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Chapter 2

Event reconstruction with ATLAS

As discussed in the previous chapter, one way to test for the existence of supersymmetry
is to try to create supersymmetric particles in high energy particle collisions. In this thesis
we analyse proton-proton collisions created at the Large Hadron Collider (LHC) and de-
tected by the ATLAS detector, in search for such supersymmetric signatures. This chapter
provides an introduction to both the LHC (Section 2.1) and the ATLAS experiment (Sec-
tion 2.2), as well as a general description of how the collected data is used to reconstruct
collisions and individual particles used in this thesis (Section 2.3). The ATLAS trigger
system (Section 2.4) and simulation software (Section 2.5) is also discussed.

2.1 The Large Hadron Collider

The Large Hadron Collider [16] is an accelerator designed to accelerate and collide protons
at a center of mass energy of 14 TeV. This high collision energy, more than seven times
the energy of the previously most powerful accelerator in the world, allows for the creation
and study of particles with a mass up to a few TeV and is therefore ideal for the search
for supersymmetric particles.

The LHC is part of CERN, an international particle physics laboratory, located on
the border between Switzerland and France, near Geneva. Apart from protons, the LHC
is also able to accelerate and collide lead nuclei. Since no lead collisions are used in this
thesis we limit our discussion to proton-proton collisions.

The LHC consists of a 27 km long ring of superconducting magnets designed to control
the trajectory of two proton beams, circling in opposite directions along the ring. The
protons, grouped in bunches, are first accelerated to an energy of 450 GeV by a chain
of smaller accelerators and then injected into the LHC. Each turn around the LHC ring
the protons are further accelerated up to their final energy of 7 TeV. At design capacity
each proton beam consists of 2808 bunches, each containing 1011 protons. The minimum
separation time between bunches is 25 ns.

At four different locations along the LHC ring, the two beams can collide, producing√
s = 14TeV proton-proton collisions. At design intensity, each bunch crossing results on

average in 23 interactions. With a rate of about 40 million bunch crossings per second
this leads to a nominal instantaneous luminosity of 1034 cm−1s−1 per collision site.
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32 Chapter 2. Event reconstruction with ATLAS

Around each of the collisions sites, the detector of one of LHC’s four major experiments
is located. The four experiments are: ATLAS [17], CMS [18], ALICE [19] and LHCb [20].
ATLAS and CMS are so-called general purpose experiments and use detectors designed
for a large variety of physics goals; from testing the SM and finding the Higgs-boson, to
searching for new physics beyond the SM. ALICE is built specifically to study heavy-ion
collisions, to prove and study the existence of Quark-Gluon-Plasma. LHCb is primarily
built to reconstruct B-mesons, for precision measurements of CP-violation, which are
sensitive to a large variety of non-SM physics signals.

The LHC in 2010 and 2011

The LHC is operational since December 2009 when the first collisions were created. These
first collisions, produced by colliding two proton bunches at injection energies, had a center
of mass energy of 900 GeV.

From the 30th of March 2010 until the end of 2011 the LHC has been producing
collisions at

√
s = 7 TeV with rapidly increasing instantaneous luminosity. The current

plan is to operate at
√

s = 8 TeV in 2012, after which a long shut-down of the machine
will enable the preparation for collisions at the design energy of 14 TeV.

All analyses presented in this thesis are performed on the data collected in either
2010 or 2011. The total integrated luminosity of proton-proton collisions in those years is
shown as a function of time in Figure 2.1. By the end of 2010 an integrated luminosity of
45.0 pb−1 of proton-proton collision data was collected, while in 2011 this was increased
to 5.2 fb−1. Since these two years include the starting period of the LHC, the conditions
of the LHC beams, both in terms of frequency and intensity, were not constant, resulting
in a wide range of recorded instantaneous luminosities. This in turn affects the trigger
rates (see Section 2.4) and the average number of collisions per bunch crossings.
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Figure 2.1: The integrated luminosity of proton-proton collisions at
√

s = 7 TeV provided
by the LHC and collected by ATLAS in 2010 (left) and 2011 (right) as a function of time.

To facilitate discussions and the comparison of results, the data collected by ATLAS
is divided into different data-taking periods in which the beam conditions and the trigger
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menu are relatively stable. The data periods of 2010 and 2011 are listed in Table 2.1,
including the total integrated luminosity, the peak instantaneous luminosity and the re-
sulting peak number of events per bunch crossing for each period.

Integrated Peak instantaneous Peak
Year Period Dates luminosity luminosity Events/BX

2010 A Mar 30 - Apr 18 0.1 nb−1 2.22×1027 cm−2s−1 0.01
B Apr 23 - May 16 7.9 nb−1 6.00×1028 cm−2s−1 0.13
C May 18 - Jun 05 7.8 nb−1 2.07×1029 cm−2s−1 0.17
D Jun 24 - Jul 18 311nb−1 1.58×1030 cm−2s−1 1.88
E Jul 29 - Aug 17 1.12 pb−1 3.91×1030 cm−2s−1 1.56
F Aug 19 - Aug 29 1.96 pb−1 1.02×1031 cm−2s−1 2.00
G Sep 22 - Oct 06 8.81 pb−1 7.01×1031 cm−2s−1 2.75
H Oct 08 - Oct 17 8.81 pb−1 1.47×1032 cm−2s−1 3.17
I Oct 24 - Oct 29 23.0 pb−1 2.03×1032 cm−2s−1 3.71

2010 Total Mar 30 - Oct 29 44.1 pb−1 2.03×1032 cm−2s−1 3.71

2011 A Mar 13 - Mar 20 8.26 pb−1 1.50×1032 cm−2s−1 6.93
B Mar 21 - Mar 23 16.8 pb−1 2.41×1032 cm−2s−1 8.39
D Apr 14 - Apr 28 177pb−1 6.57×1032 cm−2s−1 7.20
E Apr 30 - May 03 49.6 pb−1 8.26×1032 cm−2s−1 7.51
F May 15 - May 25 150pb−1 1.10×1033 cm−2s−1 7.97
G May 27 - Jun 14 555pb−1 1.26×1033 cm−2s−1 7.92
H Jun 16 - Jun 28 275pb−1 1.26×1033 cm−2s−1 6.80
I Jul 13 - Jul 29 400pb−1 1.90×1033 cm−2s−1 9.14
J Jul 30 - Aug 04 233pb−1 2.02×1033 cm−2s−1 9.75
K Aug 04 - Aug 22 661pb−1 2.35×1033 cm−2s−1 11.34
L Sep 07 - Oct 05 1570pb−1 3.28×1033 cm−2s−1 15.83
M Oct 06 - Oct 30 1122pb−1 3.61×1033 cm−2s−1 32.08

2011 Total Mar 13 - Oct 30 5.23 fb−1 3.61×1033 cm−2s−1 32.08

Table 2.1: A list of the different data periods of proton-proton collisions collected by
ATLAS in 2010 and 2011. For each period the corresponding dates and total integrated
luminosity of data recorded are also included as well as the peak instantaneous luminosity
achieved in that period and the resulting peak number of events per bunch crossing.

