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Introduction

brightest minds of their time: What are we made of, and why does the

world work like it does? Over the course of history many theories were
developed to answer these questions, all of which were able to describe the
observations of their present age.

Our understanding of the most basic constituents and laws of the Universe
has improved enormously over the last few decades thanks to the experiments
performed at the highest achievable energies. From the large number of obser-
vations a single theory was born that could explain all the observed phenomena.
It was named the Standard Model of Particle Physics — the Standard Model
for short.

While the Standard Model is supported by a large number of experimental
observations, it has also a few shortcomings. Some of the most important
problems can be summarised as follows:

Since the beginning of mankind two questions have always concerned the

e How is the mass of elementary particles generated? The gauge symme-
tries upon which the Standard Model is built, do not allow particles to
have a mass. The Standard Model explains the observed weight of the el-
ementary particles by a local symmetry breaking, that generates masses
for the particles. As a “side-effect”, this model predicts the Higgs particle
that has not been experimentally observed yet.

e Is it possible to unite the electro-weak and strong interactions — and
maybe even gravity — into a single theory? Our findings show that the
elementary interactions become similar to each other at increasingly high
energies. But the Standard Model in its current form cannot describe
this unification of the forces.

e What is dark matter made of? Cosmological observations suggest that
the matter that we can see, makes up only about 15% of the matter in
the Universe. The other 85% of matter, the gravitational force of which
we can see, is currently invisible to us, and the Standard Model gives no
explanation to its existence.



2 Introduction

There are currently a multitude of theories which provide solutions for
these issues. Perhaps the most acknowledged ones are the supersymmetry
(SUSY) theories. While these theories provide solutions to the aforementioned
problems, they also suggest the existence of yet unseen particles and interac-
tions.

All of the large particle physics experiments of the last decades were de-
signed to test the predictions of the Standard Model at higher and higher
energies, and to look for signals of physics beyond the Standard Model. The
Large Electron Positron Collider (LEP) for instance provided the first preci-
sion measurements of the properties of the weak bosons, and was later on used
to study many Standard Model processes.

In 2003 I joined the work of one of the experiments that was built at
LEP, the OPAL experiment. I started working in the two-photon working
group, studying the interactions of high energy photons with each other. These
interactions allow us to study the behaviour of one of the most fundamental
constituents of the Standard Model under unusual circumstances, providing
very precise tests for our ability to describe quantum electro-dynamics (QED),
and quantum chromo-dynamics (QCD).

The most powerful particle accelerator ever built — the Large Hadron
Collider (LHC) — is now entering its turn-on phase. The main goals of the
LHC are to find the Higgs boson — or to prove that it does not exist —, verify
predictions of the Standard Model at the highest energies, and to look for the
predicted new particles and interactions.

In 2004 T became a member of the ATLAS collaboration, building the
largest experiment for the LHC, the ATLAS detector. I joined the trigger
group, working for the most part on the Level-1 and muon triggers, and got
involved in the work of the bottom and top quark physics groups. Unlike at the
LEP experiments, the trigger system plays a central role in every experiment
built for the LHC. In order to be able to observe processes with very small
probabilities, the LHC will generate proton—proton collisions with an intensity
never seen before. This implies that only a small fraction of the generated data
can be saved for further processing. In this way every single physics analysis
performed at the LHC will have to know precisely how the trigger behaved
when selecting events interesting for that particular analysis.

In the first part of my thesis I present an analysis that I performed in the
two-photon group of the OPAL collaboration, measuring the cross section to
produce hadron-showers (jets) in photon—photon interactions. In the second
part of my thesis I present two studies I have done in the trigger group of
the ATLAS collaboration for measuring and optimising the performance of the
muon trigger for selecting events from B-hadron and top quark decays, which
will be instrumental for measuring various cross sections with the ATLAS
detector.
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CHAPTER 1

v Interactions at LEP

interactions of elementary particles. These interactions are successfully

described by the Standard Model of Particle Physics, which is a combina-
tion of gauge theories [1]. The photon is the gauge boson of quantum electro-
dynamics (QED) and mediates the electromagnetic force between charged
particles. In QED interactions, the photon can be regarded as a point-like,
structure-less object, called the direct, or bare photon. QED being an abelian
gauge theory, the photon has no self-couplings, and to our current understand-
ing, the photon has no mass.

In this chapter I will describe the photon as a particle with a structure,
that can have self-interactions, and show the framework in which such inter-
actions can be studied. Then I discuss jet production in photon—photon inter-
actions, and show how the study of such interactions helps us to understand
the photon itself.

T he photon is a fundamental particle in our current understanding of the

1.1 The photon structure

While the direct photon shows no structure, following the Heisenberg uncer-
tainty principle, written as'

1
ABAt> 3, (1.1)

the photon is allowed to violate the energy conservation rule by AE amount
for a At length of time. In this time the photon is allowed to fluctuate into
a fermion anti-fermion pair (ff), carrying the same quantum numbers as the
photon, with the

S i (1.2)

!Throughout this thesis I shall use ¢ =/ = 1.
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Figure 1.1: The resolved photon. In QCD the photon is a superposition of
the direct (a), anomalous (b) and hadronic (c) part of the particle.

reaction. If during a fluctuation one of the fermions? interacts via a gauge
boson with another particle, then it can be extracted from the photon, with
the photon getting resolved and revealing its structure.

In the framework of QED, the photon is coupled to charged fermions,
which either means leptons, [, with [ = e, u, 7, or quarks. The case of lepton
pair production can be calculated in QED. Quark pair production is more com-
plex, since there are more kinds of possible fluctuations, and QCD corrections
have to be taken into account. In leading order the photon can take part in a
reaction in three ways:

e The photon can interact directly, as shown in Figure 1.1 (a), and it does
not reveal a structure. In these cases the photon is called a direct or bare
photon.

e The photon can fluctuate into a leptonic or hadronic state in a way that
is perturbatively calculable — shown in Figure 1.1 (b) —, in which case it
is called the point-like or anomalous photon.

e The photon can fluctuate into a hadronic state that has the same quan-
tum numbers as the photon (JF¢ = 177) — shown in Figure 1.1 (c) -, in
which case it is called the hadron-like or hadronic photon. The photon
behaves like a hadron, and the hadron-like part of the hadronic pho-
ton structure function can successfully be described by the vector meson
dominance model (VMD), considering the low mass vector mesons p, w,
¢ and J/U.

The fact that the photon can either interact directly or in a resolved
manner adds another duality to the nature of the photon, and makes it a very
interesting particle to investigate.

2Fermions and anti-fermions are not distinguished in this thesis. For instance electrons
and positrons will be referred to uniformly as electrons.
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Figure 1.2: Types of photon—photon interactions. Direct (a); Single
resolved: VMD x direct (b), anomalous x direct (c); Double resolved:
VMD x VMD (d), anomalous x anomalous (e), VMD x anomalous (f).

1.2 Photon—photon interactions

The photon—photon reactions are usually classified based on the kind of objects
that take part in the hard/primary interaction. This kind of classification can
be seen in Figure 1.2, showing the following classes of interactions:

e In Figure 1.2 (a) the two photons interact directly through a virtual
fermion?3. Such interactions are called direct interactions.

e Figure 1.2 (b) and (c) show one of the photons fluctuating into an anoma-
lous or hadronic state and interacting with the other photon through a
virtual fermion. These are called single resolved interactions.

e In Figure 1.2 (d), (e) and (f) both photons take part in the interaction in a
resolved state. These interactions are called double resolved interactions.

In theoretical calculations these cases have to be handled separately. It
is possible to separate the contributions of the different types of processes in
certain types of final states, which makes it possible to study the theory’s
description of a certain interaction channel more precisely.

3 A particle is called virtual, if its properties fulfil E? — 52 # m?.
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Figure 1.3: Schematic view of photon—photon interactions at LEP.

