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2
Experimental Setup and Simulation

Like most of the experimental particle physics studies, the data used by our search
for single top-quark production in the Wt-channel is compared to the simulation
representing the theoretical expectation.

Our data is produced by the p � p collisions at the LHC and recorded by the ATLAS
detector in 2011. In Section 2.1, we will give an overview of the experimental setup of
the LHC. Concerning the data taking in 2011, we will focus on the detector operation
in this chapter, while the performance of the ATLAS detector will be demonstrated
later in Chapter 3 when we compare the reconstructed physics objects between data
and simulation.

The simulation is used to evaluate detector effects and provides a reference for the
theoretical interpretation of the results. How the simulation is implemented will
be discussed in Section 2.2 followed by an overview of the simulated event samples
generated for our analysis in Section 2.3.

2.1 LHC and the ATLAS experiment

2.1.1 The Large Hadron Collider

Located on the French-Swiss border near the city of Geneva, the Large Hadron Collider
(LHC) [46] is designed to accelerate and collide proton beams with a center-of-mass
energy of 14 TeV and an unprecedented luminosity of 10

34

cm

�2

s

�1. With the high
collision energy and luminosity, the LHC is the most powerful tool in the world
up-to-date for particle physics researches as it has produced all predicted particles
with mass up to the top-quark mass. It also provide opportunities in searching for
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Chapter 2. Experimental Setup and Simulation

rare phenomena such as the single-top production in the Wt-channel, and possibly
open a window to new physics scenarios that predict new particles with masses well
above TeV scale.

The LHC is a 27 km long ring of superconducting magnets designed to control the
trajectories of two proton beams circulating in opposite directions. Protons within the
beams are grouped in bunches. They are firstly accelerated to an energy of 450 GeV
by a chain of smaller accelerators before being injected into the LHC. In the LHC,
protons are further accelerated to the collision energy. At the design capacity, each
proton beam consists of 2808 bunches with a separation of 25 ns in time. Each bunch
contains a population of 10

11 protons. At four locations on the LHC, the two proton
beams are collided with each other. Around each collision point, a detector is located
to record experimental data. The detectors are ATLAS and CMS, which are both
equipped to conduct multi-purpose experiments, ALICE to study the quark-gluon
plasma, and LHCb to measure B-meson decays.

The LHC is operated at the European Laboratory for Particle Physics (CERN). Due
to an incident in 2008 [47], the operation of the LHC was delayed for a year and
re-started in December 2009 with collisions at a lower center-of-mass energy of 900
GeV. On 30

th of March 2010, the p�p collisions at center-of-mass energy of 7 TeV was
started and continued until the end of 2011 with the proton luminosity increased over
time. In order to deliver the maximum possible amount of data for physics researches
before the planned shutdown in 2013, the center-of-mass energy of the p � p collisions
was increased to 8 TeV in 2012. In February 2013, the LHC entered its first long
shutdown period (LS1) to prepare for its full design capacity expected in 2015.

parameter 2011 design

beam energy (TeV) 3.5 7
max. proton bunches 1331 2808
min. bunch spacing (ns) 50 25
bunch population (1011 protons) 1.2 1
peak luminosity (1033cm�2s�1) 3.6 10
integrated luminosity (fb�1) 5.61 -

Table 2.1: The LHC parameters achieved in 2011 during the p � p collisions atp
s = 7 TeV [49]. The numbers are compared with those corresponding to the design

capacity.

The analysis described in this thesis is based on the data produced by the LHC
runs in 2011. The data are collected by the ATLAS detector. Figure 2.1 shows the
evolution of the peak and integrated luminosity delivered by the LHC as well as the
total luminosity recorded by the ATLAS detector in 2011. Parameters concerning the
LHC achievement during the operation in 2011 are summarized and compared with
their design capacity in Table 2.1.
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2.1. LHC and the ATLAS experiment
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Figure 2.1: Daily evolution of (a) the peak luminosity per LHC proton-beam fill
and (b) the integrated luminosity delivered by the LHC in 2011. In the evolution of the
integrated luminosity, the amount of luminosity recorded by the ATLAS detector is also
shown. Figures taken from [48].
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Chapter 2. Experimental Setup and Simulation

2.1.2 The ATLAS detector

Coordinate system

The ATLAS experiment uses a right-handed coordinate system with the z-axis along
the LHC beam pipe in the anti-clockwise direction. The Cartesian x-axis lies in the
LHC ring plane and is directed towards the center of the ring; while the y-axis is
directed upward.

In most cases it’s more useful to work with the pseudo-spherical coordinate system. A
vector ~r (e.g. a particle’s direction of flight) projected on the x�y plane is represented
by the azimuth angle �([�⇡, ⇡]). The polar angle ✓([0, ⇡]) between ~r and the z-axis
(i.e. beam pipe) is transformed into the pseudo-rapidity ⌘ defined as

⌘ ⌘ � ln

✓

tan

✓

2

◆

(2.1)

which is 0 when ~r is right perpendicular to the beam (i.e. ✓ =

⇡
2

). The advantage of
using the pseudo-rapidity instead of the polar angle is that over an equal distance in
⌘ the particle flux is approximately a constant1. In addition, the �⌘ between two
vectors is Lorentz invariant.