2.2 ATLAS

ATLAS is one of the two general purpose experiments at the LHC. Due to its extensive
muon system, discussed in Section 2.2.4, the ATLAS detector is ideally suited for physics
analyses based on muon identification and reconstruction, such as the analyses presented
in this thesis.
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2.2.1 General layout of the ATLAS detector

Different technologies are used to optimally identify and reconstruct particles passing
though the ATLAS detector. These different technologies can be grouped into three inde-
pendent subdetectors:� The Inner Detector: The Inner Detector (ID) is the subdetector located closest to

the interaction point. Its main purpose is to track the trajectory of charged particles
and determine their momentum. Due to its proximity to the interaction point, the
ID is used to reconstruct the primary vertex and possible secondary vertices in the
event. The ID is discussed in more detail in Section 2.2.2.� The Calorimeters: Surrounding the ID are a combination of electromagnetic and
hadronic calorimeters, which measure and absorb the energy of all particles except
for muons and neutrino’s. These calorimeters are the only subdetectors in ATLAS
able to detect photons and neutral hadrons. Furthermore the calorimeters are im-
portant for separating electrons and photons from hadrons and for determining the
missing transverse energy1 of the event. The calorimeter system is discussed in Sec-
tion 2.2.3.� The Muon Spectrometer: The Muon Spectrometer (MS) measures the momen-
tum of charged particles by tracking their trajectory through a magnetic field. Due
to its position behind the calorimeters, the only charged particles that reach the MS
are muons. This makes the MS a very powerful system in muon identification. The
MS is discussed in more detail in Section 2.2.4.

To reconstruct collision events as fully as possible the general layout of ATLAS is
chosen to have close to total angular coverage. It consists of a barrel region with detector
elements constructed in cylindrical layers around the beam pipe and two end-caps that
close up the detector on both sides, built in discs in the transverse plane. The nominal
interaction point is in the center of the detector. This design results in the roughly cylin-
drically shaped detector shown in Figure 2.2. In total the ATLAS detector is 44 m long,
25 m high and weighs 7000 tonnes.

The ATLAS coordinate system

For a more detailed description of the ATLAS detector, and to interpret most of the
results in this thesis, knowledge of the ATLAS coordinate system is necessary.

The origin of the ATLAS coordinate system is at the nominal interaction point in the
centre of the detector. The z-axis lies along the beam-line and the x- and y-axis define
the transverse plain, with the positive x-axis pointing toward the centre of the LHC ring
and the positive y-axis pointing upwards.

For most purposes a spherical coordinate system is used. The φ -angle is defined in
the transverse plane with φ = 0 on the positive x-axis. φ runs from −π to π with posi-
tive/negative values corresponding with the top/bottom half of the detector. The angle to

1The missing transverse energy is discussed in Section 2.3.4.
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Figure 2.2: Cut-away view of the ATLAS detector [17].

the positive z-axis is denoted as θ , and runs from 0 to π . Instead of θ , the pseudorapidity,
η, is often used: η =− ln(tan(θ

2)), with η = 0 corresponding to the (z= 0)-plane

2.2.2 The Inner Detector

The ID is designed to reconstruct the trajectory of all charged particles with |η| < 2.5
and pT > 100MeV. Relying on a magnetic field of 2 T, generated by a superconducting
solenoid magnet surrounding the ID, the ID can measure the momentum of these particles
with a design resolution of

σpT
pT

= 0.05% pT (GeV)⊕0.1%.

To optimise the precision of the track reconstruction while limiting the amount of
material and therefore the energy loss and scattering of particles before the calorimeters,
different technologies are used to track the particles trough the ID volume. Closest to the
interaction point are solid silicon pixels. Their high granularity is necessary to separate
hits in events with high track multiplicities and to provide high precision position mea-
surements essential for the reconstruction of vertices. Surrounding the pixel detector is the
semi-conductor tracker (SCT), where solid silicon strips give additional 3-D position mea-
surements. The rest of the ID consists of a gaseous detector called the transition radiation
tracker (TRT) with a much lower material density than the silicon detectors. This allows
the TRT to measure tracks in a large volume. The TRT can only provide 2-D position
measurements with a poorer resolution than the silicon detectors, however because of the
large number (on average 30) of hits per track over a relatively large distance, the TRT
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significantly contributes to a good momentum resolution of the tracks. Figure 2.3 shows
a cut-away view of the ID.

Figure 2.3: Cut-away view of the ATLAS Inner Detector [17].

The pixel detector

The pixel detector tracks the trajectory of charged particles using solid silicon pixel sen-
sors, which operate based on the semiconducting properties of silicon. Each pixel is kept
under a voltage of 150 V which ensures that the silicon is fully depleted of free electrons. As
charged particles traverse this depleted silicon layer, the atoms are ionized, freeing new
electrons. The resulting current is then measured by the pixel electronics. The spacial
resolution of the individual pixel sensors is of the order of 10×115 µm2 in R−φ × z.

The first layer of pixels in the barrel region, called the B-layer, is located at only
5.05 cm from the beam line and therefore provides the most important measurement for
the reconstruction of primary and secondary vertices in the event. Both the barrel and
end-caps of the pixel detector consist of three detector layers.

The measured hit efficiency in the different pixel layers is shown in top left plots of
Figure 2.4. Most pixel layers have a hit efficiency of about 99% with a slightly lower effi-
ciency, still over 97%, in the outer end-caps discs due to some dead regions. The measured
efficiency of 100% in the B-layer is due to a B-layer hit requirement in the track-selection
for this plot.
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The SCT

The semi-conductor tracker (SCT), surrounds the pixel detector and is designed to add
four additional space-points to each track in the |η|< 2.5 region. The SCT is based on a
similar technology as the pixel detector, but instead of using pixels, it consists of silicon
strips. Each silicon strip provides a 2-D position measurement, as no position information
along its length is available. Three-dimensional space point are constructed by combining
the information of two silicon strip layers. All SCT detector layers are therefore double
layered with an angle of 40 mrad between the strips in these layers. On average the
SCT provides 8 hits per track, corresponding to four space points with a resolution of
approximately 17 µm in the R-φ plane and 580 µm in the z- (barrel) or R- (end-caps)
direction.

The hit efficiency of the SCT is about 99.9% in the barrel and 99.8% in the end-caps,
as shown in Figure 2.4.
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Figure 2.4: The efficiency for a track to have a hit associated when crossing a pixel layer
(top left) or a barrel (top right) or end-cap (bottom left and right) SCT layer.
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The TRT

Unlike the pixel detector and the SCT, the TRT does not use silicon, but consist of
gaseous drift tube elements. These drift tubes, named straws, have a diameter of 4 mm,
a length up to 144 cm and are filled with a gas mixture. As charged particles traverse a
straw, the gas is ionised along the particle trajectory, and electrons drift under an electric
field towards a wire located in the center of the tube. The drift time is used to calculate
the distance of closest approach. This leads to a resolution of 130 µm in the direction
perpendicular to the straw length. As was the case for the silicon strips, no information
about the hit location along the straw length in possible.