1.3 Interaction kinematics

At the LEP ring, photon—photon interactions could be studied in the following
process:
efe” —mefe vy mefe X, (1.3)
where the electrons each emit a virtual photon, which produce an X final
state, while the electrons leave the interaction without being annihilated. A
schematic view of this process can be seen in Figure 1.3

The spectrum of the photons which possess the y fraction of the electron

beam energy, can be calculated using the Equivalent Photon Approximation
(EPA) [2]:

N2 2
£y, @) = 2em [1H (1 =y) —Qmey], (1.4)

- 2mQ? y Q?
where aen is the electromagnetic coupling constant, m. is the mass of the
electron, and Q? = E? — p? is the virtuality of the photon. The integrated
form of this formula — known as the Weizsécker-Williams formula [3,4]| — can

give the fraction of photons in a [Q2. , Q2 ..] interval:

Qem 1+ 1- 2 1211)(
fW/e(y’ 12nin7Qr2nax): - ( y) log( 2a >_

2 Y min

1 1

2

2mey<Q2' — =5 >
min max

The kinematics of the ~+ process [1] for our purposes at a given ,/See =
FEcm centre of mass energy is described by the negative square of the four-

(1.5)
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momenta carried by the photons (i = 1,2), Q7 = —¢?, and the invariant
mass of the hadronic final state, W2 = s,, = (q1 + ¢2)?. Particles in high
energy physics are described by their four-momenta, which for a particle with
a momentum of p'= (pg, py,p-) and energy E, is written as:

qo -k

Nz Pe (1.6)
q2 Dy

q3 Dz

1.4 Hadron showers

The hard processes in high-energy reactions often lead to the production of
quarks and gluons (partons). At high energies the strong coupling constant
becomes small, allowing the partons to interact directly. Because of the small
value of the coupling constant, these interactions can be handled using pertur-
bative calculations.

However as the produced partons are leaving each other and the distance
between them grows, the coupling constant increases. At a certain distance it
becomes large enough to produce dozens of new partons. Finally these quarks
and gluons form “colourless” hadrons which we can observe. This last step of
the interaction — called hadronisation or fragmentation — results in collimated
hadron showers called jets.

The hadronisation process cannot be calculated analytically, as pertur-
bative calculations can not be performed for large coupling constants. It can
only be simulated using certain types of models. These models, however, can
only be tested together with the model describing the hard process between
the interacting partons, which makes their validation non-trivial.
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CHAPTER 2
LEP and OPAL

In this chapter I describe the Large Electron Positron accelerator ring and
one of its experiments, the OPAL detector.

2.1 The Large Electron Positron collider

The Large Electron Positron collider (LEP) was an ete™ storage ring built
at CERN, in Geneva, Switzerland. It had a circumference of 27 km and was
located underground at depths of approximately 100 m. It started operation
in 1989 and until 1995 was used to collide electron and positron beams at a
centre of mass energy close to the Z° mass (at about 90 GeV). This period is
now called LEP1. LEP2 running started in 1996 with the gradual increase of
the centre of mass energy of the electron beams from 161 GeV to 209 GeV by
the end of 2000.

LEP was designed for precision measurements of the Standard Model
quantities and for searches for New Physics'. Two-photon physics became
important in the LEP2 running, as at these high energies large statistics could
be collected from photon—photon events.

The layout of the CERN accelerator complex that provided LEP with

electron and positron beams can be seen in Figure 2.1.

2.1.1 Electron and positron beams at LEP

LEP relied on the pre-existing Proton Synchrotron (PS) and Super Proton
Synchrotron (SPS) rings to pre-accelerate the electron and positron beams
before they were injected in the LEP ring for the final step of the acceleration.
The electron and positron beams were generated in the following way:

!The thesis refers to physics not covered by the Standard Model of Particle Physics, as
New Physics.
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Figure 2.1: Schematic view of the CERN accelerator complex servicing
LEP. (Status of 1996.) Description of the individual parts can be found in
Section 2.1.1.

1. an electron gun was used to create bunches of electrons at a rate of about
100 Hz;

2. the electrons were accelerated to 600 MeV in the LEP Injector Linac
(LIL). Some electron bunches were used to produce positrons via Brems-
strahlung and pair production on a fixed target. The positrons were then
also accelerated to 600 MeV using LIL;

3. the Electron Positron Accumulator (EPA) was used to collect the elec-
trons and positrons into 4 or more bunches;

4. from EPA, the electrons and positrons were injected into the PS and
accelerated to 3.5 GeV;
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5. the bunches were then fed into the SPS where the final pre-acceleration
of the electrons and positrons took place, accelerating the bunches to
20 GeV;

6. finally the beams were injected into the LEP ring where they were accel-
erated to the desired energy (45 — 104 GeV), and brought to collision at
the centre of the 4 main experiments.

It took about 15 — 30 minutes to fill LEP with ~ 5x 10 electrons and positrons,
repeating this sequence. A fill lasted for about 15 hours in LEP1 and 4 — 5 hours
in LEP2 before the luminosity of the beam decreased to the point that the ring
had to be filled up again.

2.1.2 Beam luminosity

The beam luminosity is defined as

. N1-Nony: frev
A
where Njpo are the number of electrons in the colliding bunches, ny is the

number of bunches, fie, is the revolution frequency, and A is the interaction
cross section of the colliding beams.

L (2.1)

The luminosity received by the experiments was measured by counting
low-angle Bhabha scattering events. These are events where the electron and
positron scatter elastically into the detector and are characterised by two high
energy back-to-back electromagnetic clusters with no other recorded activity in
the detector. The cross section of this process (0Bhabna) is very well known [5,6]
and is large at small polar angles, so the simple formula of

N
L — Bhabha (2‘2)

OBhabha

could be used to calculate the recorded luminosity with a very good precision.

2.2 Omni Purpose Apparatus for LEP

OPAL |7] was one of the four detectors built for the LEP accelerator. It was
a general purpose detector designed to study a wide variety of interactions
occurring in ete™ collisions. It was first used in 1989, and with some upgrades
it was in operation until the closure of LEP at the end of 2000.

A cut away diagram showing the components of OPAL can be seen in
Figure 2.2. The main types of sub-detectors were:
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Figure 2.2: Cut away diagram showing the components of OPAL.

e Vertex and tracking detectors to record the tracks of charged particles in
the central region, provide dE/dz information on the tracks for particle
identification and reconstruct primary and secondary vertices of an event.

e Electromagnetic calorimeter for the energy measurement of electrons and
photons.

e Hadronic calorimeter for the energy measurement of hadrons.
e Muon detectors for the identification and reconstruction of muon tracks.

e Forward detectors used mainly as luminosity monitors and for the detec-
tion of scattered electrons from non-elastic scattering events.

The thesis uses the standard OPAL coordinate system, which is a right-
handed coordinate system where the z-axis points in the direction of the e™-
beam and the z-axis points to the centre of the LEP ring. The polar angle
0 and the azimuthal angle ¢ are defined relative to the +z-axis and +z-axis,
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respectively. In cylindrical polar coordinates, the radial coordinate is denoted
r. The transverse momentum is defined as a component of the momentum
perpendicular to the z-axis. The pseudo-rapidity, 7, is defined as

=t (4] o)

Pseudo-rapidity is preferred in particle collider experiments to describe the
polar direction of particles coming from the interactions instead of the polar
angle, 6, as the observed total particle production cross section is flat in 7.
The relation between 6 and n is demonstrated in Figure 2.3.

-4

0 20 40 60 80 100 120 140 160 180
0 [deg]

Figure 2.3: Relation between the polar angle measured from the beam axis,
and the pseudo-rapidity calculated from the polar angle, following Equa-
tion 2.3.

Figure 2.4 shows a cross section view of the detector in planes perpen-
dicular and parallel to the beam axis. The central tracking chambers were
contained inside a solenoid that provided a uniform magnetic field of 0.435 T.
Going from inside out, the solenoidal magnet coil was surrounded by time-
of-flight counters, a lead glass electromagnetic calorimeter with a presampler,
a hadron calorimeter constructed by instrumenting the magnet return yoke
and four layers of outer muon chambers. In the following I give more details
about the detector parts that were actively used in the analysis presented in
Chapter 3.