Using the pseudo-spherical coordinate system, the distance �R of two vectors in the
pseudorapidity-azimuthal angle space is given as

�R =

p

(��)

2

+ (�⌘)

2 (2.2)

Detector overview

The ATLAS detector [50] is one of the general-purpose detectors at the LHC. It is
made for a wide range of particle physics researches from the search of the Higgs boson
to the detection of physics beyond the Standard Model. The design of the ATLAS
detector is determined by the physics performance requirements in the p � p collisions
at the LHC center-of-mass energy and the luminosity.

One benchmark process of the ATLAS detector is the search for the Higgs boson. In
the LHC environment, important decay channels of the Higgs boson are H ! ��, H !
ZZ ! l+l�l+l� and H ! W+W� ! l+⌫l�⌫. For achieving the best performance in
the search of the Higgs boson in these channels, the ATLAS detector is required to
have outstanding identification of leptons and reconstruction of missing transverse

1It is under the assumption that the particle is taken massless so that the pseudo-rapidity ⌘ is
equivalent to the rapidity y =

1

2

ln

⇣
E�pz
E+pz

⌘
. For massive particle such as the top-quark, ⌘ and y do

not coincide.

28



2.1. LHC and the ATLAS experiment

energy. In addition, an outstanding jet reconstruction is also required by the detection
of SUSY with high pT jets. These requirements make the ATLAS detector also a
good instrument for studying the top quark and measuring its properties to a high
precision.

Figure 2.2 shows the cut-way view of the ATLAS detector. It is the joint system of
three sub-detectors (inner detector, calorimeter, muon spectrometer) and a magnetic
system. The design performance of the sub-detectors are summarized in Table 2.2.
A brief overview of the sub-detectors as well as the magnetic system is given as
follows.

Figure 2.2: A cut-way view of the ATLAS detector. Figure taken from [50].

The inner detector is made for measuring the momentum, the trajectory and the
sign of the electric charge of the particles. It also provides a good reconstruction
resolution of the primary (from the hard-scattering of two colliding protons) and the
secondary (from the particle decays) vertices. A cut-way view of the ATLAS inner
detector is shown in Figure 2.3. The most inner part of it is the semiconductor pixel
tracker (Pixel) detector consisting of 1,744 silicon pixel modules arranged in three
concentric barrel layers and two end-caps of three disks each. The pixel tracker is
wrapped by the semiconductor tracker (SCT) detector [51] made of 4,088 modules of
silicon-strip detectors arranged in four concentric barrels and two end-caps of nine
disks each. Both the pixel and the semiconductor trackers are embedded inside the
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Chapter 2. Experimental Setup and Simulation

Sub-detector Required resolution

⌘ coverage

measurement trigger

Tracking (inner detector) �
pT /p

T

=0.05%p
T

� 1% ±2.5

EM calorimeter �
E

/E=10%

p
E � 0.7% ±3.2 ±2.5

Hadronic calorimeter

- barrel and end-cap �
E

/E=50%

p
E � 3% ±3.2 ±3.2

- forward �
E

/E=100%

p
E � 10% 3.1 < |⌘| < 4.9 3.1 < |⌘| < 4.9

Muon spectrometer �
pT /p

T

=10%p
T

at p
T

= 1 TeV ±2.7 ±2.4

Table 2.2: Summary of the design performance of the ATLAS sub-detectors in terms
of the required resolution of energy/momentum measurement and the ⌘ range in which
the particles can be measured by the sub-detectors. The ⌘ range used for triggering
event is also shown.

Figure 2.3: A cut-way view of the ATLAS inner detector.

transition radiation tracker (TRT) detector [52] consisting of 298,304 proportional
drift tubes.

The calorimeter is made for measuring the energy of electrons, photons and
hadronic jets based on the energy deposition on the detector materials. It is usually
divided into an electromagnetic (EM) part and a hadronic part since different materials
are needed for measuring electrons and photons on one side and hadronic jets on
the other side. Showing in Figure 2.4 is a cut-way view of the ATLAS colorimeter.
The EM calorimeter is a lead-LAr (i.e. lead as absorber and liquid argon as active
material) detector and divided into a barrel part (|⌘| < 1.475) and two end-caps
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2.1. LHC and the ATLAS experiment

(1.375 < |⌘| < 3.2). The hadronic calorimeter covers the range |⌘| < 4.9 using different
techniques. The iron-scintillating-tiles technique is used for the barrel and extended
barrel Tile calorimeters in the range |⌘| < 1.6; while in the range 1.5 < |⌘| < 4.9
the LAr calorimeter takes over. The LAr calorimeter in the very forward region
(3.2 < |⌘| < 4.9) is designed to measure energy of the beam remnants after the
proton-proton collisions as close as possible to the initial directions of the colliding
beams, providing important measurement for the precise determination of the missing
transverse energy.

Figure 2.4: A cut-way view of the ATLAS calorimeter which completely surrounds
the inner detector as can be seen in the figure.