In the barrel region the straws are located in layers around the beam-pipe, from a
distance of 55.4 to 108.2 cm. The tubes are positioned parallel to the z-axis and therefore
do not provide any η information. In the end-caps, which cover the region up to |η|= 2.0
the straws are mounted radially, pointing away from the beam line. On average the TRT
provides 30 to 36 hits per track.

The hit efficiency of the TRT straws depends on the distance between the particle
trajectory and the wire. For distances of less than 1 mm this efficiency is approximately
94%.

2.2.3 The calorimeter system

Surrounding the solenoid magnet encompassing the ID, are a number of calorimeters,
which measure the energy of strongly and electromagnetically interacting particles. Unlike
the ID, the calorimeters are not only able to detect and measure charged particles but also
neutral hadrons and photons. Only purely weakly interacting particles, such as neutrinos,
pass through the calorimeters undetected.

The main goals of the calorimeters are to measure the energy of individual particles, to
help separate electrons and photons from hadrons and to calculate the amount of missing
transverse energy, Emiss

T , in an event. This last parameter is important, as it is the only
way to obtain information about purely weakly interacting particles that otherwise pass
though the ATLAS detector undetected.

To ensure maximum angular coverage, necessary to accurately measure Emiss
T , the

calorimeter system does not only include the usual barrel and two end-caps, which cover
the area |η|< 3.2, but also additional forward calorimeters for the 3.2< |η|< 4.9 regions.
The position of the different calorimeters is illustrated in Figure 2.5.

Operating principle

All the calorimeters of ATLAS are built based on the same detection principle. They
contain an absorber material which interacts with incoming particles, causing a shower
of new particles. These particles are then measured in an active material. Ideally the
amount of created new particles is proportional to the energy of the incoming particle.
By alternating layers of absorber and active material, the full length of the shower can be
measured. If the sampling fraction of the calorimeter, the fraction of energy measured, is
known, the total energy of the incoming particle can be calculated.
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Figure 2.5: Cut-away view of the ATLAS calorimeter system [17].

We distinguish two types of showers: electromagnetic (EM) and hadronic. EM showers
are produced by photons and electrons. The photons interact with the electrons in the
absorber, creating an electron-positron pair. The electrons and positrons in turn loose
energy by ionizing the material, or via bremsstrahlung, creating photons. These processes
together produce a shower with an increasing amount of EM particles, with decreasing
energy, until all energy is absorbed. Hadrons on the other hand, interact with the ma-
terial through strong interactions with nuclei. This process scatters the original particle
producing a shower of lower energy hadrons. As this typically includes a large number of
π0’s, which decay to two photons, hadronic showers also contain an EM component.

As EM showers generally traverse less material than hadronic showers, separate EM
calorimeters are used. These calorimeters are used to optimise the spatial and energy reso-
lution for photons and electrons. Only the most energetic EM showers reach the hadronic-
calorimeters, located behind the EM-calorimeters. The hadronic-calorimeters have a much
stronger absorbing power, ensuring a minimum of punch-troughs to the muon system.

The only charged particles that pass through the calorimeters without loosing all their
energy are muons. The reason for this is that, just as for electrons, their dominating
source of energy loss in material is through the emission of photons, which is inversely
proportional to the particle mass. As muons are much heavier than electrons they only
loose a fraction of their energy. On average muons loose about 3 GeV of energy when
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traversing the calorimeters in the barrel region and about 6 GeV in the end-caps.

Electromagnetic calorimeters

The EM-calorimeters in the barrel, |η|< 1.475, and the two end-caps, 1.375< |η|< 3.2,
use liquid argon as active material and lead plates as absorber. The total depth of the
EM-calorimeter is more than 24 radiation lengths throughout the covered η region, where
a radiation length is defined as the average distance over which an electron looses all
but 1/e of its energy. This ensures that all but the most energetic EM-showers are fully
contained in the EM-calorimeters.

The design energy resolution of the EM-calorimeter is σE
E = 10%

√
E ⊕ 0.7% (E in

GeV) with a typical granularity of ∆η ×∆φ = 0.025×0.025. Full R-φ coverage is achieved
by using accordion shaped absorber plates that remove any gaps between the detector
units.

Hadronic calorimeters

The hadronic-calorimeters in the barrel, |η|< 1.7, and end-caps, 1.5< |η|< 3.2, are de-
signed to measure the energy of hadronic showers with a resolution of σE

E = 50%
√

E ⊕ 3%
(E in GeV). A depth of at least 10 interaction lengths ensures a minimum of punch-troughs
to the MS.

The barrel hadronic calorimeter consists of scintillator tiles surrounded by the absorber
material, steel. As shown in Figure 2.5, this tile calorimeter is divided into three main
parts separated by gaps of at most 60 cm, at |η| ∼ 0.9. These gaps are necessary to leave
room for cables from the ID, as well as power supplies for the EM-calorimeter barrel.
Part of the reduced resolution in those regions is recovered by plug tile calorimeters and
additional scintillator elements.

The hadronic-calorimeter end-caps use liquid argon as active material and copper
plates as absorber.

Forward calorimeters

The forward calorimeters, both EM and hadronic, use liquid argon as active material, with
copper (EM) or tungsten (hadronic) as absorber. Unlike the more central liquid argon
calorimeters, they do not consist of alternating layers or active and absorber material.
Instead the liquid argon is limited to small longitudinal holes in the surrounding absorber
material. This design limits problems due to ion build-up caused by the high particle
fluxes in these forward regions. The forward calorimeters are designed with an energy
resolution of: σE

E = 100%
√

E ⊕ 10% (E in GeV).

2.2.4 The Muon Spectrometer

Surrounding the hadronic calorimeters is ATLAS’ largest subdetector, the Muon Spec-
trometer (MS), which measures the momentum of charged particles. Due to its position
behind the calorimeters the only charged particles to reach the MS are muons, making
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the MS a very effective instrument to identify and trigger muons. The general layout of
the MS is illustrated in Figure 2.6.

Figure 2.6: Cut-away view of the ATLAS Muon Spectrometer [17].

The MS measures the momentum of charged particles by tracking their trajectory
trough a magnetic field. This field is provided by eight barrel and two end-cap super-
conducting toroid magnets which generate a strong but inhomogeneous magnetic field of
0.15-2.5 T in the barrel and 0.2-3.5 T in the end-caps. By measuring the muon trajectory
in at least three different locations in this known magnetic field, the MS is able to provide
a momentum measurement which is independent of any other subdetector. Furthermore
due to its large size, with a distance between the inner and outer position measurement of
at least 5 m, the MS is able to measure the momentum of high energetic muons for which
the bending power in the ID is insufficient to provide reliable results. The MS is able to
measure muon momenta up to 1 TeV with a resolution of

σpT
pT

= 10%.