2.2.1 The tracking detectors

The central tracking system was composed of three main elements: a high reso-
lution vertex detector, a “jet chamber” type drift chamber and the z-chambers.
The chambers are shown in Figures 2.2 and 2.4 together with the other parts of
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Figure 2.4: Cross sections of OPAL parallel and perpendicular to the beam
axis.

the detector. The vertex detector was located between the beam pipe and the
jet chamber. It was used to reconstruct the decay vertices and to improve the
charged track momentum resolution. The jet chamber recorded the charged
particle tracks over almost the entire solid angle and measured their momenta.
The z-chambers were used to obtain a precise measurement on the z coordinate
of the charged tracks, thereby improving on the invariant mass reconstruction
precision. The performances of the various tracking detectors are detailed in
the following.

The vertex detector

Originally the vertex detector was the innermost component of OPAL. It was
a 1 metre long, 470 mm diameter, cylindrical drift chamber surrounding the
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carbon fibre beam pipe. It operated within the common 4 bar central tracking
system pressure vessel. The chamber consisted of an inner layer of 36 cells
with axial wires and an outer layer of 36 small angle stereo cells.

In 1991 a silicon micro-vertex detector was installed in the centre of the
detector, around the 5.35 cm radius beam-pipe. It consisted of two concentric
cylinders with 6.1 and 7.8 cm radius built from silicon microstrip detectors.

The micro-vertex detector provided a position measurement in the r — ¢
plane with ¢ = 5 pum precision and ¢ = 13 um along the z axis. The axial cells
of the vertex detector provided position measurements in the r — ¢ plane with a
precision of ¢ = 50 pum, while maintaining a good multi-hit detection capability
to resolve individual particles within jets. A coarse measurement of the z-
coordinate (along the wires) was possible by measuring the time difference
between the signals on the two ends of the anode wires. This information was
used both in the fast track trigger, and in offline track finding.

The jet chamber

The jet chamber was designed to provide good spatial resolution for jet-like
events, with the possibility of particle identification, within almost the full 47
solid angle. The sensitive volume of the jet chamber was a cylinder with a
length of about 4 m, surrounding the vertex detector. Its inner- and outer
diameters were 0.5 and 3.7 m, respectively. It was subdivided into 24 identical
sectors, each containing a plane with 159 sense wires. The maximum drift
distance varied from 3 c¢cm at the innermost wires to 25 ¢m at the outermost
wires.

159 points could be measured along each track in the 43° < 6 < 137°
range, and at least 8 points could be obtained for a track over a solid angle of
98% of 4. For each point true three-dimensional coordinates (r, ¢, z) could
be measured from the wire position, drift time and the charge division. The
charge division method required the measurement of the integrated charges for
each hit at both ends of the signal wires. The ratio of these charges were used
to determine the z position of the hit, and the sum were used to calculate the
dE/dx energy loss of the particles in the chamber gas for particle identification.

The average spatial resolutions of the jet chamber were o,_4 = 135 um
and o, = 6 cm at a mean drift distance of 7 cm.

The z-chambers

The z-chambers were arranged as a barrel around the jet chamber. They
covered the polar angle from 44° to 136° and 94% of the azimuthal angle. They
provided precise measurements of the z coordinates of the charged particles as
they left the jet chamber. This resulted in an improvement in both the polar
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angle and invariant mass measurements.

They consisted of 24 drift chambers, which were 4 m long, 50 cm wide and
59 mm thick each. The chambers were divided such that the maximum drift
distance was about 25 cm in the z direction. It had an absolute z resolution
of around o, = 300 pym. Its r — ¢ resolution was on the order of 1.5 cm.

Performance

The momentum of charged particles could be reconstructed based on the radius
of their tracks in the magnetic field generated by the central solenoid. If a track
traversed each tracking detector, the relative uncertainty of the momentum
measurement was:

% = \/0.022 + (0.0015 - p[GeV /c])?. (2.4)

This means that the p = 2 GeV/c measured momentum of a charged track had
a 2% uncertainty.

2.2.2 The electromagnetic calorimeter

The electromagnetic calorimeter was used to detect and measure the energies
of electrons and photons ranging from a few tens of MeV to about 100 GeV.
It was a total absorption Cherenkov calorimeter. As shown in Figures 2.2
and 2.4, it was mounted between the coil and the iron yoke of the solenoid
magnet. It consisted of three separate assemblies of lead glass blocks: a barrel
surrounding the magnet coil, and two end-caps. Together they covered 98% of
the solid angle.

As there was about 2X( of material? in front of the calorimeter (mostly
due to the magnet coil and pressure vessel), most electromagnetic showers were
initiated before the lead glass itself. For this reason presampling devices were
installed immediately in front of the lead glass both in the barrel and end-cap
regions to measure the positions and sample energies of these electromagnetic
showers. The presamplers improved both the 7%-photon and electron-hadron
discrimination and the electromagnetic energy resolution. The pulse height
in the presampler was approximately proportional to the number of minimum
ionising particles (pions) entering the device, which itself was proportional to
the energy deposited in the material in front of the presampler. This meant
that the energy resolution could be improved using the information from the
presamplers.

?Radiation length is commonly denoted as Xy in this thesis. Xp is the amount of material
that a charged particle traverses before losing all but 1/e of its total energy in electromagnetic
interactions.
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Barrel electromagnetic calorimeter

The barrel part of the electromagnetic calorimeter consisted of a cylindrical
array of 9440 lead glass blocks of 24.6 X length. It covered the full azimuthal
angle and |cosf| < 0.82. It was instrumented with magnetic field tolerant
phototubes. The longitudinal axes of the lead glass blocks pointed towards the
interaction point in the middle of the detector to minimise the probability of a
single particle to deposit energy in more than one block. However the blocks
were slightly tilted from the perfect pointing geometry to prevent neutral par-
ticles (especially photons) from escaping the calorimeter in the gaps between
the lead glass blocks.

End-cap electromagnetic calorimeter

The end-cap part of the electromagnetic calorimeter consisted of two “dome-
shaped” arrays, each built from 1132 lead glass blocks. They covered the
full azimuthal angle and 0.81 < |cosf| < 0.98. Here the lead glass blocks
were mounted with their axes coaxial with the beam line, mainly because
of geometrical constraints. The glass blocks were instrumented with special,
single stage multipliers known as vacuum photo triodes (VPTS) that could
operate in the full axial field of the detector magnet.

Performance

The typical energy resolution of the calorimeter, without any additional ma-
terial in front of it, was:

OE 6.3%

— =~ 02% + ——.

E ’ E[GeV]
However adding 2.08 Xy material in front of the detector degraded this resolu-

tion substantially, by about a factor of 2 at 6 GeV. But using the information
from the presamplers, ~50% of this degradation could be recovered.

(2.5)

2.2.3 The hadron calorimeter

The hadron calorimeter was used to measure the energy and rough position of
hadrons leaving the electromagnetic calorimeter and to assist in the identifica-
tion of muons. It used the iron of the magnet return yoke as absorber, as that
provided 4 or more interaction lengths?, X, of absorber material over 97% of
the solid angle.

3The mean free path travelled by a hadron before it enters a non-elastic interaction is
denoted by A.
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The yoke was segmented into multiple layers, with detector planes between
each layer. These formed a cylindrical sampling calorimeter that was about
1 m thick. Its energy resolution was mainly limited by the material in front of
the calorimeter (mostly the material of the electromagnetic calorimeter), and
by the structure of the return yoke itself. It was constructed in three parts:
the barrel, the end-caps and the pole tips.

Barrel and end-cap hadron calorimeter

The barrel consisted of 9 layers of detector chambers, separated by 8 iron
slabs. Its inner and outer radii were 3.39 m and 4.39 m, respectively. The
slabs were 100 mm thick with 25 mm gaps between them. The calorimeter
was closed on both ends by doughnut-shaped end-caps. The end-caps had 8
layers of detector chambers alternating with 7 slabs of iron. The slabs were also
100 mm thick in the end-cap, but were separated by 35 mm gaps. Since there
was a high probability for the hadrons to interact with the detector material
before reaching the hadron calorimeter®, the overall hadronic energy had to
be determined by combining the signals from the electromagnetic and hadron
calorimeters.