The muon spectrometer of the ATLAS detector is shown in Figure 2.5 together
with the toroid magnets. It surrounds the calorimeter and provides the measurement
of the muon momentum and trajectory [53]. It consists of three layers of the muon
chambers arranged with the azimuthal symmetry and divided into the barrel and two
end-cap segments. In the barrel the muon chambers are arranged in three concentric
cylinders around the beam axis. The end-cap chambers form four disks on each
side of the interaction point, concentric around the beam axis. With the capability
of generating signals in a time resolution of few nanoseconds, the Resistive Plate
Chambers (RPC) in the barrel region and the Thin Gap Chambers (TGC) in the
end-caps are used for event triggering and bunch-crossing identification. For the precise
measurement, the Monitored Drift Tube chambers (MDT) cover 99.5% of the area;
while the Cathode Strip Chambers (CSC) are used in the remaining, a very small
forward region 2 < |⌘| < 2.7 where particle fluxes are high.
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Chapter 2. Experimental Setup and Simulation

Figure 2.5: A cut-way view of the ATLAS muon spectrometer.

The magnet system of the ATLAS detector [54] is a superconductive magnet
system made for bending charged particles in the sub-detectors for the measurements
of the momentum and the sign of the electric charge of the particles. It consists of
25 coils grouped in four sub-systems of a central solenoid, a barrel and two end-cap
toroids. The central solenoid has a cylindrical shape and is integrated with the cryostat
of the LAr electromagnetic calorimeter. It covers the ⌘ range of the inner detector and
provides the axial magnetic field of 2 Tesla (T). Each of the barrel and the end-cap
toroid systems consists of 8 coils arranged in an azimuthal symmetry and provides
magnetic field for the muons spectrometers mounted around and inside it. The magnet
field generated by the toroids is at most about 0.5 T for the barrel and about 1 T for
the end-cap.

Detector operation in 2011

In 2011, the ATLAS detector operated according to expectations. As summarized in
Table 2.3, the whole ATLAS detector consists of 88 M readout channels. The fraction
of operational channels is given in pair referring to the status before and after (the
one in parentheses) the data taking in 2011. During the data taking, it is expected
that the number of operational channels can decrease slightly over time due to failures
of equipments. For all sub-detectors, a fraction higher than 96% is maintained after
the data taking in 2011.

With the high operational fraction, the ATLAS detector achieved an overall data
taking efficiency of 94% in 2011. The efficiency is given by the ratio between the
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2.1. LHC and the ATLAS experiment

recorded and delivered total luminosities shown in Figure 2.1(b).

The data recorded by the ATLAS detector in 2011 is categorized into periods according
to the operation condition of the LHC and the ATLAS detector. The data periods
are summarized in Table 2.4 with properties of integrated luminosity, peak luminosity
and the peak average number of proton-proton interactions per bunch crossing.

Sub-detector Number of channels operational fraction (%)

Pixels 80 M 97.2 (96.4)
SCT 6.3 M 99.2 (99.2)
TRT 350 k 97.5 (97.5)

LAr EM calorimeter 170 k 99.9 (99.8)
Tile calorimeter 9800 98.8 (96.2)
Hadronic endcap LAr calorimeter 5600 99.8 (99.6)
Forward LAr calorimeter 3500 99.9 (99.8)
LVL1 Calo trigger 7160 99.9 (99.9)

LVL1 Muon RPC trigger 370 k 99.5 (99.0)
LVL1 Muon TGC trigger 320 k 100 (100)
MDT 350 k 99.8 (99.7)
CSC 31 k 98.5 (97.7)
RPC barrel muon chambers 370 k 97.0 (97.0)
TGC endcap muon chambers 320 k 99.1 (97.9)

Table 2.3: Number of sub-detector readout channels and the approximate operational
fraction at the beginning and in the parentheses the end of 2011 data taking.

data period Int. luminosity
(pb�1)

peak luminosity
(1030cm�2s�1) peak µ

A 8.7 154 7.1
B 18 247 9.2
D 182 659 7.3
E 52 832 7.6
F 156 1100 8
G 566 1263 7.9
H 283 1264 6.8
I 406 1887 9.1
J 237 1995 9.6
K 676 2328 11
L 1599 3252 16
M 1160 3848 32

Table 2.4: Data periods recorded by the ATLAS detector in 2011. Listed are the
integrated luminosity, the peak luminosity and the peak average number of proton-proton
interactions per bunch crossing.
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Chapter 2. Experimental Setup and Simulation

2.1.3 The trigger and data acquisition system

At the design capacity of the LHC, there will be approximately 40⇥10

6 bunch crossings
of two proton beams per second. For each bunch crossing, about 25 inelastic proton-
proton interactions take place, producing ⇠1.5 megabytes of data per event. The
requirement for storing and processing all of the events is far beyond the anticipated
computing capacity. Thus, the trigger and data acquisition (TDAQ) system of the
ATLAS detector is designed to pick up only interesting events and throw others
away.