Four different technologies are used to provide the required position measurements:
Monitoring Drift Tubes (MDTs), Cathode Strip Chambers (CSCs), Resistive Plate Cham-
bers (RPCs) and Thin Gap Chambers (TGCs).
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Monitoring Drift Tubes

Monitoring Drift Tubes (MDTs) are used to provide the precision measurement of muon
tracks in most of the MS volume. They consist of aluminium tubes with a diameter of
30 mm, filled with a gas mixture. Muons traversing these tubes leave a trail of ionized
gas along their trajectory. The freed electrons drift under the influence of an electric field
towards a wire located in the center of the tube. The drift time is used to determine the
distance of closest approach, resulting in a position resolution of 80 µm in the transverse
plane of the tubes. No position determination along the tube length is possible.

The individual tubes are grouped into MDT modules, consisting of two multi-layers of
3 or 4 MDT layers placed slightly apart. This construction leads to a combined resolution
of 35 µm per module. As all tubes in the modules are placed parallel to each other, the
MDT modules only provide a 2-D position measurement.

Cathode Strip Chambers

Due to the relative long drift time of electrons in the MDTs, they do not function properly
at counting rates above 150 Hz/cm2. Therefore Cathode Strip Chambers (CSCs) are used
closed to the beam-pipe, where the particle flux is highest.

The CSCs consist of two layers of strips separated by a gas mixture. Just as with the
MDTs the gas get ionized by traversing muons and the freed electrons drift under an
electric field to wires located between the strip plates. This in turn induces a charge in
the surrounding strips, which is used to measure the position of the muon. By placing a
90° angle between the strip orientation of the two layers, 3-D position measurements can
be obtained. The resolution of the CSCs is 40 µm in the direction of the bending plane
and 5 mm perpendicular to this plane.

Trigger chambers: Resistive Plate Chambers and Thin Gap Chambers

As the drift time of electrons in the MDTs is approximately 700 ns, and the minimum
bunch crossing of the LHC is 25 ns, MDTs can not easily be used in the initial stage of
the trigger system. Therefore separate trigger chambers are installed. Two types of trigger
chambers are used: Resistive Plate Chambers (RPCs) and Thin Gap Chambers (TGCs).

RPCs consist of two plates kept at a high voltage and separated by a 2 mm gap filled
with a gas mixture. As muons ionize the gas, the freed electrons drift within 5 ns toward
one of the plates, which in turn induces a charge in metallic strips placed on the outside
of the plate. Separate RPCs are used to measure the η and φ coordinates of tracks. The
obtained position resolution is approximately 10 mm.

TGCs also consist of two plates separated by a gas-mixture which gets ionized by
the passage of a muon. An electric field causes the freed electrons to drift towards wires
located between the plates, which measure the position coordinate. Just as for the RPCs,
different chambers are needed to measure the φ and η components. The resolution of the
TGCs is 2-7 mm.
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Layout of the Muon Spectrometer

Figure 2.6 and 2.7 show the layout of the MS and the approximate position of the individ-
ual detector layers. The layout is dominated by the toroid magnets which automatically
introduce an eight-fold symmetry in the φ direction. This led to a construction based on
16 φ -sectors, where 8 small sectors are located around the toroids with 8 large sectors in
between. The sectors overlap over small regions of φ both to ensure a full φ -coverage, and
to provide information for sector to sector alignment.

Figure 2.7: Cross-section of the muon system in a plane containing the beam axis [17].

In the barrel region, |η|< 1.05, both the large and small sectors consist of three layers
of MDT modules, positioned at approximately 5.0, 7.5 and 10.0 m from the beam-line,
where the exact distance depends on the sector. These modules are positioned to measure
the z-coordinate of the tracks, corresponding to the muon bending plane. The φ coordinate
is provided by the trigger chambers. In the barrel region these are RPCs.

A gap of at most one meter is left between the detector modules in the middle of
the barrel (|η|= 0), to allow room for cables for detectors closer to the interaction point.
Unfortunately this gap makes it impossible for the MS to measure high energetic muons
at |η| ∼ 0. These muons can only be measured by the ID and the calorimeters.

At the bottom of the detector the MS barrel includes some additional support structure
necessary to carry the weight of the ATLAS detector. In these so-called feet regions the
acceptance of the MS is somewhat reduced.
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The MS end-caps, 1.05< |η|< 2.7, consist of four disk-shaped detector layers. Three
disks provide an inner, middle and outer measurement for forward muons. The fourth disk
(named EE), between the inner and outer disk, does not extend to |η|= 2.7 but provides a
third measurement for muons passing though the barrel-end-cap transition regions, which
might miss the end-cap outer disk. As in the barrel, MDT chambers provide the track
position measurement for most of the MS end-cap volume, with the exception for the
region closest to the beam-pipe. On the inner-disk, for 2.0 < |η| < 2.7, CSCs are used,
which are better equipped to handle high particle fluxes.

TGCs are used to provide the trigger in most of the end-cap region, as well as to
provide a φ measurement to be combined with the MDT η precision measurements into
3-D position coordinates. In the region covered by CSCs no separate trigger chambers are
necessary, as the CSC drift time is small.

This description of the MS end-caps describes the design layout of the MS. Unfortu-
nately most detector units in the EE disk are not yet installed and will only be added in
the next long shut-down of the LHC, scheduled at the end of 2012. Therefore some tracks
in the barrel-end-cap transition regions, 1.0≤ |η| < 1.4, are currently only measured at
two positions, leading to a poorer momentum resolution. This is discussed in more detail
in Chapter 3.

The MS alignment system

To achieve the design momentum resolution of 10% for muons with an energy of 1 TeV,
the position of individual chambers must be known with an accuracy of 30 µm. This high
level of alignment precision is partially achieved using an optical alignment system based
on measurements from three point straightness monitors: light from an illuminated target
is focussed through a lens onto image sensors. By analysing distortions in the recorded
image, any shifts of the target relative to the sensor, as well as any rotation along the
target-sensor axis, can be calculated. The optical alignment system monitors chamber-to-
chamber positions within the MS as well as deformities of the MDT tubes due to gravity.
It is designed to measure relative changes in the chamber position with a resolution of
20 µm in the barrel region and 40 µm in the end-caps. The absolute chamber position is
less well-measured with a typical accuracy of a few hundred microns.

A track based alignment procedure is used to determine the relative barrel to end-cap
position and their position with respect to the rest of the ATLAS detector, as well as to
improve on the position determination of the individual MS chambers. Track based align-
ment of the detector may improve with more data and efforts to improve the alignment are
still ongoing. To illustrate the quality of the alignment at the end of 2011, Figure 2.8 shows
the uncertainty on the sagitta for tracks passing through the different sectors as a func-
tion of η. The yellow bands indicate a spread of 100 µm. With this level of alignment the
corresponding uncertainty on the momentum resolution of MS tracks is

σp
p = 0.13p(TeV)

in the barrel,
σp
p = 0.17p(TeV) in the MDT end-caps and

σp
p = 0.15p(TeV) in the CSC

end-caps.