Pole tip hadron calorimeter

This part of the detector extended the solid angle coverage of the hadron
calorimeter from |cosf| < 0.91 to 0.99. The gaps between the iron plates —
available for the detectors — were reduced to 10 mm, to minimise the pertur-
bation of the magnetic field. The energy resolution of the central detector was
falling off in this direction. To compensate for this, the number of samplings
was increased to 10.

Performance

The barrel and end-cap parts of the calorimeter had similar energy resolutions.
Their energy resolution for 10 GeV particles was found to be:

OE _ 120%

E " \/E[Gev] (26)

The pole tip calorimeter had slightly better resolution at energies below ap-
proximately 15 GeV (100%/v/E), which deteriorated for higher energies. The
energy resolution of the combined detector varied from 100%/v/E for energies
below 15 GeV to about 140%/vE at 50 GeV.

“The tracking detectors and the electromagnetic calorimeter accounted for ~2.2 \.
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Figure 2.5: The structure of the forward detector.

2.2.4 The forward detectors

The main purpose of the forward (FD) detectors was to measure the luminosity
of LEP by detecting the electrons from small-angle Bhabha scattering, and to
tag electrons from v interactions. They were placed at either ends of the
detector to measure very low angle particles with respect to the beam line.
There were multiple separate parts of the forward detector: the gamma catcher,
drift chambers, fine luminosity monitor counters, the main calorimeter and the
tube chambers. Their layout is shown in Figure 2.5.

It had a clean acceptance for particles from the interaction point between
47 and 120 mrad from the beam line. Its various parts, from which information
was used in the analysis, are described below.

Main calorimeter

The forward calorimeter was composed as a lead-scintillator sandwich with
35 layers, which accounted for about 24 X. Its energy resolution for Bhabha
events was og/E ~ 17%/+/ E[GeV], with its response being linear with energy
and uniform between segments.

Tube chambers

Between the presampler and the main section of the calorimeter, there were
three planes of brass-walled proportional tube chambers. Their main purpose
was to detect the positions of individual showers. The uncertainty of this



22 CHAPTER 2. LEP and OPAL

measurement was mainly limited by the shower fluctuations after traversing
4 X, of material in the presampler, and was about 3 mm.

Drift chambers

Drift chambers were placed in two planes before the main calorimeter to mea-
sure the locations of particles entering the forward detector, with high accuracy.
Their resolution was 300 pum in the drift direction and 1 mm along the sense
wires.

Gamma catcher

The gamma catcher was a ring of lead—scintillator sandwich modules with a
thickness of 7Xy. It could detect electrons or gamma rays with more than
2 GeV energy, giving a veto on background events for the neutrino counting
channel ete™ — Z%, with Z° — vi.

Performance

The energy resolution of the full system, combining the signals of all parts, for
electromagnetic showers, was

oE _ 18%
E  \/E[GeV]

Its hadron energy measurement was much less precise, the combined resolution

was op/E ~ 90%/+/ E[GeV].

(2.7)

2.2.5 The silicon-tungsten calorimeter

The silicon-tungsten (SW) detectors were placed on either ends of the detector,
239 cm from the interaction point, between the beam pipe and the forward
detector. It was installed in 1993 to give an improvement on the luminosity
measurement. They were sampling calorimeters that consisted of 19 layers
of sampling silicon separated by 18 layers of tungsten. They covered the 33-
59 mrad polar angle region in practically the full azimuth angle. Their energy
resolution for electromagnetic showers was op/E ~ 25%/+/E[GeV], and had
a spatial resolution of about 10 pm.

2.2.6 The OPAL trigger system

The OPAL trigger decision was based on the signals of most of the detectors
discussed previously — comprising a “track trigger”, a time-of-flight trigger,
electromagnetic calorimeter, hadron calorimeter and muon triggers. With four
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electron bunches circulating the LEP ring, the bunch-crossing interval was
22 pus. The chamber drift times were up to 8 us and electronics reset times up
to 7 us. They left several microseconds for sophisticated triggering. Since the
readout deadtime of OPAL was about 20 ms per event, the trigger rate had to
be kept below 5 Hz in order to keep losses below 10%.

The OPAL trigger system [8] was implemented in separate parts — the
various sub-detector signals were formed independently and were combined to
give an overall trigger signal by the “central trigger logic” processor. There
were two kinds of sub-detector trigger signals. First, “direct” trigger signals,
such as total observed energy or track multiplicities were created from infor-
mation from a single detector component and had relatively high thresholds
to keep their rates low. To allow lower thresholds for final state particles, the
sub-detectors were divided into 6 and ¢ elements (the “#-¢ matrix”) requiring
spatial coincidences between the components. The full azimuthal range was
covered by 24 bins, and the polar angle by 6 bins. This gave a total of 144 0-¢
bins. The matrix had five “layers” corresponding to the track, time-of-flight,
electromagnetic, hadron and muon triggers.

In the following I describe the triggers that were efficient for selecting the
events analysed in Chapter 3.

The track trigger

The track trigger used information from the 12 axial wires of each sector of
the vertex detector and from three groups of 12 adjacent wires at different
radii of each jet chamber sector. Signals formed by the vertex detector and
jet chamber trigger electronics were combined by the track trigger processor.
It detected the presence of tracks in any bins of the 6-¢ matrix and provided
various track multiplicity signals. In addition, simple counts of the number
of hit wires were provided, and also trigger signals depending on the specific
ionisation of particles were available from the jet chamber electronics.

The track trigger was designed to be flexible, with all parts of the decision
making being programmable. It was possible to run the track trigger with a
required track multiplicity of 2-3 at a sustainable rate. Such a trigger item was
found to be 98.5% efficient for selecting ete™ — u ™~ events.

The electromagnetic calorimeter trigger

The trigger logic for the electromagnetic calorimeter was as follows. Sev-
eral analogue energy sums were provided for different segmentations of the
calorimeter, for instance sums over the total barrel, over each end-cap and
over each of the 144 6-¢ cells. Each energy sum was discriminated at two
thresholds, a “high” and a “low” threshold.
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There were a number of direct trigger inputs sent from the electromagnetic
calorimeter to the central trigger logic. The total energy sum trigger could be
sustained by requiring a total observed energy on the order of 10 GeV in the
electromagnetic calorimeter.

The hadron calorimeter trigger

The hadron calorimeter was divided into 92 bins in the 6-¢ plane. Separate
analogue sums were measured for each of these bins, discriminating them at
three different thresholds. The 92 bins were matched by the trigger electronics
onto the 144 overlapping bins of the 6-¢ matrix, to give input to the combined
triggers.

The hadron calorimeter trigger could also be operated with requiring total
energy sums of around 10 GeV.

Performance

Single particle triggers from only one detector were not possible due to too
high trigger rates, except for the single cluster trigger in the electromagnetic
calorimeters that could be operated with thresholds < 10 GeV. Signals requir-
ing only one hit in a detector layer were running at high rates due to various
backgrounds, but the 6-¢ coincidences between layers had low rates, even for
low calorimeter thresholds, as the coincidences suppressed random noise and
low energy background seen in only one detector layer.

The trigger efficiency for a few physics channels are summarised in Ta-
ble 2.1 [8]. As can be seen, the trigger efficiency for final states with consider-
able activity in the detector was practically 100%.

Physics channel | cos 0] Efficiency [%]
ete” — hadrons < 1.0 100
ete” — utpu~ < 0.95 99.9 £ 0.1
ete™ — 77~ < 0.90 999 £ 0.1
ete” —ete” < 0.85 100
ete™ — vy < 0.90 > 99.9
small angle Bhabha | 0.989 - 0.999 >99.9

Table 2.1: Overall OPAL trigger efficiencies for various standard physics
channels. The efficiencies for each physics channel are relative to the partic-
ular selection cuts of the analysis [8,9].



CHAPTER 3

Inclusive jet production in
photon—photon collisions

tion from photon—photon interactions with theoretical predictions, is a

good way to test our models for the description of the resolved photon,
the perturbative calculation of the hard scatter, and for the hadronisation of
the produced partons.

