`ν event satisfy the following
kinematic constraints or equations:

(pν + p`+)
2

= m2
W ,

(pν̄ + p`−)
2

= m2
W ,

(pν + p`+ + pb)
2

= m2
t ,

(pν̄ + p`− + pb̄)
2

= m2
t̄ ,

/ET x = pνx
+ pν̄x

, (10.1)

/ET y = pνy
+ pν̄y

,

mt = mt̄,

mt = 175 GeV,

mW± = 80.4 GeV,

mν,ν̄ = 0 GeV,

where p`± , pν,ν̄ , pb,b̄ are the lepton, neutrino and b-quark momenta respectively and
mW and mt are the W boson and top quark masses. The system of equations has
a two- or four-fold ambiguity as the solution is given by a quartic5 equation that
can be solved with standard analytical techniques [194]. In order to enhance the
tt̄ → bb̄`ν`ν process over the other backgrounds and possible signal processes, the
idea is to use the above set of equations to estimate how likely it is that a specific
event is a tt̄→ bb̄`ν`ν event. The input to the system of equations are the measured
four-momenta of the two charged leptons and two of the jets together with the x-
and y-component of the missing transverse energy vector.

4The 18 measured quantities corresponds to the four-momentum of two b-quark jets, two charge
leptons and two components of the /ET -vector, /ET,xand /ET,y .

5Possible to write on the form ax4 + bx3 + cx2 + dx + e = 0.
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Figure 10.2. Comparison of the jet pT in tt̄ → bb̄`ν`ν events passing signal sample
selections for jets originating from b-quarks, c-quarks and for light jets (left). The
position (or ranking), sorted in decreasing pT , of the b-quark jet from the tt̄ decay
with the lowest pT compared to all other jets in tt̄ → bb̄`ν`ν events (right). Note
that only events where two b-quark jets were found in the event is shown here.

In this analysis an event is considered to be tt̄→ bb̄`ν`ν-like if the event has at
least one real solution which corresponds to that at least one set of jet pair momenta
given as input to the system of equations (out of all the permutations) satisfy the
kinematic contraints. These specific jet pairs are refereed to as b-jet pairs6.

10.4 tt̄ Kinematic Reconstruction Performance

The system of equations is designed to provide a discriminator between tt̄→ bb̄`ν`ν
events and other processes. The performance of the discriminator is not surprisingly
finite which means for example that a tt̄→ bb̄`ν`ν event passing the signal sample
selection may fail to have at least one b-jet pair and/or there is a non-negligible
probability that a SUSY event may have a kinematic topology that satisfy the
kinematic constraints7. In the signal sample there are at least four jets in each
event, while only two jets can arise from the decay of the top quarks in the event.
Additional jets may arise from initial and final state radiation. Consequently, there
is an ambiguity in what jets to use as input to the tt̄ reconstruction. The mass
of the top quark ensures that many b-quark jets from the top quark decay have
high transverse momentum which is also confirmed in Fig. 10.2 which shows the
b-quark and light jet pT spectrum in tt̄ → bb̄`ν`ν events. A reconstructed jet is
considered to be a b-quark jet if a B hadron from the simulation history is found
within ∆R(B hadron, jet)) < 0.4 or a c-quark jet if a C hadron is found within the
same cone. If no B- or C hadrons are found, the jet is assumed to be a light jet.
The probability that the b-quark jets are among the four leading jets is 71 ± 3%8.

6Note that the name b-jet pairs does not involve any type of b-tagging at this point.
7The fraction of top quarks in e.g. mSUGRA models depends largely on the model parameters.

One example is the SU4 benchmark point where a gluino has mass mg̃ > mt̃ + mt and can thus
decay through g̃ → tt̃ and possibly later the decay t̃ → t which give rise to a top quark pair.