2.3. Object reconstruction 45

η
-2 -1 0 1 2

sa
gi

tta
 +

 s
ec

to
r 

of
fs

et
 [m

m
]

0

1

2

3

4

5

6

7

8

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

mµ 100 ±
Towers BI-BM-BO
Towers EI-EM-EO

Towers CS-EM-EO
Towers EI-EE-EM

ATLAS Preliminary
Toroid-off data 2011 (7 TeV)

-1
 L dt = 4.2 pb∫

Figure 2.8: The mean value of the sagitta of MS tracks as a function of η for the different
MS sectors as obtained from a run in March of 2011 with the toroid magnets off. Open
shaped markers indicate the measured values for the small sectors while filled markers
correspond to the large sectors. The marker shape and colour separates tracks passing
trough barrel towers (black circles), end-caps towers with three MDT layers (red squares)
and end-caps towers with the inner layer consisting of CSCs (blue triangles).

2.2.5 The ATLAS detector up to the end of 2011

The ATLAS detector has been operational for a number of years collecting large amounts
of data. Before the start-up of the LHC this data was limited to the measurement of muons
from cosmic rays, which were used to test, understand and align the detector. In 2010 and
2011 the ATLAS detector was used to record an integrated luminosity of over 5.2 fb−1

of collision data, which is over 93% of the integrated luminosity provided by the LHC.
The fraction of time that each subdetector system was operational during data-taking is
shown in Table 2.2.

2.3 Object reconstruction

The main purpose of ATLAS is to study particles created in the hard scattering of proton-
proton collisions. Most of these particles are highly unstable and decay before reaching
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detector component operational
Inner Detector
Pixel ≈ 96.4%
SCT ≈ 99.2%
TRT ≈ 97.5%

Calorimeter
Electro-magnetic ≈ 99.8%
Tile calorimeter ≈ 96.2%
Hadronic, end-cap ≈ 99.6%
Forward calorimeter ≈ 99.8%

Muon Spectrometer
MDT ≈ 99.7%
CSC ≈ 97.7%
RPC ≈ 97.0%
TGC ≈ 97.9%

Table 2.2: The approximate fraction of time that each individual subdetector system was
operational during data-taking.

the first detector layer and can therefore only be studied by reconstructing and identifying
their longer lived decay products.

In this section we discuss how signals in ATLAS are used to identify and reconstruct
muons, vertices and jets and to calculate the missing transverse energy of events. The
reconstruction of other particles, such as electrons and photons, is not discussed as these
particles are not used in any of the analyses presented in this thesis.

2.3.1 Muons

Muons play a central role in this thesis. In ATLAS they are measured independently by
both the ID and the MS, leaving only a small energy deposit in the calorimeters. Therefore
the main muon reconstruction algorithms consist of measuring and reconstructing the ID
and MS tracks independently and then combining these tracks into so-called combined
muons.

Inner Detector tracks

As discussed in Section 2.2.2, the ID consists of three different subdetectors: the pixel,
SCT and TRT, where the pixel and SCT detector provide 3-D space-points measurements2

while the TRT gives 2-D position information. For this reason ID tracks are first identified
and reconstructed using only the silicon detectors and then, when applicable, extrapolated

2The 3-D space points in the SCT are constructed from hits in two neighbouring layers, as discussed
in Section 2.2.2.
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to the TRT volume. This is only done if the resulting track has a better χ2 than the original
silicon-only track.

The overall performance of the ID tracking depends on the pseudorapidity and momen-
tum of the ID tracks. Figure 2.9 shows the ID track efficiency for muons with pT > 20GeV
as a function of η. The tracking has an efficiency of 99% in most of the detector with
a slightly lower efficiency of 98% in the barrel to end-cap transition regions. The recon-
structed track resolution in terms of momentum and impact parameter resolution are
discussed in Chapter 3 and 5 respectively.
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Figure 2.9: The measured ID tracking efficiency for muons with pT > 20GeV as a function
of η in data (black) and simulation (blue).

Muon Spectrometer tracks

As discussed in Section 2.2.4 the MS is designed such that most muons with |η|< 2.5 and
with sufficient energy to traverse the calorimeters are measured by at least three detector
stations denoted as the inner, middle and outer stations. Each station consists of 6 to 8
detector modules.

The MS tracking algorithms start by reconstructing track segments within each layer.
Different segments are then combined into MS tracks. These tracks can then be extrapo-
lated back to the interaction point to estimate the muon properties before traversing the
calorimeters.

Combined muons

Using only the ID information it is not possible to separate muons from other charged par-
ticles. However due to its position close to the interaction point and before the calorimeters
it is typically able to reconstruct the impact parameter of muon track with better position
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resolution than the MS. The best reconstructed muon tracks are therefore obtained by
combining the stand-alone ID and MS tracks into combined muons.

Two different algorithms are used in ATLAS to reconstruct combined muons. The
Staco algorithm uses a statistical method to combine the two individual tracks. The
resulting combined muon parameters are a weighted combination of the ID and MS stand-
alone parameters. The Muid algorithm on the other hand performs a full refit of the
combined muons using the hits of the ID and MS tracks. Both algorithms have similar
performance in terms of track resolutions. In this thesis we only use muons reconstructed
by the Muid algorithm, which have a slightly better reconstruction efficiency.

Figure 2.10 shows the Muid combined muon reconstruction efficiency for muons with
pT > 20 GeV as a function of η (left), as well as the efficiency as a function of pT for
muons from a J/ψ (right). The lower efficiency in the central detector region is due to
the gap in the MS at η ∼ 0 discussed in Section 2.2.4. Outside this region the efficiency is
almost constant at ∼ 98% for all combined muons with pT > 6 GeV. For low momentum
muons the efficiency drops rapidly due to the energy loss of muons in the calorimeters,
which results in very low momentum muons either being fully absorbed before reaching
the MS or having insufficient energy remaining to reach the middle and/or outer stations.
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Figure 2.10: Left: The measured Muid combined muon reconstruction efficiency for muons
with pT > 20 GeV as a function of η in data (black) and simulation (blue). Right: The
measured Muid combined muon reconstruction efficiency for muons from J/ψs as a func-
tion of pT in data (black) and simulation (red).

To provide an estimate of the relative contribution of the ID and MS information to
the combined momentum resolution of muon tracks, Figure 2.11 shows the mass reso-
lution of reconstructed combined µ+µ− pairs in the Z-boson peak in data (black) and
simulation (red) as a function of η. The bottom plot shows the resolution obtained using
the combined track information, while the top plots show the resolution using only the ID
and MS tracks respectively. In this momentum range the combined tracks provide signif-
icantly better momentum resolutions than either subdetector alone. For low momentum
muons the resolution is dominated by the ID information as the MS track suffers from the
uncertainty in the energy loss of the muon in the calorimeters, while at higher momentum



2.3. Object reconstruction 49

the MS resolution dominates due to its larger size and therefore better accuracy on the
curvature of the tracks. The momentum resolution of reconstructed muons is discussed in
more details in Chapter 3.

Figure 2.11: The mass resolution in data (black) and simulation (red) of reconstructed
combined µ+µ− pairs in the Z-peak obtained using stand-alone ID (top left), stand-alone
MS (top right) and combined muon (bottom) tracks.