For this reason, a study measuring this quantity has been published previ-
ously by the OPAL collaboration [10], where the inclusive jet production cross
section was measured for centre of mass energies from 130 to 136 GeV, with a
cone jet finding algorithm, and found to agree well with QCD calculations. Re-
cently the L3 collaboration published a study at higher beam energies [11], that
measured a jet production cross section significantly larger than the prediction
for high pJTet, shown in Figure 3.1.

The aim of the study presented here was to extend the energy range of
the measurement on the inclusive jet production cross section presented in [10]
to 189 — 209 GeV and to a significantly larger integrated luminosity, thereby
covering also the phase space used in [11].

a s shown in Chapter 1, comparing the inclusive jet production cross sec-

3.1 Monte Carlo simulation

All signal and background Monte Carlo samples used for detector corrections
and background determinations were passed through a full simulation of the
OPAL detector [12]. They were analysed using the same reconstruction algo-
rithms as were applied to the data.

The Monte Carlo generator PYTHIA 5.722 [13-15] was used to simulate
the signal processes (photons with low virtuality producing final states with
partons) for the determination of detector corrections, as large samples with full
detector simulation and reconstruction were available. For all other purposes
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Figure 3.1: The inclusive jet production cross section presented by the L3
collaboration in [11].

the more modern PYTHIA 6.221 was used to generate the samples. PYTHIA
is based on leading order QCD matrix elements for massless quarks with the
addition of parton showers and hadronisation.

The following generators were used for the simulation of the six back-
ground processes that contribute significantly after the event selection de-
scribed later in the chapter:

e PYTHIA for Z°/y* — qq and ete™ — WHW—,
e BDK [16-19] for vy — 7777,

HERWIG |20, 21] for deep-inelastic electron-photon scattering (v*7),

KORALZ [22] for Z° — 7777, and

e GRCAF [23] for ete™ — eTe qq

3.2 Event selection

We have studied the inclusive production of jets in collisions of two quasi real
photons at ete™ centre of mass energies, \/See, from 189 to 209 GeV, with a
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total integrated luminosity of 593 pb~! of data collected by the OPAL detector.
For the purpose of this analysis, the difference between the data taken at the
various values of ,/see is small and therefore the distributions for all energies
have been added up. The luminosity-weighted average centre of mass energy
is 198.5 GeV.

At these centre of mass energies, events having a low-pr jet are dominated
by two-photon interactions. This makes the selection of two-photon events
with a jet having p];t < 10 GeV rather easy. However events having jets with
;t > 20 GeV are very strongly dominated by Z°/4* — ¢ processes. For
this reason special care must be taken when selecting two-photon events with
energetic jets.

The event selection was performed in multiple steps. First a pre-selection
was run on the data collected at |/see from 189 to 209 GeV and only the events
passing this selection were processed later on in the analysis. This reduced the
data set for further analysis to a more manageable size.

The final selection of the two-photon events was performed using maxi-
mum likelihood distribution functions trained on Monte Carlo events. Evaluat-
ing a few multi-variate event selection techniques, this selection method proved
to be the most stable, providing much better signal to background ratio than
a simple cut-based event selection.

3.2.1 Event kinematics

The properties of the two interacting photons (i = 1, 2) are described by their
negative squared four-momenta, Q?, and the invariant mass of the photon—
photon system, W. Each Q% is related to the electron scattering angle, 9;,
relative to the beam axis by

N 2 / /
QZZ - _ <p2. —Pi) ~ 2FE;E; (1 — cos 9i> , (3.1)

where p; and p; are the four-momenta of the beam electrons and the scattered
electrons respectively, and F; and E; are their energies. The invariant mass of
the photon—photon system is calculated from the reconstructed hadronic final
state by

) () e

where the summation iterates over all reconstructed hadrons.

To select only the photon—photon interactions where the virtuality of both
photons is small, events with one or both scattered electrons detected (single-
tagged or double-tagged events) are excluded from the analysis. Driven by the
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angular acceptance of the forward (FD) and silicon-tungsten (SW) calorime-
ters, a value of Q% = 4.5 GeV? is used in the analysis as the maximum possible
Q?. The median @Q? resulting from this limit cannot be determined from data,
since the scattered electrons are not tagged, but is predicted by the Monte
Carlo simulations to be of the order of (Q?) = 10~ GeV?2,

3.2.2 Jet reconstruction

In the analysis, a sum over all particles in the event or in a jet means a
sum over two kinds of reconstructed objects: tracks satisfying the quality cuts
detailed below, and all calorimeter clusters, including the ones in the forward
calorimeters.

A track is required to have a minimum transverse momentum of 120 MeV
and at least 20 hits in the central jet chamber. The track’s point of closest
approach to the origin must have a distance of less than 25 cm in z and a
radial distance, dy, of less than 2 cm from the z-axis for low-pp tracks. In
the analysis I have found that to ensure a good momentum measurement for
high-pr tracks having a transverse momentum larger than 5 GeV, I had to
require a dy distance of less than 0.15 cm.

Calorimeter clusters had to pass an energy threshold of 100 MeV in
the barrel section or 250 MeV in the end-cap section of the electromagnetic
calorimeter, 600 MeV for the barrel and end-cap sections of the hadronic
calorimeter, 1 GeV for the FD, and 2 GeV for the SW calorimeters. An
algorithm is applied to avoid the double-counting of particles in the central
tracking system and the calorimeters [10].

The measured hadronic final state for each event consists of all objects
thus defined. Jets are formed from the reconstructed hadronic final state using
the k| jet algorithm [24]. In this algorithm the distance measure between any
pair of objects ,j to be clustered is taken to be

R, .
dij = min (p7.;, p7.;) ( RQJ > , with (3.3)
0
R?j = (Ani;)? + (Adij)*. (3.4)

In the equations pr;, 7; and ¢; are the transverse momentum, pseudo-rapidity
and azimuthal angle of the i-th particle, respectively. Throughout the analysis
we set RZ = 1.0.

d;j is calculated for all object combinations, together with d; = p2T ; values
for all objects. From this combined set, the minimum value, dpin, is selected.
If dmin 1s associated to an 4,j object pair, the two objects are merged into a
new object using the pr recombination scheme. In this scheme the properties
of the merged particles are computed as
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Pr = pri+pry, (3.5)

q = pT,iUi;:pT,jnj’ (3.6)
T

¢/ — pT,Z¢Zp/ pT,]¢] . (37)
T

If dmin is associated to a single object ¢, the object is added to the list of jets
and removed from the clustering list.

3.2.3 Pre-selection

As a first step of the event selection, all data and Monte Carlo samples were
pre-selected with the conditions explained in this section. The preselection
criteria were as follows.

1. Using the k, jet algorithm, the event had to contain at least one recon-
structed jet with pseudo-rapidity |®| < 1.5 and a transverse momentum
of pif* > 5 GeV.

2. The total energy deposited in the electromagnetic and hadronic calorime-
ters had to be less than 80 GeV. This cut removes most of the hadronic
ZY decays, including events with a radiative return to the Z° peak.

3. To remove events with scattered electrons in the FD and SW calorime-
ters, the total energy sum measured in the FD calorimeter had to be less
than 55 GeV, and the total energy sum measured in the SW calorimeter
had to be less than 40 GeV.

4. To reduce the background due to beam-gas interactions, the z position of
the primary vertex was required to satisfy |z| < 5 cm and the net charge,
Qe1, of the event — calculated from adding the charges of all reconstructed
tracks — was required to be |Qq| < 5.

5. The radial distance of the primary vertex from the beam axis had to be
less than 3 cm to remove events originating from interactions between
beam electrons and the beam-pipe.