The TDAQ system is required to be “selective” (event rate must be reduced signifi-
cantly), “inclusive” (we must expect unexpected, and avoid missing events that might
reveal new physics) and “flexible” (we must be able to change the selection criteria if
necessary). To fulfill these requirements, the TDAQ system is implemented in such
that the event selection is achieved by a chain of three trigger systems: the Lever-1
(L1) and Level-2 (L2) triggers followed by the Event Filter (EF).

• The L1 trigger is designed for fast identification of the “Region-of-Interest
(RoI)” based on the energy deposit in the calorimeter and the muon spectrometer.
The time for decision making on whether the event should be kept or rejected is
less than 2.5 µs. The L1 trigger is implemented in electronics and embedded in
the detector hardware with the capability to reduce the event rate from 40 ⇥ 10

6

Hz to 75 ⇥ 10

3 Hz.

• The L2 trigger has access to information from all sub-detectors within the
RoIs identified by the L1 trigger. Using the information, the L2 trigger attempts
to reconstruct objects and perform an improved selection with respect to L1.
The particle tracks based on the inner detector information are also firstly
reconstructed by the L2 trigger. It is designed to reduce the event rate to a level
of 3 ⇥ 10

3 Hz. The average decision time of L2 trigger is about 40 ms.

• The Event Filter makes use of the full detector information and event recon-
struction algorithms to build the entire event. It performs a complete analysis
on the event and makes event selection within a time frame of 4 s. The target
rate is about 200 Hz corresponding to an average data rate of 300 megabytes per
second. The selected event is then assigned to different streams, depending on its
characteristics. For example, an event with a high-pT muon and three high-pT

jets will be stored both in the muon stream and the jet-tau-Emiss

T

stream. This
grouping makes it easier to select a set of events for a particular offline analysis.
For the analyses in this thesis, we look into the e/gamma stream and the muon
stream, respectively, for the events with e+jets and µ+jets final states.

The data streams out of the EF are then stored into the storage facility at CERN
waiting for the first-pass data processing. The computation involved in the TDAQ
system is referred to as the “online” computing.

The selection criteria applied on each TDAQ sub-system is adjusted depending on
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2.1. LHC and the ATLAS experiment

the LHC luminosity conditions and the needs of physics analyses. Events passing
a certain combination of selection criteria implemented in the TDAQ sub-systems
are labelled accordingly to reflect the selection requirements. For example, the label
“EF_mu18_medium” indicates that the muon in the event passes the online momentum
threshold of 18 GeV, and its quality identification is “medium”.

Trigger performance

The increasing luminosity at the LHC gives raises on the event rates and the required
processing time for event selection. The trigger selections have to be tightened in
order to allow smooth data-taking, but on the other hand maintain still a high event
selection efficiency. It requires certain optimization in the trigger configuration.

For the data-taking in 2011, the L1-trigger threshold on the EM calorimeter cluster
energy was set to 14 GeV in the beginning of 2011 which was later raised to 16 GeV for
the single-electron trigger. The ET threshold of the reconstructed electron in the EF
was also raised from 20 GeV to 22 GeV when the luminosity exceeded 2⇥10

33

cm

�2

s

�1.
For the single-muon trigger, the L1 requirement was also stringent by raising the
number of coincident hits in the muon spectrometer chambers to keep the event rates
under control. Studies [55] showed that high trigger efficiency (> 90%) can still be
achieved for high pT particles after tightening the trigger selections.
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Figure 2.6: The L1, L2 and EF trigger rates in a typical run of p � p collisions in 2011.

Figure 2.6 shows the total L1, L2 and EF trigger rates during a typical run of the
p � p collisions in late 2011. In this run, an integrated luminosity of 100.8 pb�1 was
delivered by the LHC with 98.5% of which (i.e. 99.3 pb�1) recorded by the ATLAS
detector. The bunch-crossing rate of the run was about 15 ⇥ 10

6 Hz corresponding
to 1317 proton bunches. With the optimized trigger configuration, the L1 rate was
kept below 65 ⇥ 10

3 Hz in order to prevent high dead-time, while on average the L2
and EF rates were about 5 ⇥ 10

3 Hz and 300 Hz, respectively. The L2 and EF rates
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Figure 2.7: The evolution of the average EF recording rate by physics stream in 2011.

were slightly higher than the designed targets given that the computing resources were
increased by 50% during the operations in 2011.

In Figure 2.7 the evolution of the event rate per physics stream in 2011 is shown.
Together with the luminosity evolution in Figure 2.1(a), one can see a general trend of
the increasing rate following the raise of the luminosity. It also shows that the TDAQ
system maintains successfully the rate below 500 Hz throughout the optimization of
the trigger configuration while the luminosity is increased by a factor of 10.

2.1.4 First-pass data processing at Tier-0

The RAW data recorded by the TDAQ system are organized in the following three
categories of data streams by their purpose:

• the calibration stream usually containing only partially built events for calibration
and alignment purposes

• the express stream containing a subset (about 5%) of data selected by physics
triggers, used for calibration processing and to provide a rapid alert on some
high-profile physics triggers

• physics streams aiming for physics analyses

The RAW data are firstly processed “offline” on the Tier-0 computing infrastructure
at CERN to derive required data formats for offline analyses.