8This is among the events were the both b-quark jets were found (86% of the events), i.e. those
events were two jets were succesfully matched to B hadrons. A similar result was found using the
b-quarks from the simulation history but with a lower number of succesfully matched jets.
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Remember that the purpose of this study is to maximize the rejection of other
processes than tt̄ → bb̄`ν`ν and the b-quark jet ranking may therefore not pose a
problem as long as the other process are rejected. Nevertheless, as demonstrated
later the statistical uncertainty remains one of the largest systematic uncertainties
(for 1 fb−1) and the efficiency is therefore important as well. Given that the true
b-quark jets are unknown9, the efficiency for true tt̄ → bb̄`ν`ν events will be low if
the true b-quark jets are not given as input to the kinematic reconstruction. The
efficiency to select tt̄→ bb̄`ν`ν events goes from ∼ 12% to ∼ 70% when going from
the two leading to four leading jets in pT as input to the system of equations. The
increasing probability for a tt̄ → bb̄`ν`ν event to satisfy the kinematic constraint
has to be balanced to the decreasing rejection of possible signal events. The point
SU3 has ∼ 1% probability to satisfy the kinematic constraints using two jets but
around 20% when using the four leading jets. With two jets as input there is an
ambiguity of the jet-lepton pairing and both combinations are tried. Additionally,
if more than two jets are considered, all possible combinations are tried. Here, the
background estimation to the physics signature with four jets is studied and thus
the four leading jets were used (using two jets would most probably result in a bias
on the missing transverse energy distribution due to the correlation with the jet
measurements).

To improve the performance in selecting the control sample several different
smaller studies were made.

• Final State Radiation

It can be that one of the jets considered as input to the kinematic recon-
struction arise from final state radiation of a gluon with sufficient momentum
away from the quark to be reconstructed as a separate jet. In this scenario the
jet from final state radiation has to be merged with another jet to obtain the
kinematics of the b-quark from the t→ bW decay. In the present study, owing
to the high pT requirement on the jets in the signal sample (> 50 GeV) few
of these jets are expected to arise from final state radiation. By using all com-
binations of the four leading jets in pT , including merging two or more jets,
no improvement on the efficiency to select tt̄→ bb̄`ν`ν events was observed.

• Jet-Parton Correction

The solution to the system of equations used to estimate the probability
of an event being a tt̄ → bb̄`ν`ν event is an exact analytical expression.
The input four-vectors are implicitly assumed to correspond to the particle
kinematics of the charged leptons, neutrinos and b-quarks from the tt̄ decay.
In reality, the input four-vectors are not the bare b-quarks and lepton but the
measured jets and leptons from the energy depositions in the detector. The
four-momentum of a reconstructed jet is in general not equal but correlated
to the originating b-quark four-momentum from the t → Wb decay due to

9In principle b-tagging can be used to indicate the flavor of the jets similarly to in the top
charge analysis (Sec. 6.5.1) but to avoid relying on detailed tracking performance such as secondary
vertexing in early data it is not used here.
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radiation of gluons. In order to understand the effect of using reconstructed
jets as input to the system of equations a mapping of the reconstructed jet
momentum to the originating b-quark momentum was made in a separate tt̄
sample. This parton-level correction was then used as a lookup table to go
from the measured jet energy to the parton energy [126]. No statistically
significant effect on the tt̄→ bb̄`ν`ν selection efficiency was observed.

• Finite Kinematic Resolutions The four-vectors used as input to the sys-
tem of equations are all measured variables and are thus affected by experi-
mental resolutions. The inaccuracy of the measurements, such as the mismea-
surement of the b-quark jet momenta, influence the kinematic reconstruction
efficiency of tt̄→ bb̄`ν`ν events and rejection of other processes. By allowing
the measured variables to randomly fluctuate according to the experimental
resolutions a simple study of this effect was done. As the dominant inaccuracy
comes from jet and missing transverse energy measurements only those were
allowed to vary according to their experimental resolution given in Sec. 9.1.5
and 9.1.6, respectively. Since the measured jet energies are also correlated to
the missing transverse energy this dependence is accounted for in the proce-
dure. For each event, sets of new jet- and missing transverse energies were
sampled and used as input to the system of equations. For tt̄→ bb̄`ν`ν events
the efficiency to find at least one b-jet pair increases with 10% for more than
12 fluctuated sets for each event. However, the probability that non-tt̄ events
obtains a solution which would lead to a higher contamination in the control
sample also increases. The rejection decrease for the SUSY benchmark mod-
els is similar to the efficiency increase and thus no fluctuations were used in
this study.