Basic muon selection

The following basic muon selection is used for all analyses in this thesis.� It is a combined muon reconstructed by the Muid algorithm (see Section 2.3.1)� |η|< 2.5

Additional selection requirements based on pT and the number of hits on the muon
tracks are also used, but depend on the analysis. These additional requirements are listed
per analysis in their corresponding chapter.
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2.3.2 Primary Vertex

The primary vertex of an event is reconstructed using the ID tracks created by charged
particles. This is done by pre-selecting tracks that are compatible with being produced
close to the collision region, the so-called beam spot3. Only tracks with pT > 400MeV,
at least 4 hits in the SCT detector and 6 hits in the combined silicon detectors are used.

Each selected track is back-extrapolated to the beam-spot. The z-coordinate of the
point of closest approach of the tracks is then used to determine a vertex seed, by looking
for the global maximum of this distribution. Tracks close to this seed are combined into a
vertex using a χ2 fitting algorithm. During this process tracks that are incompatible with
the fitted vertex by more than approximately 7 σ are excluded from the fit and used to
seed a possible new vertex. This process results in a number of possible primary vertices
per event. The main primary vertex of the event is defined as the vertex with the highest√

∑ p2
T , where the summation is over all tracks used in the vertex fit.

The position resolution of the reconstructed vertices depends on the number of tracks
associated to the vertex but also on the momentum of these tracks. This is because
higher momentum tracks are straighter and therefore have a better position accuracy on
their track extrapolation than lower momentum tracks. Figure 2.12 shows the position
resolution in the transverse plane (represented by the x-axis) of reconstructed vertices as

a function of
√

∑ p2
T (right).
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3The determination of the beam-spot is described in Ref. [21]
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Basic primary vertex selection

In this thesis we use the primary vertex reconstruction primarily to calculate the impact
parameter of muon tracks. The following basic selection is applied:� The vertex has the highest

√
∑ p2

T in the event.� The vertex contains at least 3 tracks. (This is to reject vertices reconstructed from
cosmic muons.)

2.3.3 Jets

Quarks and gluons are produced in the vast majority of collisions at the LHC. As these
particles carry colour charge they are always produced as part of a colour neutral group
of particles. Due to the high energy of the collisions, the individual quarks and gluons are
typically highly boosted in separate directions, thereby separating colour partners. The
energy involved in this process is sufficient to create new coloured particles, which together
with the original quarks and gluons produce new colour neutral states. These states then
hadronize into hadrons which might in turn decay to other hadrons and leptons. This
process results in jets of particles which together provide an estimate for the momentum
of the original coloured particle.

Multiple algorithms are used to reconstruct jets. The one used in this thesis is based
on combining the information of topological clusters of energy in the calorimeter using
an anti-kT algorithm. As jets typically contain some neutrinos, produced in the decay of
hadrons, not all the jet energy can be measured. Therefore the obtained jet energy is
corrected using the average fraction of measured energy.

Figure 2.13 shows the energy resolution of reconstructed jets as a function of pT in
data and simulation, calculated using two different techniques [22].

Basic jet selection

In this thesis jets are only used to assign a sign to the transverse impact parameter of
muon tracks4. We therefore apply a very loose jet selection.� The jet is reconstructed with an anti-kT algorithm with parameter R = 0.4, by

combining topological clusters in the calorimeters.� pT > 10 GeV.

2.3.4 Missing transverse energy: Emiss
T

Particles that do not carry electric or colour charge, such as neutrinos, do not interact
with the ATLAS detector and therefore do not directly produce a measurable signature.
The only way to identify the presence of such weakly interacting particles is to measure a

4This is described in Section 5.3.
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Figure 2.13: The energy resolution of jet reconstructed from topological clusters with a
anti-kT algorithm as a function of pT for data (filled markers) and simulation (empty
marker), calculated using two different techniques described in Ref. [22].

momentum imbalance in the event. Since both the colliding protons do not carry significant
transverse momentum, the combined pT of all particles created in the collisions should
be zero. Therefore by combining the momentum of all measured particles in the event,
the missing transverse energy can be calculated which ideally corresponds to the total
transverse momentum of the weakly interacting particles.

There are multiple methods to calculate the Emiss
T of events, which differ from each

other in exactly which energy is included in the calculation. The most precise method, and
the one used in this thesis, is to add the momenta of reconstructed particles. This Emiss

T
algorithm adds, in order, the momenta of electrons, photons, taus, jets and muons, making
sure that none of the energy in the calorimeters is double counted. After combining the
momentum of all reconstructed particles, the remaining energy deposits in the calorimeters
are also included. When possible this information is improved using ID tracks. The Emiss

T
of the event is defined as minus the total measured pT .

In the analyses presented in this thesis Emiss
T is rarely used and none of the conclusions

rely on the exact definition of this variable.

2.4 The ATLAS trigger

The subdetectors of ATLAS produce in total approximately 1.5 MB of raw data per event.
At nominal instantaneous luminosity the LHC is expected to provide collisions at a rate
of approximately 40 MHz. Therefore ATLAS needs to handle a data rate of 50-60 TB/s.
Since such a high data rate leads to unrealistic demands of computing power as well as
data storage requirements, an online trigger system is used to select interesting events and
reduce the event rate to a manageable 200 Hz. This rate is limited by the data storage
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requirements of accumulated years of data taking.
The ATLAS trigger system consist of three levels:� Level 1: Based on a rough version of the calorimeter information and the MS
trigger chambers, regions of interest (RoI) are identified which could indicate high
momentum objects such as muons, electrons, photons and jets. Furthermore the
total transverse energy is estimated as well as Emiss

T . Using this information an event
is accepted of rejected, reducing the event rate to 75 kHz. The decision time of the
Level 1 trigger is approximately 2.5 µs.� Level 2: The RoIs found by the Level 1 trigger are analysed using the full detector
information in these regions. A fast object reconstruction software is used to better
determine the object properties and reduce the fake rate. This takes approximately
40 ms and is used to reduce the event rate to 3.5 kHz.� Event Filter: This last trigger level uses the full detector information and runs the
full offline object reconstruction and therefore needs an average of 4 s to analyse
each event. The event filter reduces the event rate to the final 200 Hz.

2.4.1 The trigger menu and data streams

The exact set of triggers used, the trigger menu, depends on the instantaneous luminosity
provided by the LHC. During the first days of data taking the event rate was low enough for
each collision events to be recorded and stored. With increasing instantaneous luminosity
more selective triggers became necessary.

Most triggers in ATLAS aim at selecting high momentum particles such as muons,
electrons, photons, (b-)jets and taus or large Emiss

T . The exact requirements of these triggers
are time dependent as they need to be adjusted to cope with increasing event rates. This
generally results in a higher momentum threshold for the triggered object, but can also
include tighter selection properties to reject more fake or badly reconstructed objects. As
new tighter triggers are introduced the older triggers are either removed or prescaled with
only part of the triggered events analysed and stored.

As most interesting physics signatures do not consist of one very high momentum
particle, but of multiple different physics objects, many combination triggers are also
used. These triggers require a combination of trigger objects, such as multiple jets or at
least 2 muons, allowing events with lower momentum particles to be accepted without
introducing too high a trigger rate.