Fast processing on the calibration and express streams is performed as soon as the
data is available, in order to provide the groups working on detector calibration and
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2.1. LHC and the ATLAS experiment

alignment with necessary input to obtain suitable calibration/alignment constants for
the first-pass processing on the physics streams.

Following the fast processing is the bulk processing on the physics streams which is
usually started with a latency of 24 to 48 hours after the arrival of the RAW data. It
performs the event reconstruction (to be discussed in Chapter 3) and produces Event
Summary Data (ESD), Analysis Object Data (AOD), primary Derived Physics Data
(DPD), event metadata (TAG) and various n-tuple and histogram files as outputs.
Output files in small size are further merged into large ones. Data (both the RAW
and the derived ones) are eventually archived on tape. In general, the bulk processing
takes 1-2 days. Thus, the data ready for first analysis will be available 3-4 days after
the LHC runs.
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Figure 2.8: Cumulative amount of data registered at Tier-0 from January 2010 to end
of 2012.

Data produced by the Tier-0 facility are registered in the ATLAS Distributed Data
Management system and distributed to data centers around the globe using the Grid
technology. Figure 2.8 shows the weekly evolution of the amount of data processed
and produced by the Tier-0 facility. During 3 years of operation, about 8 petabyte
of the RAW data (red in the figure) has been recorded by the ATLAS detector and
processed by the Tier-0 computing facility. Together with the derived datasets from
the Tier-0 first pass processing, the total amount of data is accumulated to more than
22 petabytes.

Figure 2.9 shows the number of running data processing jobs at Tier-0 over the period
of 2011 and 2012. The CPU requirement for processing data event raises over the
time as the number of proton-proton interactions per bunch-crossing increases. In
order to cope with the increasing demand on the computing power, the computing
capacity at Tier-0 has been increased from 3000 CPU cores in 2010 to 6000 CPU cores
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Figure 2.9: Number of running jobs at Tier-0 for first-pass data processing in 2011
and 2012.

in 2012.

Data processing jobs at Tier-0 are monitored through a sophisticated web interface
allowing shifters and experts to rapidly spot, isolate and resolve issues caused by
infrastructure problems or software bugs. While software issues cannot be fixed
immediately, certain amount of data can miss the first-pass data processing. A data
reprocessing later on the World-wide LHC Computing Grid (WLCG) (See Chapter 4)
will recover it provided that the software issue is resolved. In 2011, the amount of
data missed the first-pass data processing is about 0.02% [56].

2.2 Experimental simulation

Every experimental instrument has imperfections which can result in bias of observa-
tions, so does the ATLAS detector. The simulation of the ATLAS experiment provides
theoretical references for quantifying the level of understanding of the observation.
On the other hand, physics theory itself has limitations. Comparing the simulation to
data allows us to study theoretical limitations in the light of data.

Experimental Simulation

DigitizationEvent 
Generation

Detector 
Simulation

Figure 2.10: Illustration of the three major steps involved in the experimental simula-
tion.

As illustrated in Figure 2.10, the simulation of the ATLAS experiment consists of steps
of generating collision events as they are produced by the p � p collisions at the LHC

38



2.2. Experimental simulation

(event generation), simulating particle decays and their interactions with the ATLAS
detector (detector simulation), and converting the interactions into sub-detectors’
responses in terms of electronic signals (digitization). These steps are discussed in
more detail below.

2.2.1 Event generation

The “event generation” is responsible for producing events with particles emerging
from the p � p collisions, including decays before their interactions with the ATLAS
detector. The output of the event generation consists of essentially a set of “stable”
particles. In the ATLAS experiment, particles are considered “stable” on the generator
level if their proper time c⌧ > 10 mm.

Hadronization

Jet of particles

µ+

µ-

Z

qg Hard 
Scattering

Parton 
Shower

Underlying Event

Proton Proton

Figure 2.11: Schematic illustration of a proton-proton collision event involving a
quark-gluon scattering that leads to a final state consisting of a Z boson and a hard jet.
Elliptical boxes indicate the separated processes simulated by the event generation.

Figure 2.11 illustrates an inelastic p � p collision event with breakdown to the parton
level. The QCD factorization theorem allows possible particle reactions in an event to
be simulated separately as processes of hard scattering, parton showers, hadronization
and the underlying event created by beam remnant.

Hard scattering

Hard scattering is the core process that characterizes the generated event. It describes
the interaction between two incoming partons of the colliding protons and the outgoing
particles emerging from the interaction. The process takes place at the largest energy

39



Chapter 2. Experimental Setup and Simulation

scale where the matrix elements of the scattering can be calculated perturbatively
using Feynman diagrams.

Partons participating in the hard scattering are generated randomly according to the
parton density distributions [57]. Each event is associated to a weight, the differential
cross section, referring to its probability of occurring with respect to the matrix element,
the phase space measure, and the PDFs. An unweighting procedure is then applied
to produce events of unit weight according to the appropriate kinematic distribution
predicated by the theory.

