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Chapter 2

ATLAS software and simulation

2.1 Introduction

This chapter gives an overview of the ATLAS software framework used to simulate,
reconstruct and analyze events. Here we use the notion of event for both proton-proton
collisions and cosmic ray activity in the detector.

In ATLAS, a flexible modular software framework called ATHENA is developed. Due
to the modular design, the reconstruction can be implemented with common tracking
software and the muon identification can use these software modules.

ATHENA can handle both real data and simulated events and is discussed in sec-
tion 2.2. The simulated events are used to study the performance of the detector and
validate the reconstruction algorithms. Section 2.3 explains the process of data simu-
lation and presents the various data samples used to validate the muon identification
software.

2.2 ATHENA

Due to the complexity of the ATLAS experiment, a modular software framework is
needed. The framework implemented for ATLAS is required to fulfill the following
tasks:

� The software is able to handle different tasks such as event generation, simulation,
reconstruction and analysis.

� The software is extendable and flexible such that it can adapt to the need of the
users and allow for software development.

� The software is robust and maintainable by a large community.

For these reasons, the ATLAS software framework is realized as a component model-
based framework. This framework makes a clear distinction between algorithmic classes
performing dedicated tasks and data classes for communication between the different
algorithmic modules. By defining common interfaces of the algorithms and using a well
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Figure 2.1: A simplified diagram of the data flow and sequence steering of an ATHENA
job.

defined Event Data Model (EDM) for the data classes, ATHENA ensures commonality
between lower level sub-detector specific algorithms and for higher level combinations
between various systems used by the physics groups. The high modularity of the software
framework ensures flexibility and maintainability of the software packages.

Blackboard architecture

ATHENA uses a blackboard architecture style of data processing [19] [20], which is char-
acterized by the concept of having a common repository (the blackboard) from which
software modules can retrieve information from and write out information to. A con-
troller, the applicationManager, steers the software job by collecting the modules
which are to be executed and organizing the order of execution. The communication be-
tween the separate modules is done via the common repository, called StoreGate within
ATHENA, via which the data classes are retrieved and stored. Data classes contain the
event information and define the interface of the software modules.

Figure 2.1 shows a job in which the applicationManager has a sequence of one
Algorithm. An Algorithm performs a dedicated task and is called once per event. The
module accesses the StoreGateSvc to retrieve the input data classes and is responsible
for recording the output objects to the repository. An example Algorithm is MuTagIMO,
taking inner detector and muon spectrometer information as input and providing tagged
muons as output.

An Algorithm may delegate the processing to Tools (Figure 2.1 shows one Tool).
The Tool may be called many times per event by the Algorithm. An example tool is
the MuTagMatchingTool, which is called by the MuTagIMO algorithm every time inner
detector and muon spectrometer information is matched.
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Figure 2.2: The modularity of an ATHENA job is ensured by using data classes. Any
input data can be handled by the reconstruction as long as its format is PRD (Prepared
Raw Data). The output of the reconstruction is of the format ESD (Event Summary
Data), from which an AOD (Analysis Object Data) is extracted.

A Service is a class designed to provide functionality during the entire program
execution. Figure 2.1 shows the ToolService as an example Service, providing the
Tool class used by the algorithm.

Data classes

The concept of data classes is the second ingredient to a modular software design,
besides the algorithm modules. By defining the format of input/output data objects
to be processed by the algorithm, interchangeability of modules is ensured. Figure 2.2
shows a flow diagram of a full job in ATLAS, starting from either simulation or real
ATLAS data to physics analysis. Simulation in ATLAS is discussed in the next section.

Data from ATLAS is realized as a byte-stream (BS) which is translated to Raw Data
Objects (RDOs), C++ classes representing raw hits. The RDO illustrates the concept
of modular design and the use of an EDM explicitly. Simulated data are translated to
RDO objects as well. The module responsible for translating the RDO to Prepared Raw
Data (PRD) objects takes any RDO as input. It does not need to know the source
of the RDO enabling the same reconstruction flow for both real and simulated data in
ATHENA.

Similarly, the reconstruction takes any PRD as input, producing Event Summary
Data (ESD) objects and Analysis Object Data (AOD) objects [21]. These objects can be
analyzed by several user analysis modules. The ESD is the output of the reconstruction
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job and contains the full event information. Its content is suitable for re-reconstruction
and calibration as well. For analysis purposes the ESD is too large and a slimmed object,
the AOD, is extracted from the ESD. The AOD contains containers of physics objects
such as four-momenta of the particles (muons, electrons, jets) in the event. The AOD
can be analyzed by several analysis modules.

2.3 Simulation

Simulated data is important for developing and validating the reconstruction software,
in the absence of real physics data, or, when data becomes available, to compare the
data with expectations.