Events passing at least one of the ATLAS triggers are stored in data streams corre-
sponding to the type of trigger used to select the event. For example, events selected using
muon triggers and are stored in the muon stream. As events can be triggered by different
objects, some events are stored in more than one data stream.

2.4.2 Muon triggers

All analyses presented in this thesis select events using muon triggers [23].
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At Level 1 (L1) these triggers are based solely on the information of the RPCs and
TGCs in MS barrel and end-caps respectively (see Section 2.2.4). This information is
used to construct ”roads” connecting hits in different trigger layers. Events are accepted
or rejected depending on the pT of these ”roads”.

As an example Figure 2.14 shows the trigger efficiency of the L1 muon trigger with-
out any pT requirement as a function of pT in the RPC (left) and TGC (right) regions
separately. The lower plateau efficiency in the RPC region with respect to the TGC is
due to an 80 % geometrical acceptance of the trigger chambers in the MS barrel regions
as opposed to almost 100 % in the end-caps. By including a pT requirement the turn
on curve of the efficiency plots is shifted to higher momenta but the plateau efficiency
remains unchanged.
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Figure 2.14: The L1 muon trigger efficiency as a function of the offline MS stand-alone
(SA) reconstructed pT for the RPC (left) and TGC (right). No pT requirement was used
in this trigger.

The Level 2 (L2) muon trigger has access to the full MDT and CSC information in the
RoI defined by the L1 ”roads”, as well as to ID tracks and calorimeter information in these
regions. Three different L2 muon trigger algorithms are used. The MS only algorithm uses
the MDT and CSC information to construct stand-alone MS tracks with a fast tracking
algorithm, which provides improved track parameters with respect to the L1 ”roads”. The
muon combined algorithm tries to combine these stand-alone MS tracks with ID tracks.
This results in a slightly lower trigger efficiency than the MS only trigger, but the added
ID information leads to a more accurate momentum determination and therefore a sharper
turn on curve. The third L2 muon trigger algorithm uses calorimeter information to select
isolated muons, thereby rejecting most muons produced in jets.

Figure 2.15 shows the efficiency of the L2 MS only (left) and combined muon (right)
triggers designed to select muons with a pT > 4GeV relative to the L1 trigger as a function
of pT of the offline reconstructed muon.

At the Event Filter (EF) level the trigger has access to the full event information.
The RoIs defined by the L1 and L2 triggers are fitted using algorithms which are almost
identical to the offline muon reconstruction. Three different EF muon trigger algorithms
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Figure 2.15: The L2 muon trigger efficiency relative to the L1 as a function of the offline
reconstructed pT for the MS only algorithm in the MS barrel (left) as well as for the muon
combined algorithm (right). Both triggers are designed to accept muons with pT > 4 GeV.

are used. The MS only algorithm reconstructs MS stand-alone tracks, while two different
algorithms reconstruct combined muons. The outside-in algorithm reconstruct muons in
the ”standard” way starting from MS tracks and combining them with ID tracks, while
the inside-out algorithm starts from ID tracks extrapolated to the MS.

Figure 2.16 shows the EF trigger efficiency relative to the L2 for the combined outside-
in trigger designed to select muons with pT > 4 GeV as a function of pT and η of the
offline reconstructed combined muon. This trigger is called EF mu4 and is used for the
analysis presented in Chapter 4.
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Figure 2.16: The EF muon trigger efficiency relative to the L2 as a function of the offline
reconstructed pT (left) and η (right) for the combined muon outside-in algorithm designed
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2.5 Monte Carlo simulation

To compare the collected data with theoretical expectations, the ATLAS experiment uses
simulated events. These simulated samples are not only used to study the expected sig-
natures from different particle production processes but also to study and test the un-
derstanding of the ATLAS detector and different reconstruction algorithms by comparing
these simulated events with the collected collision data.

The event simulation procedure of ATLAS consists of four separate stages:� Event Generation: The first stage consists of generating the proton-proton in-
teractions. This includes the hard scatter between two constituents of the protons
but also the underlying event produced by the proton remnants and the decay and
radiation of particles close to the interaction point.� Simulation: The event generators provide a list of outgoing semi-stable particles
and their properties. In the simulation stage the propagation of these particles
through the ATLAS detector is simulated as well as the decay of longer lived par-
ticles such as pions and kaons. The interactions of the particles with the detector
material is simulated using the G4ATLAS software, a customized ATLAS version
of the GEANT4 software package [24].� Digitization: The interactions between the detector layers and the generated par-
ticles are translated to detector signals similar to the raw data produced by the
ATLAS detector.� Reconstruction: After the digitization the generated events are run trough the
same trigger and offline reconstruction software as actual data events.

The uncertainties on the predictions made by these simulated samples come from
uncertainties in the event generation and simulation stages. We therefore discuss these
two stages in some more details.

2.5.1 Event generation

Hard interaction

Event generator programs use Monte Carlo (MC) techniques to randomly generate initial
hard scatter interactions between the incoming partons in such a way that the phase-space
distribution of the produced particles is proportional to the differential cross-section of the
generated processes. As these initial interactions happen at the highest energy scale in the
event, typically of the order of the mass of the produced particles, αS ≪ 1. Therefore the
matrix element (ME) can be calculated perturbatively and is relatively well understood.
The largest theoretical uncertainties on the calculated cross-section and the kinematics
of the hard interactions comes from neglecting higher order corrections in the calculation
and from the uncertainty on the Parton Distribution Functions (PDFs) which describe
the momentum distributions of the incoming quarks and gluons within the protons.
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Most event generators used in ATLAS calculate the ME to leading order (LO), which
means that no loop diagrams are included. To correct for the lack of these loop diagrams
the cross-section of most processes are also calculated by separate programs to next-to-
leading order (NLO) and in some cases even to next-to-next-to-leading order (NNLO).
The ratio in cross-section between the LO and NLO calculation is called the K-factor. As
for most processes it is computationally too heavy to generate events directly at NLO,
events generated by a LO generator are used but weighted by this K-factor. As different
loop diagrams lead to different kinematic distributions, the K-factor can depend on the
event kinematics. The different event generators and ME calculators used in this thesis
are discussed later in this section.

The PDFs are not calculated by the event generators, but are used as an input. As the
vast majority of the partons within the protons have a very low energy, the physics within
the proton is highly non-perturbative and therefore theoretically not well understood.
Different models based on experimental data are used to describe these functions. These
models are tuned on data collected both from previous accelerators and from the LHC.
By comparing the cross-sections obtained using different PDF models [25–27] we estimate
the uncertainty on the MC predictions due to the PDFs. As an example in Chapter 6
we use MC samples of W Z and ZZ diboson production generated at NLO, to estimate
the SM contribution to the cross-section of µ±µ± pairs in ATLAS. For these samples the
uncertainty on the total cross-section due to higher order terms is estimated to be about
10% while the uncertainty from the PDFs is about 7%.