10.4.1 Control Sample Composition

The control sample is selected by considering all possible combinations of jet pairs
out of the four leading jets in pT as input to the system of equations. Figure 10.3
shows the number of such b-jet pairs for the various processes contributing to the
signal sample. Events in the control sample are required to have at least one b-jet
pair. The control sample is dominated by tt̄→ bb̄`ν`ν events (∼ 80%), followed by
tt̄→ bb̄qq̄`ν (∼20%) and less than one percent of other background processes. The
sample composition is shown in Tab. 10.2. Figure 10.4 shows the missing transverse
energy and effective mass distributions in the control sample.

10.4.2 Kinematic Solution and Correlation with /ET

The control sample is used to obtain an estimation of the shape of the missing
transverse energy and effective mass distributions directly from data. In order
for the extrapolation into the signal sample to work, the selection of events to
the control sample are ideally uncorrelated to these variables. The probability for
tt̄ → bb̄`ν`ν events to satisfy the kinematic constraints is shown in Fig. 10.5. A
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Figure 10.3. Distribution of number of b-jet pairs for events in the signal sample
for an integrated luminosity of 1 fb−1.

Process Fraction (%)
tt̄→ bb̄`ν`ν 78 ± 13
tt̄→ bb̄qq̄`ν 21 ± 6
Z → `+`− < 1
W → `ν < 1
Total number of SM events 77 ± 9

Number of SUSY events
SU1 12 ± 3
SU2 3 ± 2
SU3 30 ± 5
SU4 427 ± 21
SU6 8 ± 3
SU8 4 ± 2

Table 10.2. The composition of the control sample corresponding to an integrated
luminosity of 1 fb−1. Note that the standard model processes are separated from
possible signal contributions.
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Figure 10.4. The missing transverse energy (top) and effective mass (bottom) dis-
tribution in the control sample corresponding to an integrated luminosity of 1 fb−1.
Note that the backgrounds are stacked but not the signal.
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Figure 10.5. The efficiency as a function of the missing transverse energy (left)
and effective mass (right) for tt̄ → bb̄`ν`ν events.

bias leading to lower efficiency at higher missing transverse energy is observed. The
largest source of inefficiency (90%) is that at least one of the true b-quark jets are
not found among the leading four jets used as input to the kinematic reconstruction.
The b-quark jets are searched for by matching B hadrons from the simulation history
to reconstructed jets with ∆R(B hadron, jet) < 0.4. Other reasons for the event
to fail is that the electron or muon came from a W → τ → ` decay leading to
slightly biased missing transverse energy and/or that the missing transverse energy
is simply mismeasured (found by replacing the measured missing transverse energy
with the true missing transverse energy from the simulation history10). In order
to quantify the effect of this bias a comparison of the missing transverse energy
and effective mass distributions between the signal and control sample is shown
in Fig. 10.6 including statistical uncertainties. This effect is clearly undesirable.
The control sample will have a higher fraction events with low missing transverse
energy which will result in an underestimation of the high missing transverse energy
distribution of the background. In the future a correction for this bias is needed.
Here, the bias is taken into account by the systematic uncertainty derived from the
statistical uncertainty discussed in Sec. 10.7.