The simulation starts with generating the physics process using an event generator.
Example event generators are Pythia [22] and Herwig [23], modeling the hard process of
the collision, initial and final state radiation, hadronization and decays1. The particles
are then propagated through the detector taking into account the interactions with
the material of the detector. This is done by G4ATLAS, an algorithm based on the
Geant4 toolkit [25], customized to the ATLAS geometry. G4ATLAS propagates particles
with small steps through the detector geometry, evaluating the physics effects of the
interaction with matter per step. ATLAS uses the geometry description GeoModel [26],
which forms the interface to the geometry description used by G4ATLAS.

The last step in the simulation process is to take the detector response into account.
This step is called digitization. The position of the hits in the detector are translated to
signals, e.g. electrical pulses, charges, as they would be recorded in the detector. The
simulated hits (SIM) are translated to raw hits, Raw Data Objects (RDO). RDOs are
converted to PRD data objects that serve as input for reconstruction.

First, the event generation of hadron collisions is discussed. Then, event generation
of cosmic ray muons is explained. The data samples used in this thesis are discussed in
the last section.

2.3.1 Proton-proton collision simulation

The collision of protons at high energy are in fact collision between the partons inside the
proton. The partons carry a fraction of the total proton momentum, and this fraction
is described by the Parton Distribution Functions (PDFs). The hard parton-parton
scattering cross section can be calculated within the framework of pertubative QCD.

The simulation of a hadronic collision is decomposable into several independent sub-
processes. An event simulation of a proton-proton collision in ATLAS consists of a
hard scattering (HI), initial and final state radiation (ISR and FSR), hadronization and
decay and underlying event (UE). These different subprocesses are shown in Figure 2.3,
showing an illustration of a hard scattering where tt̄H0 production takes place [27].

1Dedicated packages exist that can be interfaced to Herwig or Pythia to simulate specific processes.
For example, the MC@NLO [24] package models the hard collision between partons at the NLO QCD
level for a number of processes.
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Figure 2.3: Pictorial representation of a tt̄H0 event as produced by an event generator.
The various sub-processes are indicated in the figure. The depiction of the Underlying
Event (UE) is for completion of the picture, no transverse momentum balance is implied.
The Figure is taken from [28].

The hard scattering describes how the incoming partons interact with each other and
produce new particles. The parton-parton interaction can be calculated perturbatively
using Feynman diagrams.

The incoming and outgoing partons of the hard scattering are colored objects and
hence radiate gluons. These gluons in turn can split up into gluons and quark-antiquark
pairs. This process is called parton showering and is generic in a sense that it is inde-
pendent of the hard scattering process. The showering of incoming partons to the hard
interaction is referred to as initial state radiation, showering of outgoing partons final
state radiation.

The parton showering is cut off at an energy scale and the color connected partons are
grouped into color singlet hadrons. This process is called hadronization. The unstable
hadrons in turn have to decay into stable particles which can finally be detected. Two
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Figure 2.4: Leading order decay modes of a) Z0 bosons, b) J/ψ particles and c) top
quark into muons.

models of hadronization are available: cluster hadronization implemented in Herwig and
string hadronization in Pythia.

Besides the partons involved in the hard scattering, other partons in the proton
remnants also interact. Collectively, these interactions are referred to as the underlying
event.

Throughout the following chapters of this thesis, a set of various simulated benchmark
physics processes with muon final states are used for validation studies and to evaluate
the muon reconstruction performance. We choose these benchmark processes by the
fact that they will definately be produced in ATLAS and that they have very different
characteristics. These processes are the decay of Z0 bosons and J/ψ mesons in to two
muons, and top-antitop (tt̄) production with a leptonic decay mode. As discussed in the
introduction of this thesis, these benchmark physics processes will play an important
role for understanding the detector and validating the reconstruction when analyzing
the first data of the LHC.

Figure 2.4 a) shows the lowest order Feynman diagrams of the Z0 boson. The mass
of the Z0 boson is 91.1876 ± 0.0021 GeV and the branching ratio to muons is 3.4% [29].
The J/ψ decays to two muons as shown in Figure 2.4 b). The mass of the J/ψ is
3096.916 ± 0.011 MeV and the branching ratio to muons is 5.9%. Finally, in Figure 2.4
c), the decay of a top quark is shown. The top quark has a mass of 172.4 ± 0.7 GeV [30].
The specific decay shown in the figure, with the W boson leptonically decaying into a
muon, has a branching ratio of 9.4 %. The bottom quark hadronizes and muons may
be also produced by the decay of the resulting B-meson.