In the case the short-lived resonances (e.g. top quark, W/Z bosons) are produced in
the hard scattering, their decay into partons or stable particles are simulated according
to the branching ratios. Both incoming and outgoing partons are subject to the QCD
parton showering.

Parton shower

Before undergoing interactions, an energetic parton has a probability to radiate quarks,
gluons or photons (e.g. q ! qg). It is an important process for additional jet
production in the event. As depicted in Figure 2.12, radiations from the incoming
partons involved in the hard scattering are called “Initial State Radiations (ISR)”,
while those from the outgoing partons are called “Final State Radiations (FSR)”. The
radiation is dominated in the region collinear to the parent parton and can continue
down to certain energy scale, resulting a shower of partons.

ISR

b

g

FSR

t

W
-

b

Figure 2.12: Illustration of the hard scattering process of bg ! Wt with initial and
final state radiations.

In the simulation, the probability of an initial parton a to be split into parton b and
c with momentum fraction z and 1 � z, respectively, is governed by the splitting
functions [58] with the Sudakov form factor derived from the QCD perturbative
calculation. The evolution is applied subsequently to the outgoing partons of the
splitting, down to a cutoff energy scale. The cutoff energy scale is usually set to the
level where the QCD coupling constant ↵s is close to one (e.g. ⇤

2

QCD

⇠ 1 GeV

2).
Different setting of the cutoff energy can result in a varying number of parton showers,
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affecting the jet measurement (e.g. the jet energy) in the final state. For physics
analyses relying on the jet measurement, such as the single-top analysis described in
this thesis, the effect needs to be evaluated as part of the uncertainty.

Hadronization

Below the cutoff energy of the parton showering, hadronization of color-charged partons
takes place. Since the QCD perturbative calculation is no longer valid in this energy
regime, the hadronization process is modeled in a non-perturbative approach called
fragmentation. The two mostly used fragmentation models are “string fragmentation”
and “cluster fragmentation”.

In the string fragmentation [59], a “string” between a quark-antiquark pair is created
to carry the color field. The potential energy corresponding to the color field is stored
on the string and it increases when the two quarks move apart. The gluons between
the quark-antiquark pair act as kinks on the string, carrying additional energy. When
the energy is large enough, the string breaks and results in two quark-antiquark pairs.
The process of breaking up the strings continues as long as there is enough energy
stored in the color field. Hadrons are formed from the remaining quark-antiquark
pairs.

In the cluster fragmentation, gluons are firstly split non-perturbatively into quark-
antiquark pairs. They are combined with neighboring quark pairs to form color-neutral
clusters. Given the universal mass distribution of the clusters [60], most of the clusters
have mass of few GeV and undergo two-body decays, resulting in two hadrons from
each cluster. In the modeling, the decay is assumed isotropic in the rest frame of the
cluster and the hadron type is determined by the available phase space.

The decay of the hadrons is also simulated to create jets of particles that are considered
as stable on the generator level. They are typically photons, leptons, mesons and
baryons.

Underlying event

The partons not involved in the hard scattering (a.k.a. beam remnant) can interact
with each other. The interactions are collectively called the “underlying event”.

The modeling of the underlying event is based on a principle that the 2 ! 2 parton-
parton interaction is the dominant process in the leading oder. The model is then
tuned according to the data from previous experiments, such as the Tevatron experi-
ments [61].

The incoming and outgoing partons of the underlying event are also taken into account
in the simulation of the parton showering and the hadronization processes, which
contribute to the event with extra jets. Nevertheless, the effect is considered to be
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marginal for high-pT processes, such as the top-quark production, given the fact that
the underlying event produces particles with energy much lower than those created by
the hard scattering.

Generators

The event generator is a software framework responsible for the event generation.
Based on theoretical models, it uses Monte Carlo techniques to produce lists of particles
emerging from the p� p collisions, before any interaction with the detector takes place.
Various event generators exist nowadays and can be distinguished in two types.

The generators that can produce complete events are categorized as general purpose
generators. Pythia [62] and Herwig [63] used by ATLAS are such type of generators.
They start with a hard scattering process calculated to the lowest order in QCD,
add additional parton radiations in a shower approximation, perform a fragmentation
approach to obtain hadrons and their decays, and finally model the underlying
event.

On the other side, there are specialized generators made for improving the accuracy
for specific decays or specific final states. The specialized generators usually focus on
part of the event generation chain, for example, simulating the hard scattering process
with higher order calculations, and hence they have to be used in conjunction with
one of the general purpose generators to produce complete event.

Various specialized generators are used in ATLAS for generating events of different
physics processes. AlpGen [64] is specialized to perform LO QCD calculation for the
hard-scattering processes with multiple partons in the final state such as W/Z+jets.
Focusing on the Standard-Model processes in the p � p collisions at the LHC, Ac-
erMC [65] provides tree-level calculation using massive matrix element. AcerMC is
used as an alternative generator for t¯t and single-top processes, which includes the
full spin information of the top-quark. For the NLO QCD calculation of the hard
scattering, MC@NLO [66] and Powheg [67] are two mostly used generators.