10.4.3 Subtraction of other Backgrounds

From Tab. 10.1 it is obvious that there are other standard model contributions to the
signal sample, however, smaller than the tt̄ contribution. There is a non-negligible
probability for these other backgrounds to pass the set of kinematic constraints
which means that the control sample does not solely consist of tt̄ → bb̄`ν`ν events
but also of other background processes. Consequently, the missing transverse energy
and effective mass distributions in the control sample is a mixture of the dominat-
ing tt̄ → bb̄`ν`ν process and other standard model processes, mainly tt̄ → bb̄qq̄`ν
events. The normalization procedure described in the overview (Sec. 10.1) and in

10As discussed before, replacing the the reconstructed missing transverse energy with the true
missing transverse energy from the simulation history is a simplification since the mismeasurement
are correlated with the jet momentum measurements.
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Figure 10.6. The missing transverse energy (top) and effective mass (bottom)
distributions for events in the signal sample normalized to unity fitted using an
exponential function. Overlaid is the fit to the distributions in the control sample
including statistical uncertainty. The statistical uncertainty of the signal sample fit
is about half of the uncertainty of the control sample.
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more detail below are affected by any additional process in the control sample11. In
this analysis the other background processes are estimated using simulated events.
Future developments of this method would include data-driven estimations of the
other backgrounds. Examples of such methods is given in Ref. [156]. The small
expected contribution of the other backgrounds give rise to approximately 3% sys-
tematic uncertainty assuming an (ad hoc) 50% uncertainty of the background pre-
diction.

10.5 Control Sample Normalization

The goal is to estimate the tt̄ → bb̄`ν`ν background in the signal sample. In a
simplified version, with no signal and control and signal samples dominated by tt̄→
bb̄`ν`ν events, the only remaining task would be to determine the normalization of
the control sample distributions (provided there is no bias between events in the
signal and control sample). This picture of the problem fail because:

1. the standard model processes in the signal and control sample is a mixture of
tt̄→ bb̄`ν`ν, tt̄→ bb̄qq̄`ν and other smaller contributions,

2. a signal process may enter into the signal and control sample if it exists.

The first point is dealt with by estimating and subtracting the other smaller back-
grounds as discussed in Sec. 10.4.3. The possibility of signal contamination, e.g.
SUSY, in the signal and/or control sample imposes interesting problems. There are
three different principal possibilities to consider:

• no signal.

• signal contamination in the signal sample.

• signal contamination in the signal and control sample.

In data, the knowledge about which of the these scenarios that is true is obvi-
ously not available. As discussed in Sec. 10.1, the assumption is that new physics
will manifest itself as an excess of events with large missing transverse energy and
effective mass (see Fig. 10.1 for one example). Thus a valid assumption is that at
low missing transverse energy the signal may be small (perhaps even negligible)
and that this region should be dominated by tt̄ → bb̄`ν`ν events. Accordingly a
normalization region is chosen at low missing transverse energy in this analysis.
This decision is based on the assumption that the ratio of tt̄ → bb̄`ν`ν events in
the signal and control sample in this normalization region at low missing transverse
energy is the same as in the high missing transverse energy region, from here on also

11In fact, if the contribution from another source of background, in both size and shape, to the
control and signal sample is similar the effect will be negligible. In general, this assumption still
has to be validated in data.
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Normalization Region (GeV)
[60, 80] [60, 100] [60, 120] [60, 140]

- [80, 100] [80, 120] [80, 140]

Table 10.3. The different normalization regions studied.

referred to as the signal region since this is where any existing signal is expected to
manifest itself. This can be written as

N ′
SS

N ′
CS

=
NSS

NCS
, (10.2)

where N ′ is the number of events in the normalization region and N is the number
of events in the signal region and CS (SS) denoting the control (signal) sample.
At the end of the day, it is the number of tt̄ → bb̄`ν`ν events in the high missing
transverse energy region, NSS , that is interesting and can be estimated by

NSS =
N ′

SS

N ′
CS

×NCS. (10.3)

The scale factor (N ′
SS/N

′
CS) is thus derived in the normalization region and is

by definition larger than one. Note that Eq. 10.2 is only valid if there is not a
differential contribution to the control and signal sample as a function of missing
transverse energy or effective mass12. The exact choice of normalization region is
chosen to minimize

• the statistical uncertainty from the normalization.