In comparing the pre-selected events to Monte Carlo simulations, the sig-
nal Monte Carlo generator PYTHIA 5.722 underestimates the normalisation
of the cross section by about 50%, and is scaled up accordingly. A similar
deficiency was also observed in a previous study on di-jets [25]. Furthermore
previous studies have shown that the prediction of Monte Carlo generators for



30 CHAPTER 3. Inclusive jet production in photon—photon collisions

10 (e
[ ] MCsignal

MC ZIy* - qq
XYY MC y*y
R
([T
=
FEE

Jets

2 e OPAL

MCZ - 1T
MCyy - WW
MCyy - e'eqq
MCvyy - 1T

10 4; :------HHHHHH \A\

=
(@]
N
A

Figure 3.2: The p’{ft spectrum for all reconstructed jets with || < 1.5
after pre-selection. The signal MC and the contribution of the ~*v have
been scaled up as described in section 3.2.3.

jet events in photon—photon collisions, where one of the photons is strongly
virtual, is too low by a factor of two [26,27]. The prediction of the contribu-
tion from ~*~v events has been scaled up accordingly, resulting in an adequate
description of all quantities used in the analysis.

Events passing these pre-selection requirements were written out into
event files much smaller than the original samples, making further process-
ing of the data more simple. As it is demonstrated in Figure 3.2, the {ft
spectrum after this pre-selection is dominated by background at high—pj{ft. To
suppress these backgrounds, an advanced event selection algorithm must be
used.

3.2.4 Comparison of event selection methods

The method for selecting photon—photon interaction events had to be cho-
sen early on in the analysis process. Three different kinds of event selection
techniques were evaluated: selecting events by imposing simple cuts on event
quantities; selecting events using an artificial neural network; and selecting
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events using maximum likelihood distribution functions.

These event selection techniques require very different, long optimisation
procedures. Because of this, the analysis was not completed using all of them,
which would have provided a very good comparison of the overall usability of
the event selection techniques. Instead the selection method was chosen based
on the signal purity and selection efficiency they could provide with a simple
optimisation of the technique. The event selection efficiency is defined as

N,
efficiency = —L (3.8)
N; total
where Ng and Nyt mean the number of selected and total simulated Monte
Carlo signal events. I define the signal purity as

Nsig

purity = ————,
N, sig + N bkgs

(3.9)
where Ngg and Npkes note the number of signal and background events re-
maining after the event selection, calculated from Monte Carlo.

I used the artificial neural network implemented in the NETTRA and
NETGEN packages [28], which are based on the JETNET3 package [29]. These
packages are written in FORTRAN, and were used mainly by the “b tagging”
group of OPAL — the group responsible for identifying jets coming from the
hadronisation of a b quark. To select events using maximum likelihood distri-
bution functions, I used the software package detailed in the next section.

I will not give thorough details about the setup of the various event se-
lection techniques here, just note that they were used with little optimisation
for the comparison. This means that in the comparison I did not use the fi-
nal optimisation of the selection presented in the next section. The results
from the comparison can be seen in Figure 3.3. As can be seen, the likelihood
based event selection method (Figure 3.3 (c)) provides by far the best signal
purity, but with relatively low event selection efficiency. Raising the selection
efficiency of this method to the level of the other two methods, still produced
higher signal purities compared to them. For this reason, I made the decision of
using maximum likelihood distribution functions for selecting photon—photon
interaction events.

3.2.5 Selection using maximum likelihood distribution functions

The final event selection is based on maximum likelihood functions as imple-
mented in the PC package [30] of the OPAL offline reconstruction software. It
uses the Projection and Correlation Approximation (PCA) method to try to
classify the events. As with most Multi-Variate Analysis (MVA) techniques,
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Figure 3.3: Comparison of different event selection methods. The efficien-
cies and purities of a cut-based (a), artificial neural network based (b), and
maximum likelihood based (c) selection are shown as a function of p’{ft

one has to be careful when choosing the reconstructed variables that the se-
lection algorithm can use in the classification, as providing the algorithm with
too many, or too correlated parameters can result in a loss in selection effi-
ciency/purity.

The selection algorithm requires hard limits on the values a variable can
take. If in an event one of the selection variables lies outside of these limits,
the event is automatically considered to be a background event.
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The likelihood selection code implemented in the PC package is able to
measure how well a given property of the event can differentiate between the
event being signal or background. The code is also able to measure the correla-
tion of the input variables during its training, and takes these correlations into
account in the event selection. The impact of wrongly determining the corre-
lations from the Monte Carlo samples was evaluated by artificially changing
the correlation constants in the event selection, and was found to be negligible
on the final results. The evaluation of a large number of selection variables
resulted in the following seven being used by the likelihood function:

1. The visible invariant mass measured in the electromagnetic calorimeter

only, Wrcar (in the range [0-80] GeV);

2. The visible invariant mass calculated from the entire hadronic final state,
Wiee (in the range [0-120] GeV);

3. The number of tracks (in the range [6-70]);

4. The sum of all energy deposits in the electromagnetic calorimeter, Frcar
(in the range [0-80] GeV);

5. The sum of all energy deposits in the hadronic calorimeter, Frcar (in
the range [0.1-55] GeV);

6. The missing transverse momentum of the event calculated from the mea-
sured hadronic final state (in the range from zero to \/See/2);

7. To improve the rejection of background coming from hadronic Z° decays,
an invariant mass, Mjig9, is calculated from the jet with highest plq‘ft in
the event and the four-vector sum of all hadronic final state objects in
the hemisphere opposite to the direction defined by this jet (considered
in the range [0.1-100] GeV).

Figure 3.4 shows four examples of the distributions of the parameters
used in the likelihood selection. The parameter space of the events was split
into two parts for the event selection. The events were categorised into two
groups depending on whether the jet with the highest energy in the event had
a p)' larger or smaller than 30 GeV. The region of high pf’, where most of
the discrepancy with Next to Leading Order (NLO) QCD is observed in [11],
is strongly affected by background from 79 /~* — qq which is not important
at lower pJTet A separate optimisation of the selection is hence necessary to
maximise the reach of the analysis in pjft

The output of the likelihood functions for the data and all simulated
processes is shown in Figure 3.5. The cuts on the likelihood outputs are chosen
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Figure 3.4: Example inputs to the likelihood functions: (a) the number
of tracks in the event; (b) the total energy sum deposited in the ECAL; (c)
the invariant mass reconstructed from the hadronic final state; and (d) the
distribution of the Mjiys variable. The signal MC and the contribution of
the v*~ have been scaled up as described in section 3.2.3.

tobe LH > 0.26 and 0.98 for the low and high plq(ft region, respectively, as these
cuts provided the best signal to background ratio with acceptable efficiency.
Applying this cut in the low p];t region reduces the background by 91% while
reducing the signal by 27%. Applying the cut in the high plq(ft region reduces
the background by 99.5% while reducing the signal by 71%.

The pr'{ft distribution after the full event selection is shown in Figure 3.6.

The dominant background at low pr'{ft is due to v*v events, while for high pJTet
the background is dominated by Z%/y* — qq events.

As presented, the analysis uses strict cuts, requiring events to contain
multiple high-pt tracks. It has been shown previously that in this kinematical
region the efficiency of the OPAL trigger is close to 100% [10] and thus the
trigger was assumed to be fully efficient to select the events for the analysis.



3.2. Event selection 35

& lll|lll|lll|lll|lll£ :lll|lll|lll|lll|lll
§ 10 @ e OPAL § ) [ ] MCsignal
m 19 103 L2 MCZi - qq
Y MC y*y
XXH other bckg.
102
2 8
10

7 .L 1 L
1 0 02 04 06 08 1
Likelihood output (pl* <30 GeV) Likelihood output (pi* >30 GeV)

Figure 3.5: Outputs of the likelihood functions. Plots (a) and (b) show

the output of the likelihood functions for events with pi* < 30 GeV and
{ft > 30 GeV, respectively. The signal MC and the contribution of ~*~

have been scaled up as described in section 3.2.3.
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Figure 3.6: Number of jets in each p‘{ft bin after the full event selection.
The signal MC and the contribution of v*~ have been scaled up as described
in section 3.2.3.
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3.3 Uncertainties and corrections

3.3.1 Systematic uncertainties

Besides having uncertainties in the cross section measurement from finite statis-
tics, there are a number of effects responsible for adding systematic uncertain-
ties to the results. The various uncertainties are calculated separately for each
bin of the plq(ft spectrum, then added up in quadrature to calculate the total
systematic uncertainty. The values for each bin were averaged with results
from its two neighbours (single neighbour for endpoints) to reduce the effect
of bin-to-bin fluctuations. The sources of systematic uncertainties considered
are given below.