2.2.2 Detector simulation

With the particles created by the event generator, the next step is to simulate their
propagation in the ATLAS detector. The simulation can be roughly divided into tasks
of laying out the detector structure, modeling of the particle interactions with various
detector sub-systems, calculating particles’ trajectories under the magnetic field and
recording the energy deposition in the sensitive portions of the detector. In ATLAS,
the detector simulation is handled by the Geant4 [68] simulation toolkits.

The geometry of the ATLAS detector is constructed in fine detail with more than
316 thousand different types of physical volumes [69]. Each physical volume contains
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essentially a group of basic shapes with properties of name and material. In total,
the full detector description consists of nearly 5 million physics volumes. During the
simulation, the geometry layout can be modified to account real detector “conditions”,
such as the calibrations, mis-alignments, dead channels, etc.

When particles propagate through the detector, various processes, e.g. photo-electric
effect, ionization, Compton scattering, can take place by the interactions with detector
materials, creating more (secondary) particles in the detector. Also the decays of
long-lived particles take place in the simulation step. Modeling those processes
and calculating particles’ trajectories under the magnetic field makes the detector
simulation the most time-consuming computation among others.

In the simulation, particles passing through sensitive regions of the detector produce
“hits”, which are essentially records of energy deposition with information of position
and time. They are stored in files and served as input to the next step of the simulation,
the digitization.

2.2.3 Digitization

Digitization is a step to emulate the electronic readout system of the ATLAS detector.
It converts the hits from the detector simulation into the detector’s response, the
“digit”, which is typically a signal produced when the voltage or current on a particular
readout channel rises above a preconfigured threshold within a particular time-window.
The digits are written out in a format compatible with the data recorded by the real
detector.

Other events from, for instance, multiple p � p interactions in a bunch crossing or the
cavern background, can appear and influence the detector’s response. Such types of
events are treated separately at the event generation and detector simulation stages;
but their hits and energy depositions are firstly overlaid with those from the hard-
scattering event to emulate the so-called “pile-up” effect, before the digitization takes
place.

2.3 Simulated event samples for analysis

For supporting various physics analyses in the whole ATLAS collaboration, simulated
events corresponding to a wide range of physics processes are centrally produced. Those
events are organized in samples according to the hard scattering process involved
and the generators used in the event generation. For this thesis, we use the event
samples corresponding to the signal and background processes of the single top-quark
production in the Wt-channel as we discussed in Section 1.3.2. These samples are
summarized as follows.
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2.3.1 Single top-quark and tt̄ production

The simulated event samples concerning the processes of the single top-quark and the
top-quark pair productions are listed in Table 2.5 with their corresponding generators
and cross sections used for event generation. In the analysis, the K-factors listed
on the table are used to scale the cross section to approximated NNLO. For the t¯t
production, events are separated into samples of fully hadronic and no fully hadronic
(i.e. l+jets). For the single top-quark production, the sample of the Wt-channel
production accounts inclusively all possible decay modes, while the samples of the s-
and t-channels consist of only events in the l+jets final state.

Sample Generator � [pb] K-factor

baseline
for analysis

Single top Wt-channel MC@NLO+Herwig 14.59 1.079
Single top t-channel (l+jets) AcerMC+Pythia 24.17 0.865
Single top s-channel (l+jets) MC@NLO+Herwig 1.41 1.079
t¯t no fully hadronic MC@NLO+Herwig 79.01 1.146
t¯t fully hadronic MC@NLO+Herwig 66.48 1.146

variations in
ISR/FSR

Single top Wt-channel AcerMC+Pythia 10.08 1.561
Single top t-channel (l+jets) AcerMC+Pythia 19.24 1.088
Single top s-channel (l+jets) AcerMC+Pythia 0.9 1.669
t¯t no fully hadronic AcerMC+Pythia 41.01 2.208
t¯t fully hadronic AcerMC+Pythia 34.44 2.213

alternative
generators

t¯t fully hadronic Powheg+Herwig 66.58 1.145
t¯t fully hadronic Powheg+Pythia 67.34 1.132
Single top Wt-channel (DS) MC@NLO+Herwig 14.59 1.079

Table 2.5: Simulated event samples used in this thesis concerning various top-quark
production processes. The cross section used for event generation is shown on the table
together with the K-factor for scaling the cross section to approximated NNLO.

The baseline samples are used to provide the Standard-Model expectations of the t¯t
and single top-quark productions in the p � p collisions. In this set of samples, events
of the t¯t production and the single top-quark production in the Wt- and s-channels are
generated with MC@NLO for the hard scattering. The matrix elements are calculated
up to NLO with the CTEQ6.6 [70] PDF set and the top-quark mass of 172.5 GeV.
Parton shower and hadronization of those events are modeled by Herwig together
with Jimmy [71] for the generation of the underlying event. For the single top-quark
production in the t-channel, we make use of the sample generated by AcerMC in
conjunction with Pythia, due to a known issue that the parton-shower modeling of
Herwig causes unphysical ⌘ distribution of b-hadrons not from top decay [72].