• the systematic uncertainty due to the subtraction of other standard model
processes than tt̄→ bb̄`ν`ν.

• the systematic uncertainty owing to a possible signal contamination.

The three different points are not independent as the signal contamination is ex-
pected to be small for low missing transverse energy but here the uncertainty from
the background subtraction is increasing. The statistical uncertainty is smaller for
a larger normalization region but the signal contamination increases. This is also
illustrated in Fig. 10.7 where the different contributions to the missing transverse
energy distribution in the control and signal sample are shown respectively. The
exact normalization region has to be determined with data, here the goal is to
identify the main issues related to the method. Several normalization regions (see
Tab 10.3) were studied to investigate the impact of the uncertainties above. The
lower limit for any of these normalization regions was set to 60 GeV, based on the
existing simulations where especially the Z → `+`− contribution increases rapidly

12An example of such a differential contribution is scenario two discussed above where there is
only signal contribution in the signal sample. In this case the scale factor would be overestimated
since N ′

SS
= N ′tt̄

SS
+ N ′SUSY

SS
gets a contribution from e.g. SUSY events while N ′

CS
does not.
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Figure 10.7. The missing transverse energy distribution after the lepton and jet
requirements but without the sphericity, missing transverse energy and effective
mass requirement in the signal (top) and control (bottom) sample. As discussed in
Sec. 9.2, simulated data for some processes were generated with event filters requiring
large missing transverse energy resulting in an underestimation in the low missing
transverse energy region.
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Figure 10.8. The relative uncertainty on the normalization factor including the
contribution from signal contamination from the SU3 benchmark model. The indi-
vidual systematic uncertainties are estimated using as described in Sec. 10.7.

at low missing transverse energy. The upper level was determined in a rather ad
hoc fashion to be 140 GeV by observation of the missing transverse energy distri-
butions for the benchmark signal points. With the other backgrounds subtracted
from the samples, the normalization factor is expected to be similar within statisti-
cal uncertainties and the choice of normalization region should be based on the total
uncertainty shown in Fig. 10.8. The largest uncertainties in the determination of
the normalization factor are the possible contamination from signal processes and
the statistical uncertainty. Based on the result of this simple exercise the normal-
ization region was chosen to be [80, 120] GeV13. The normalization factor in this
region is 1.24 ± 0.1(stat) ± 0.2(syst).

10.6 tt̄ Dilepton Background Estimation

Using the normalization described in the previous section the estimation of the
tt̄ → bb̄`ν`ν background distribution of missing transverse energy f( /ET ) in the
signal sample can be written as

ftt̄→bb̄`ν`ν( /ET ) =
N ′

SS

N ′
CS

× fCS( /ET ), (10.4)

and similar for the effective mass distribution. Here, fCS( /ET ) is the missing trans-
verse energy distribution in the control sample. In order to evaluate how well the
method works, a sample of events mixed among all standard model backgrounds

13In principle the normalization region should be optimized in the same way for many different
signal hypotheses
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SUSY point Estimated Relative change True Signal
Background (%) Events

No signal 74.8 ± 9.6 − −
SU1 91.5 ± 10.5 22 69
SU2 80.3 ± 9.9 7 16
SU3 124.0 ± 11.7 66 169
SU4 632.0 ± 27.4 745 790
SU6 84.4 ± 10.2 13 43
SU8 80.2 ± 9.9 7 22

Table 10.4. Estimated tt̄ → bb̄`ν`ν background corresponding to an integrated
luminosity of 1 fb−1 for different mSUGRA benchmark points defined in Sec. 9.2.
The true number of tt̄ → bb̄`ν`ν background events is 84.9. The third column shows
the relative increase of the estimated background with respect to the estimation in
the absence of any signal (1st row). The last column shows the true number of
signal events for comparison. Note that the statistical uncertainty here arise from
the statistical uncertainty of the control sample and the normalization procedure.