Parton showering

After the generation of the hard scattering the initial partons and the produced strongly
interacting particles can radiate gluons, which in turn can split in additional gluons or
quark-anti-quark pairs. As this process involves particles with colour charge, which are
confined to remain in colour neutral groups, this process depends on the colour flow
of the event and therefore also on the proton remnants which were not part of the hard
interaction. This parton radiation typically occurs at a much lower energy than the original
hard interaction and can therefore not be described perturbatively. In fact the limit for
the number of radiated partons as the momentum and the emission angle of these partons
goes to zero, is infinite. To deal with this problem, parton shower generators simulate
the emission of new quarks and gluons in an ordered fashion, either by decreasing pT of
the radiated partons or decreasing emission angles. This choice influences the resulting
distribution of quarks and gluons in the event as, for example, in the angle ordering
scheme, a soft emissions at high angle prevents a subsequent harder emission at smaller
angle.

The uncertainty in the modelling of the parton showers affects the final parton distri-
bution in the events and therefore the number, pT and η distributions of jets. To limit
this uncertainty the parton showering models are tuned to jet distributions in data. In
this thesis the remaining uncertainty due to parton showering can be neglected because,
as mentioned in Section 2.3.3, we only use jets to assign a sign to the impact parameter
of muons, but never as part of an event selection.
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Hadronization, decay, underlying event and pile-up

After the parton showering the generated quarks and gluons are grouped into colour
neutral hadrons (hadronization), which can decay further to (semi-)stable particles. The
generated collisions are then combined with an underlying event, which simulates the pro-
ton remnants which are not part of the hard scattering. Due to the boost of the incoming
protons most particles in the underlying event remain in the beam-pipe. Typically only a
”background” of low pT particles reaches the ATLAS detector. As the analyses presented
in this thesis focus on high momentum muons, the underlying event does not significantly
affect the results. Pile-up is simulated by adding separately generated events.

Event generators

The event generation stage of the ATLAS simulation procedure is independent of the
ATLAS detector, therefore general, experiment-independent generating programs can be
used. Currently there are three ’general purpose’ generators used in ATLAS which are
capable of generating the hard scattering of any SM process at LO, the underlying event
and perform the parton showering, hadronization and decay: Pythia [28], Herwig [29]
and Sherpa [30]. These three generators differ somewhat in the treatment of the colour
flow in the event and the description of the parton showering.

It is possible to interface more specialised programs into these general purpose gen-
erators to simulate part of the process. In this thesis we use some simulated samples in
which the initial hard scattering is calculated using specialised ME generators. The ME
generators used in this thesis are Alpgen [31], MadGraph [32] and MC@NLO [33].

The three general purpose generators can only calculate two-to-one and two-to-two
processes within the ME calculation. The decay of these particle as well as the radiation of
additional partons is done separately. This means that the originally produced particle or
particle-pair is on-shell5 and that the momentum and angular distribution of the additional
partons is determined by the parton showering. Alpgen is designed to handle more
complicated parton level configuration in the ME, which means that the radiation of
the highest energetic gluons and quarks can be calculated perturbatively. Typically this
leads to a more accurate description of additional high momentum jets in the event. The
generated events are then processed using the Herwig or Pythia parton showering. To
avoid double counting it is important to restrict the generation of hard radiation by the
partons showers, as this is already included in the ME calculation. There are multiple
approaches to avoid such double counting such as by allocating a negative weight or
vetoing events with hard scattering from the parton showering. In ATLAS, Alpgen is
primarily used to generate Z+jets, W+jets and tt+jets events.

MadGraph is also capable of calculating cross-sections for multi particle final states.
Although computationally less efficient than Alpgen it is programmed to handle a wider
range of processes. In this thesis MadGraph is used to generate the associative produc-
tion of tt with a gauge boson.

MC@NLO includes both real and virtual correction to achieve NLO accuracy in the

5A particle is on-shell when m2 = E2−~p2.
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generation of certain processes. In ATLAS, MC@NLO is primarily used to generate tt
events. It is also used for diboson production.

A list of all simulated samples used in this thesis is given in Appendix A.

2.5.2 Simulation of the ATLAS detector

Because of the uncertainty in the event generation discussed above, we chose, in this thesis,
to rely as little as possible on simulated cross-sections and simulated particle distributions.
In fact the simulated cross-sections are only used in Chapter 6 to compare independently
measured cross-sections with SM and non-SM expectations. In all other analyses in this
thesis, simulated samples are only used to describe the reconstruction of muons produced
in different decay processes given specific properties for the parent particles. In these cases
the production process of the parent particle is mostly irrelevant and the decay of the
particles are determined by well known branching ratios and kinematic constraints. The
main uncertainty on the resulting simulated signature is then dependent on the accuracy
of the simulation of the interactions between the particles and the ATLAS detector.

To simulate the propagation of particles through the detector a GEANT4 description of
ATLAS is used. Although this description is highly detailed it is not feasible to perfectly
model the material distribution to include, for example, every single cable, or the full
details of the magnetic fields. This can lead to some differences in measured resolutions
and efficiencies between data and simulation. For example most of the differences in muon
momentum resolution in the MS barrel region between data and MC found in Chapter 3
are due to missing material in the simulation.

An additional difference between the GEANT4 description and the real ATLAS de-
tector is that although the position of the detector layer in the simulation can be fixed,
their actual positions in ATLAS are not known to infinite precision. Misalignment of the
ATLAS detector results in poorer reconstruction resolutions which, by definition, can not
be perfectly modelled in the simulation.

With time and data the understanding of the ATLAS detector improves resulting
in smaller differences between the simulated and real ATLAS detector. The remaining
differences in efficiency and resolution between simulated events and collected data can
often be modelled (for example by applying a scale factor or momentum smearing). How
this is done for the different distributions used in this thesis is described in the relevant
analysis chapters.

Summary

A wide range of Monte Carlo samples have been generated to simulated different types
of collision events in ATLAS. The initial hard interaction of these simulated events is
calculated using generator programs that determine the differential cross-section of the
considered processes perturbatively. The rest of the event, including the parton showering,
hadronization and the underlying event are simulated using non-perturbative models.

The main uncertainty on the simulated hard interactions, and therefore on the sim-
ulated cross-sections, lies in the accuracy to which the relevant matrix element was cal-
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culated. For most processes this calculation is limited to leading-order contributions as
higher order contributions are too CPU intensive. When available, these leading-order pre-
dictions are then weighted to the next-to-leading order total cross-section. Nevertheless
the omission of higher order terms is often the main uncertainty on simulated (differential)
cross-sections. Another main uncertainty comes from the PDFs used to describe partons
in the colliding protons.

The interactions between the generated particles and the ATLAS detector are simu-
lated to translate the generated events into detector signals. These signals can then be
processed by the ATLAS reconstruction software in a similar way are regular collision
events. Differences between the model used to describe the ATLAS detector and the ac-
tual detector, either due to inaccuracies in the model description or misalignment in the
detector, can lead to differences between data and simulations for efficiencies and resolu-
tions.

The Monte Carlo samples used in this thesis are listed in Appendix A.