Apart from the baseline samples, a set of samples generated by AcerMC in combina-
tion with Pythia is utilized to evaluate the effect concerning the amount of parton
showers in ISR/FSR. In the generation of this set of samples, the ISR/FSR modeling
of Pythia is tuned to explore the full experimentally allowed parameter space. Two
independent samples concerning more and less parton showers are generated for each
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top-quark production process. The half difference between the two samples is taken
as systematic effect.

The t¯t events are also generated by Powheg interfaced separately with Herwig
and Pythia, providing two additional samples for evaluating the dependency on the
parton shower modeling. In addition, uncertainty of the t¯t background concerning
different matrix element calculations is also evaluated by comparing the two samples
made with Powheg and MC@NLO interfaced with Herwig.

For resolving the interference between the NLO single top-quark Wt and the LO t¯t pro-
ductions (See Figure 1.12), two different schemes are implemented in MC@NLO [73].
Alternative to the diagram-removal (DM) scheme used in the baseline sample, another
single top Wt-channel sample is generated with the diagram-subtraction (DS) scheme.
By comparing it to the baseline sample, differences between the two schemes are
evaluated.

2.3.2 W/Z+jets, diboson and QCD backgrounds

Simulated samples concerning the background processes of W/Z+jets, diboson, and
QCD are list in Table 2.6.

Sample Generator � [pb]

W ! l⌫+jets Alpgen+Herwig 31450.7
W ! l⌫ + bb̄+jets Alpgen+Herwig 128.5
W ! l⌫ + cc̄+jets Alpgen+Herwig 361.5
W ! l⌫ + c+jets Alpgen+Herwig 1408.2

Z ! ll+jets Alpgen+Herwig 3217.9
Z ! ll + bb̄+jets Alpgen+Herwig 38.7

WW Herwig 17.5
WZ Herwig 5.5
ZZ Herwig 1.3

QCD dijet (E
T

(jet) > 17 GeV) Pythia 9.2 ⇥ 106

QCD light jets (p
T

(µ) > 10 GeV) Alpgen+Herwig 71029.5
QCD bb̄+jets (p

T

(µ) > 10 GeV) Alpgen+Herwig 28456.4

Table 2.6: Simulated event samples used in this thesis concerning W/Z+jets, diboson
and the QCD backgrounds.

The W+jets and Z+jets events are modeled with the Alpgen generator using the MLM
matching scheme [64] and CTEQ6L [74] PDF set. Parton shower and hadronization of
the events are modeled by Herwig supplemented by Jimmy for the underlying event.
These samples contain inclusively events of W/Z+light quarks (u,d,s) and W/Z+heavy
quarks (c,b). In addition, the W/Z+jets samples contain exclusively heavy quark
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production, such as the processes of W + b¯b, W + cc̄, W + c, and Z + b¯b, are also
generated separately. The events from the inclusive W/Z+jets that contain heavy
quarks are assigned to the exclusive samples. Events that have the same associated
quarks and that kinematically overlap are removed. The cross sections are normalized
to NNLO calculations from the FEWZ program [75].

The diboson samples of WW , WZ and ZZ productions are generated with Herwig
and normalized to NLO cross section calculations with MCFM [76].

For the QCD background, the dominant QCD 2 ! 2 (dijet) events are generated by
Pythia. Due to the large cross section in the LHC environment, the simulation filtered
out events containing jets with transverse energy less than 17 TeV. This sample is
known as the “JF17” dijet sample which contains events with jets that are likely to fake
electrons and contaminate the signal events in the e+jets final state. The QCD events
containing an extra muon decayed from a jet are generated by Alpgen interfaced
with Herwig. They contaminate the signal events in the µ+jets final state. Since the
generation of QCD events with many jets and high-pT muon is very inefficient, only
events with muon pT larger than 10 GeV are processed. As the extra muon is mostly
coming from a b-hadron, events with b-quarks are treated separately.

Given the relatively small contribution of the Z+jets and the diboson backgrounds
after applying the signal event selection (see Section 3.2), their expected contributions
are directly taken from the simulated samples. For the W+jets background, the exact
normalization is determined from data (see Section 6.2). Both the distribution and the
normalization of the QCD background are estimated from data using the data-driven
techniques (see Section 6.1), the simulated samples are only used to validate the
procedure.

2.4 Summary

We discussed the setup of the LHC and the ATLAS detector for collecting the
experimental data used by the analysis described in this thesis. The experimental data
are produced by the p�p collisions at the LHC in 2011. With the center-of-mass energy
of 7 TeV and the peak luminosity raised to 3.6 ⇥ 10

33

cm

�2

s

�1, the total luminosity
delivered by the LHC is about 5.61 fb�1. Given the high operational efficiency of the
ATLAS detector, about 94% of data are recorded. With high bunch-crossing rate in
2011, we showed that the TDAQ system has the capability to maintain efficiently the
event rate on a level at which the data can be managed and processed on-time by the
computing facility at Tier-0.

For understanding the measurements in data, we use simulated events produced
through steps of event generation, detector simulation and digitization. Samples
based on a wide range of physics processes are produced and used in the further
analysis.
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