weighted by their cross sections were prepared with an optional signal benchmark
point included. The performance is then evaluated by investigating how well the
method estimates the true tt̄ → bb̄`ν`ν background (which is known by construc-
tion). The result of the estimations are shown in Fig. 10.9. Table 10.4 summa-
rizes the results in a cut-and-count type analysis where the result is expressed as
the number of events with missing transverse energy larger than 100 GeV. The
true number of tt̄ → bb̄`ν`ν events is 84.9 and the estimated number of events is
74.8± 10(stat)± 12(sys) which is consistent within the rather large (∼ 10%) statis-
tical uncertainty for 1 fb−1. Note that the source of statistical uncertainty, ±9.6,
arises from the limited statistics in the control sample together with the statistical
uncertainty on the normalization factor. This uncertainty depends on the tight se-
lection on the signal sample and the 30% inefficiency of selecting true tt̄ → bb̄`ν`ν
events to the control sample. The systematic uncertainty is dominated by the ob-
served correlation which has the unfavorable feature that the underestimation of
the background increases with missing transverse energy.

10.6.1 Dileptonic tt̄ Background Estimation in the Single
Lepton Channel

In the single lepton search channel (where the final state consists of exactly one
charged isolated lepton in addition to the jet and missing transverse energy require-
ments) the same background, i.e. tt̄ → bb̄`ν`ν, is dominating. One would expect
that the tt̄ → bb̄qq̄`ν background is larger but it turns out that it is rejected to
a large extent from the requirement of large lepton transverse mass14. There are

14The lepton transverse mass is the transverse mass of the lepton four-vector and the missing
transverse energy, expected to be small (< 100) for leptons originating from events with one W
boson as in tt̄ → bb̄qq̄`ν events.
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Figure 10.9. The estimated missing transverse energy distribution (top) and ef-
fective mass (bottom) for the tt̄ → bb̄`ν`ν contribution in the signal sample. Black
points shows the estimation in the absence of a signal (errors are statistical only),
the red histogram shows the effect on the background estimation when including the
SU3 benchmark signal due to signal contamination in the control sample.
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various reason why the tt̄ → bb̄`ν`ν background contribute to the single lepton
signature: 1) one of the leptons is a tau (51%), 2) one lepton was not identified due
to inefficiencies of the lepton identification algorithm (20%), 3) one lepton is lost
inside a jet (17%), 4) one of the leptons was not inside the acceptance (9%), and
5) evens with two taus (3%).

By using a control sample of relatively pure tt̄→ bb̄`ν`ν events selected in data
similarly as presented above, it is has been shown [156] that this background can
be estimated by resimulating the loss of one lepton according to these five reasons.

10.7 Systematic Uncertainties

Studies of data-driven techniques on simulated data are in general subject to the
same systematic uncertainties as e.g. a discovery reach analysis such as those
presented in Ref. [156]. In the type of data-driven method study presented here,
the focus is the underlying ideas and methods and therefore not all systematic
uncertainties are, at least to first order, interesting. Consider as an example the
number of estimated events above a given missing transverse energy threshold. The
relevant uncertainty affiliated with the method is not the nominal number of events
that is related to e.g. uncertainties of the theoretical calculation of the production
cross section, but the relative difference between the estimated and true number of
reconstructed tt̄ → bb̄`ν`ν events. Therefore systematic uncertainties arising from
the simulation generators used to produce the event samples are not considered
here. Finite detector resolutions are considered but are neglected for some objects
e.g. electron [168] and muon kinematic measurements. The following sources of
systematic uncertainties are taken into account in the estimation of the tt̄→ bb̄`ν`ν
background:

• subtraction of other standard model backgrounds than tt̄ → bb̄`ν`ν events
from the signal and control samples,

• statistical uncertainty on the normalization factor in Eq. 10.4,

• jet energy scale and resolution,

• missing transverse energy scale,

• correlation of missing transverse energy and effective mass between events in
the signal and control samples.