e The absolute energy scale of the electromagnetic calorimeter is known
to about 3% [31] for the jet energy range in this analysis. To estimate
the influence of this uncertainty, the energy scale of the data is varied by
this amount, and the analysis is repeated.

e To assess the uncertainty associated with the subtraction of background
events, all backgrounds — except for v*y — have been varied by 10%.
The prediction of the contribution from ~*~ events has been scaled up
by a factor of two, as described earlier. By comparing the Monte Carlo
predictions to the data in regions where this background dominates, we
concluded that this scaling factor cannot be varied by more than about
30% while keeping a good description of the data. The scaling factor
is varied accordingly. The resulting uncertainty is dominated by the
distributions from the v*y and Z°/4* — qq backgrounds.

e To test the event selection’s dependence on the simulation of the signal,
the signal Monte Carlo has been re-weighted to have a plqgt—slope in which
it significantly either over- or underestimates the data at high p]{ft and
the analysis is repeated.

e The dependence on the event selection algorithm’s configuration is tested
by changing the cut on the likelihood output value down to LH > 0.23
and up to 0.29 for the low plq(ft region, and down to 0.88 for the high
pj{ft region. Such +10% variations are considered to give a conservative
estimation on the uncertainty introduced by the selection procedure.

e The uncertainty on the determination of the integrated luminosity is
much less than 1%, and is neglected.

The results for the uncertainties for each bin can be found in Table 3.1.
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P ECAL Backg. Cut Signal | Total
[GeV | energy [%] | subtr. [%] | selection [%] | rew. [%] | [%]
5.0 - 75 3.2 4.4 0.1 2.6 6.0
75 — 10.0 3.5 4.6 0.2 2.2 6.2
10.0 - 15.0 3.6 5.3 0.8 14 6.6
15.0 - 20.0 3.7 6.2 1.7 3.1 8.0
20.0 - 30.0 9.1 7.7 3.7 4.0 13.2
30.0 — 40.0 12.2 8.6 4.7 5.0 16.5

Table 3.1: Systematic uncertainties on the inclusive jet cross section in the
individual pX* bins.

3.3.2 Multiple parton interactions and hadronisation corrections

The NLO calculations do not take into account the possibility of an under-
lying event', which leads to an increased energy flow between the electrons
taking part in the process, and therefore to a larger cross section above any
given threshold in the jet transverse momentum. Any interaction other than
the hard process, is referred to as wunderlying event. This includes initial-
and final state radiation, and any interactions between the outgoing particles.
PYTHIA 6.221 has been used to study the effect of either considering (default)
or leaving out multiple interactions for the signal Monte Carlo. In PYTHIA
the underlying event is modelled by multiple parton interactions (MIA). At
the lowest transverse momenta considered the signal Monte Carlo cross sec-
tion increases by up to 20% when including MIA. This effect reduces to less
than 10% for transverse momenta larger than 7 GeV.

The measured inclusive jet cross section will be compared to NLO QCD
calculations which describe jet cross sections for partons, while the experimen-
tal cross section is presented for hadrons. There is as yet no rigourous way to
use the Monte Carlo generators to correct the partons in the NLO predictions
for this process so that they could be compared to the data, because the par-
tons in the Monte Carlo generators and the partons in the NLO calculations
are defined in different ways. But because the usage of Monte Carlo generators
is the only available option so far, they are used to approximate the size of
this hadronisation correction. The size of the hadronisation corrections have
been estimated using PYTHIA 6.221. At p];t = 5 GeV the correction is about

T denote the interactions between the incoming or outgoing particles not covered by the
hard process as the underlying event.
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15%. The correction decreases with increasing p];t and is below 5% in our

study for p];t > 20 GeV. Disabling MIA in PYTHIA while determining the
hadronisation corrections leads to values of the correction factors within 2% of
those determined with MIA enabled.

3.4 Differential cross section

The inclusive jet cross sections have been measured for the photon—photon
kinematical region of invariant masses of the hadronic final state W > 5 GeV,
and a photon virtuality of Q% < 4.5 GeV2. The results are compared to
predictions of PYTHIA 6.221 and NLO perturbative QCD [32-34].

The NLO cross sections are calculated using the QCD partonic cross sec-
tions in NLO for direct, single- and double-resolved processes, convoluted with
the Weizsacker-Williams effective photon distribution. The hadronisation cor-
rections discussed in section 3.3.2 are applied to the NLO calculation before
it is compared to the data. The GRV-G HO parametrisation of the parton
densities of the photon [35,36] is used with A([‘;))IS = 131 MeV. The renormal-

isation and factorisation scales in the calculation are set equal to ;t. The
cross section calculations were repeated for the kinematic conditions of the
present analysis. The calculations shown below are obtained from [32]. We
have verified that using the independent calculation presented in [33,34| yields
results within 5%, except in the lowest bin in pr'{?t, where it predicts a cross
section about 25% higher. _

Figure 3.7 and Table 3.2 show the cross section as a function of pr'{ft for
| < 1.5. Both PYTHIA 6.221 and the NLO calculation achieve a good
description of the data, with the exception of the lowest bin in pr'{?t, where the
NLO calculation is too low.

In order to be able to compare the results of the analysis with the results
presented by the L3 collaboration in [11]|, the analysis was repeated with the
same kinematic conditions which were used in that analysis. The resulting
cross section is shown in Figure 3.8 and Table 3.3. As can be seen, the cur-
rent analysis finds lower production cross sections at high plq(ft than the L3
study, thus being in good agreement with the NLO and PYTHIA calculations
performed for these kinematic conditions.
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Figure 3.7: Inclusive jet differential cross section, da/dpjTet, for all jets
with [7®*| < 1.5 compared to NLO and PYTHIA 6.221 predictions. The
total of statistical and systematic uncertainties are shown where larger than
the marker size. The band on the NLO shows the uncertainty associated to
the variation of the renormalisation and factorisation scale.

P (P | Background do/dp!

[GeV | [GeV | [%] [pb/GeV |
5.0 - 75 |59 14.9 £ 0.1 (21.7 £ 0.2 £ 1.3)
75— 10.0 |85 193402 | (585+09+36) x10°!
10.0 - 15.0 | 11.8 225+ 04 (143 £ 0.3 £0.9) x107!
15.0 - 20.0|16.9 289 £ 0.9 (31.8 £ 1.9 £2.6) x1072
20.0 - 30.0 | 235 471+ 1.6 | (70.3 £10.2 £+ 9.3) x1073
30.0 — 40.0 | 33.0 57.1 £+ 3.2 (15.7 £4.7 £26) x1073

Table 3.2: Background fraction and inclusive jet cross section for [P®t| < 1.5
as a function of pi*. For the cross section values the first uncertainty is sta-
tistical, the second is systematic. The uncertainty given for the background
fraction is statistical only.
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Figure 3.8: Inclusive jet differential cross section, da/dpjTet, for all jets
with [7®*| < 1.0 compared to NLO and PYTHIA 6.221 predictions. The
total of statistical and systematic uncertainties are shown where larger than
the marker size. The band on the NLO shows the uncertainty associated to
the variation of the renormalisation and factorisation scale.

P (P | Background do/dpls’

[GeV ] [GeV | [%] [pb/GeV |

50 - 75 |59 13.8 £ 0.1 | (15.3 &£ 0.1 £0.9)
75 — 10.0 |85 1744+ 0.3 | (415 £0.8 £24) x107!
100 - 15.0 | 11.8 21.6 £ 0.4 | (10.3 £ 0.3 &£ 0.6) x107*
15.0 - 20.0|16.9 28.8 4+ 0.9 | (341 4+ 1.6+ 1.6) x1072
20.0 - 30.0 | 23.3 476 £ 1.8 | (55.0 £ 8.4 4+ 6.2) x1073
30.0 - 40.0 | 33.0 57.0 £3.6 | (145 £ 4.5 £2.0) x1073

Table 3.3: Background fraction and inclusive jet cross section for |n®t| < 1.0
as a function of pi*. For the cross section values the first uncertainty is sta-
tistical, the second is systematic. The uncertainty given for the background
fraction is statistical only.
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CHAPTER 4
Rare B-decays at the LHC

because of the large hadronic cross section for b quark production at the

14 TeV centre of mass energy delivered by the machine, and the high
luminosity. (£ = 103 cm~2s~! is the goal for the first years of data-taking.)
About one collision in every hundred is expected to produce a bb pair.