The transverse momentum spectrum of the muons from the aforementioned processes
is shown in Figure 2.5. The muons from the Z0 boson are shown by the black line, muons
from the J/ψ decays are shown by the dotted line. In grey, the muons from top quark
decays are shown. The distributions are normalized to unity. At generator level, a
requirement is made on the transverse momentum of the muons from the Z0 decays
to be above 5 GeV. For the muons from the J/ψ sample, one muon has a minimum
transverse momentum of 6 GeV and the second muon of 4 GeV, which gives the double
peak structure in the picture. The muons from the Z0 decay are notably harder than
the muons from the lighter J/ψ meson. The muons from the top quark decay cover a
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Figure 2.5: Transverse momentum of the muons from Z0 boson decays, J/ψ decays
and top quark decays.

wide range in transverse momentum. Decaying W bosons generate muons with a high
transverse momentum, and in addition relatively softer muons from b-meson decays.

2.3.2 Cosmic simulation

For the period of December 2006 until September 2008, muons from cosmic rays [29]
were used to commission the detector and the reconstruction software. To cross-check
the commissioning data sets, samples of simulated cosmic muon events are available.

The momentum spectrum of cosmic muons at sea level is shown in Figure 2.6. An
overall slope of the spectrum of p−1.7

µ is taken out of the distribution for clarity. For the
cosmic samples at ATLAS, muons are generated according to the distribution shown
in Figure 2.6, with momenta between 10 GeV to 2 TeV in a surface of 600 × 600 m2.
For practical reasons, a fiducial volume is defined, a sphere around the interaction point
with a radius of 17 m [32] to which the surface cosmic muons must point in order to
be propagated to the detector. The G4ATLAS package takes into account the rock,
the service shafts and the ATLAS detector in simulating the path of the cosmic muons
through the material. Figure 2.7 shows the ATLAS detector in the cavern, together
with the access shafts and a part of the tunnel.

2.3.3 Cavern background

A part in the simulation of physics processes is the treatment of cavern background.
Since this background affects the reconstruction and identification of muons, the origin
of this type of background radiation is discussed here.

Cavern background radiation results from the calorimeter material becoming ra-
dioactive from the large particle flux at the high luminosity runs. Neutral particles such
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Figure 2.6: The momentum spectrum of cosmic muons
at sea level, measured by various experiments [31]. The
distribution is with respect to an overall slope of p−1.7

µ .
The left distribution are muons with incident angle θ =
0◦, the right distribution describes muons with incident
angle θ = 70◦.

Figure 2.7: The ATLAS detector in the ATLAS cavern as
used in the cosmic simulation.
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ATLAS  Atlantis event:JiveXML_05145_00000 run:5145 ev:0  geometry: <default>
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Figure 2.8: Event display of a Z0 → µ+µ1 event.

ATLAS  Atlantis event:JiveXML_05145_00702 run:5145 ev:702  geometry: <default>
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Figure 2.9: Event display of a Z0 → µ+µ− event with cavern background SF5 added.
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as neutrons and photons are emitted by the calorimeters. In the material of the muon
spectrometer, they give rise to charged particles due to conversions.

The cavern background events are normalized to a 25 ns window for pp collisions
at a luminosity of 1034 cm−2s−1. The rate of cavern background is given by a safety
factor (SF). SF1 stands for cavern background rates at 1034 cm−2s−1, SF5 for rates at
a luminosity of 5 × 1034 cm−2s−1. In order to perform tests on the performance of the
reconstruction software samples with large safety factors are generated.

Figure 2.8 shows an event display of an Z0 → µ+µ− event in ATLAS. A projection in
the Rz-plane is shown. The detector elements are shown in gray scales, hits in the muon
spectrometer are shown in black circles and strips. Two muon tracks are shown as (thick)
black lines. Figure 2.9 shows an event display of an other Z0 → µ+µ− event with added
cavern background (safety factor 5). Such events are much busier with large number
of hits in the muon spectrometer. The thin line segments are reconstructed segments.
Muon track reconstruction in such busy events is challenging and these background
samples are used to test and validate the muon reconstruction software.

2.3.4 Data samples

Table 2.1 summarizes the samples used in validation studies described in this thesis.
Besides the benchmark physics processes, a cosmic ray muon sample is used to study
muon reconstruction of cosmic ray muons. To provide a stress-test of the muon recon-
struction, a sample of Z0 boson decays with added cavern background is used. This
collection of samples provide means for various studies throughout this thesis.

sample sample specifics events
cosmic muons muons generated according to section 2.3.2 20,000
J/ψ → µ+µ− J/ψ forced to decay to two muons, one 16,000

with pT > 4 GeV and one with pT > 6GeV,
both within |η| < 2.5

Z0 → µ+µ− Z0 forced to decay to two muons, 10,000
each within |η| < 2.8 and with
pT > 5 GeV

tt̄→ bb̄W+W− with at least one W decaying leptonically 30,000
Z0 → µ+µ−+bkg SF5 the Z0 → µ+µ− sample overlain 1,000

with five times the expected cavern background
rate as for design luminosity

Table 2.1: A summary of the data samples used for studies throughout this thesis.
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