In this section a description is given of how each systematic uncertainty is estimated
and a breakdown of the systematic uncertainties is presented in Tab. 10.5.

Trigger Efficiency

In general for data-driven background studies, the finite performance and scope
of the trigger system alters the size and composition of the control sample. As
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Source Contribution (%)
/ET /Meff correlation 11
background subtraction 9
Jet energy scale and resolution 6
Norm. factor stat. uncertainty 5
Jet energy resolution 2
/ET scale 2
Total 16

Table 10.5. The systematic uncertainties and their relative effect on the estimated
background. The effect of signal contamination is shown separately in Tab. 10.4.
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Figure 10.10. The trigger efficiency as a function of the missing transverse energy
for tt̄ → bb̄`ν`ν (left) and the SU3 benchmark signal (right). No difference is observed
for events with at least one b-jet pair, i.e. events in the control sample (squares).

discussed in Sec. 10.2.1 it is important for the method that the proposed trigger
does not bias the events selected in the control sample15. Figure 10.10 shows the
trigger efficiency for the combined jet and missing transverse energy trigger defined
in Sec. 10.2.1 as a function of missing transverse energy for tt̄ → bb̄`ν`ν events
and the SU3 benchmark signal. The trigger efficiencies for the signal and control
sample agree within the statistical uncertainty (similar agreement exist as a function
of effective mass). This is is expected as the difference between the samples are
mainly the kinematic configurations that correlates the objects. The kinematic
constraints primarily do not affect the individual object properties such as the jet
pT /η that are important for the trigger efficiency. Thus, for the scope of this study
no uncertainty related to the trigger is included.

Background Subtraction

Table 10.1 shows that after the default SUSY selections, the tt̄ → bb̄`ν`ν process
is expected to be the dominating background. However, around 18% of the back-
ground is due to the tt̄ → bb̄qq̄`ν events and less than 1% from other sources.
Assuming that these processes are rejected in the control sample (this is of course

15The statistical uncertainty of the control sample would be affected by a lower trigger efficiency.
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not true as has been shown earlier) will lead to an overestimation of the normal-
ization factor. In the realistic case that there are other background processes also
entering the control sample, a possible bias on the shape of the missing transverse
energy and the effective mass distributions may occur. The effect of subtracting
these backgrounds are rather small. Nevertheless, a 50% systematic uncertainty has
been assigned to each of these backgrounds. This uncertainty is rather ad-hoc and
should not be taken as a precise value and in data, the subtraction and uncertainty
should rely on data-driven estimates.

Statistical Uncertainty on the Normalization

The discussion on the choice of normalization region in Sec. 10.5 shows that there
will be a limited region and thus limited number of events where the scale factor is
derived. This source of uncertainty is a statistical uncertainty related to the number
of events in the signal and control sample. If N (N ′) is the number of events in the
signal (control) sample, the uncertainty on the scale factor can be written

σ =

√

1

N

1 − p

p3
, (10.5)

where p = N ′/N is the binomial probability. This source of uncertainty is one of
the largest systematic uncertainties here. It is expected to decrease by including
more data in the analysis. Furthermore, this uncertainty depends on the definition
of the normalization region.

Jet Energy Scale

The reconstruction of high-pT jets is a vital piece in this analysis which are as-
sociated with uncertainties. The Jet Energy Scale (JES) uncertainty is estimated
to to be of the order ±5% after an integrated luminosity of 1 fb−1 [174]. As the
jet four-vectors are used as input to the system of equations the uncertainty from
the JES on the estimated tt̄ → bb̄`ν`ν background is calculated. The procedure is
to scale the reconstructed jet energies according to the uncertainty from the JES,
and the missing transverse energy and the effective mass are calculated using the
new jet energies. The background estimation is then carried out as usual and the
change in the estimated number of tt̄ → bb̄`ν`ν events is quoted as the systematic
uncertainty.

Jet Energy Resolution

To understand the performance of the method, the uncertainty on the finite jet
energy resolution is evaluated. The effect is calculated by i) smearing all jet en-
ergies with a Gaussian distribution centered on the measured jet energy and with
a standard deviation of 10% [174] and ii) propagating these new jet four-vectors
to the other measurements including the missing transverse energy calculation and
the change in the the background estimation is quoted as a systematic uncertainty.
The effect is less than 2%.
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/ET Scale

The calculation of missing transverse energy in an event is described in Sec. 9.1.6.
It is calculated by summing high-pT objects such as jets and leptons but also a part
related to the unclustered energy in the event. The missing transverse energy might
be sensitive to detector problems e.g. dead channels or noise and consequently
continuous detector monitoring and data quality checks should in principle reduce
this to a manageable level. Nonetheless, the ATLAS jet/ /ET group [174] has given a
very rough estimate on the uncertainty on this “soft” part of the missing transverse
energy calculation to be 10%. The effect of this uncertainty is evaluated by:

• The sum of all jet (vectorial) contributions is subtracted from the missing
transverse energy vector,

• the missing transverse energy is then scaled with the estimated uncertainty
of ±10%,

• and the jet vectorial contributions are added back to the missing transverse
energy vector.

The background estimation is then evaluated and the relative change is quoted as
the systematic uncertainty.

/ET and Meff Signal and Control Sample Correlation

Section 10.4.2 showed that the selection of the control sample is not completely
independent from the missing transverse energy and effective mass variables. This
central observation implies that this most probably needs to be corrected for in
future analyses. Here, a systematic uncertainty coming from the observed difference
in the shape of the distributions in the signal and control sample is given.

1. The missing transverse energy distribution in the control sample between
120 GeV and 520 GeV is fitted with an exponential function y = exp−ax+b.

2. The fitted parameter a is varied within the statistical uncertainty σa to obtain
the ±1σ deviation functions y± = exp−(a±σa)x+b.

3. The difference between the nominal and the ±1σ varied functions within a
given bin range of missing transverse energy is used as an estimate of the
uncertainty of that bin.

4. The same procedure is applied to signal events with no reconstructed b-jet
pairs.

The two contributions are then added in quadrature to give the total uncertainty.
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10.8 Conclusion and Discussion

This chapter described a data-driven method to estimate the tt̄ → bb̄`ν`ν back-
ground to searches for new physics with the ATLAS detector with a signature
of two isolated high-pT leptons, several high-pT jets and large missing transverse
energy. The method is based on the selection of a control sample enhanced in
tt̄ → bb̄`ν`ν events. The kinematic constraints unique to tt̄ → bb̄`ν`ν events are
applied to the leptons, jets and missing transverse energy in order to select events
that are likely to be tt̄→ bb̄`ν`ν events. It is shown that the discrimination between
tt̄→ bb̄`ν`ν events and other standard model processes is good but the method may
suffer from large signal contamination. The effect of the contamination depends
strongly on the signal, ranging from a few percent up to 60% for the mSUGRA
signal benchmark points considered in this study (excluding the low mass SUSY
point SU4).

An important observation is that the kinematic constraints used to select the
control sample is not totally uncorrelated with the missing transverse energy and
effective mass used as observables in this study. It is pedagogical to consider the
ideal case of a control sample where the selection rejects all other processes than
tt̄ → bb̄`ν`ν with no bias on the missing transverse energy variable. In this case
the missing transverse energy and effective mass distributions would be correctly
described by construction but the scale factor could still be overestimated due to
signal events in the normalization region. This demonstrates one positive feature
of the method, that it is conservative i.e. that a signal contamination results in an
overestimation of the backgrounds. In contrast, the observation that the missing
transverse energy is correlated to the selection of the control sample imply that the
high missing transverse energy tail is underestimated. This effect is important to
study in future work.

The work shown here gives a complementary data-driven method for background
estimation of the tt̄→ bb̄`ν`ν background. With the necessary further developments
such as understanding of the missing transverse energy bias and control over the
signal contamination it should be used in data to complement other background
estimates.
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