B-physics at ATLAS is going to rely heavily on the inclusive muon trigger
described in Section 6.3.3. The selection of B-physics events by the trigger
will start from a low-energy lepton detected by the Level-1 trigger, with High
Level Trigger (HLT) algorithms searching for complex final states. Using this
inclusive selection at Level-1, about 25% of the events triggered by the Level-1
muon trigger will contain b quarks. (As will be demonstrated in Figure 7.6.)

Even though the main focus of the ATLAS physics programme is the
search for and study of physics beyond the Standard Model, through the ob-
servation of the decays of new particles, precision B-physics measurements will
also be able to complement these searches, as shown in this chapter.

T he expected rate of B-hadron production will be enormous at the LHC,

4.1 B-meson production at the LHC

ATLAS is going to be sensitive to B-hadrons produced with transverse mo-
menta larger than ~ 20 GeV, which enables the usage of perturbative QCD to
describe the b quark production. A calculation of the production cross section
of heavy quarks as a function of the transverse momenta of the quarks [37]
shows that in this kinematic region the effects of the b quark’s mass can be
neglected. (See Figure 4.1.)

The total bb production cross section is calculated to be about 500 ub
at the LHC. The dependence of the b quark pair production cross section on
the centre of mass energy of the colliding proton beams is demonstrated in
Figure 4.2 together with the cross section of a few other processes. As can be
seen, bb production will be one of the most prominent processes at the LHC.
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Figure 4.1: Differential cross section for heavy quark production as a func-

tion of the transverse momentum, p%, of the heavy quark, at the LHC.
(Taken from [37].) The insert shows the charm and bottom production in

the p% < 50 GeV region.

The relatively long lifetime of the b quark allows the formation of B-
hadrons (mostly mesons), whose subsequent decays can be studied. Given the
very large number of bb pairs created by the accelerator, the different B-hadrons
will be produced with very large statistics, allowing precision measurements.

4.2 Rare muonic decays of B-mesons

Certain rare decays of B-hadrons, whose final states can be efficiently triggered
by the Level-1 trigger in ATLAS, provide unique analysis possibilities. Given
the high rate of B-hadron production at the LHC, decays with very small
branching ratios will become observable. The decays most easily studied are
of the type:

Bis — pum (X). (4.1)

Such decays involve flavour-changing neutral currents (FCNC) (see Figure 4.3)
and are strongly suppressed in the Standard Model, with predicted branching
ratios typically in the 107° — 10710 range. For instance for the purely muonic
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Figure 4.2: Cross sections for hard scattering processes, as a function of
the centre of mass energy, v/s. (Taken from [38].)

Figure 4.3: Sample diagrams contributing to the By — pp decay. The
top two diagrams show FCNC processes allowed by the Standard Model,
while the bottom two diagrams show processes allowed by the SM extension
assuming two Higgs doublets.
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By — pp decay, two diagrams — allowed by the Standard Model — contributing
to the decay can be seen in the top of Figure 4.3.

However in many extensions of the Standard Model the branching ratios
can be enhanced by providing more channels for the decays. As examples, the
lower two diagrams in Figure 4.3 show possible decay processes in case of two
Higgs doublets. As a result, any deviation in the branching ratios of these
rare decays from the Standard Model predictions can be a strong indication
for New Physics.
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tt production at the LHC

Fermilab. It is to date the heaviest known elementary particle. Although

more than 10 years have passed since its direct discovery, still it is the
least known of all the quarks and leptons. The large mass of the top quark
of about 172 GeV suggests that it might play a special role in nature. It
behaves differently from all the other quarks because of its large mass, and
corresponding short lifetime. The most notable difference is, that the top
quark decays before it has time to hadronise, passing its spin information
to its decay products. This provides a unique environment for studying the
Standard Model and also to search for New Physics.

The top quark is the @ = 2/3 and T3 = +1/2 member of the weak-
isospin doublet also containing the bottom quark. It is the most recently
discovered elementary particle, although its existence was suggested by the
Standard Model ever since the discovery of the bottom quark in 1977 [41].
Indirect evidence for the existence of this particle became compelling over
the years and constraints on the top quark mass, inferred from electroweak
precision data, pointed to exactly the range where it was finally discovered.
This meant a great success for the Standard Model.

In this chapter I summarise the experimental results obtained from study-
ing the top quark, and describe its properties according to the Standard Model.

The top quark was discovered in 1995 [39,40] at the Tevatron collider at

5.1 The discovery of the top quark

There are two main reasons why quarks should exist in doublets. First, it pro-
vides a natural way to suppress the experimentally not yet observed flavour
changing neutral current (FCNC). Second, the Standard Model of electroweak
interactions can be proven to be renormalisable under the condition that the
sum of the electric charges, @y, of all left handed fermions is zero. The general
proof that gauge theories can be renormalised, however, can only be applied
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if the particular gauge theory is anomaly free'. This requires a delicate can-

cellation between different diagrams, relations which can be easily upset by
anomalies due to fermion loops such as the one shown in Figure 5.1.

Qy ,
ZO ______
ch
Qy !
Figure 5.1: A fermion triangle diagram that could potentially cause an

anomaly.

In general, anomaly freedom is guaranteed if the coefficient

dope = > Tr [X“{Xb,xch} —0, (5.1)

fermions

where \! are the generators of the gauge group under consideration. In the
Standard Model of electroweak interactions, the gauge group SU(2) x U(1) is
generated by the three Pauli matrices, o;, and the hypercharge Y, so = o,
for i = 1,2,3, and M =V = 2(@ — Zf’g) In the specific example shown in
Figure 5.1, one consequence of Equation 5.1 is a relation where each triangle
is proportional to CQQ?, where ()f is the electric charge and cf; is the axial
coupling of the weak neutral current. Thus, for an equal number (N) of lepton
and quark doublets, the total anomaly is proportional to:

d o il (%(0)2 — %(—1)2 + %NC <+§>2 — %Nc (—éy) . (5.2)

Consequently, taking into account the three colours of each quark (N. = 3),
the anomalies cancel. As three lepton doublets were observed many years
ago, while not observing anomalies such as the one shown in Figure 5.1, the
existence of the top quark has been suggested ever since the discovery of the
bottom quark in 1977.

There is a lot of indirect experimental evidence for the existence of the top
quark. Experimental limits on the FCNC decays of the b quark [42,43] such as
b — slT1~ and the absence of large tree level (lowest order) BYBY mixing at the
T(4S) resonance [44-47| rule out the hypothesis of an isosinglet b quark. The
most compelling argument for the existence of the top quark came from the

LA gauge theory might be renormalisable, even if it is not anomaly free. The general
proof of renormalisability, however, cannot be applied if it is not.
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Figure 5.2: Parton model description of a hard scattering process using
the factorisation approach.

wealth of data accumulated at the ete™ colliders LEP and SLC, particularly
the detailed studies of the Zbb vertex near the Z resonance [48].

For a long time direct searches have been conducted at ete™ and hadron
colliders to find the top quark in various reactions. The eTe™ colliders found
no direct evidence of ¢t pair creation, and could only raise the limits on the
top quark mass in such searches. Finally, after a series of publications, the
CDF and D@ experiments published the discovery of the top quark in strong
tt production in [39,40] with a production cross section o4 = 6.5+3 pb at
1.8 TeV centre of mass energy.

5.2 it production by strong interaction

The tt production at high energy pp collisions is described by perturbative
QCD. In this approach, a hard scattering process between the two protons
leads to an interaction between the quarks and gluons that make up the in-
coming protons. The description of the collisions can be separated into a short
distance (hard scattering) partonic cross section for the participating partons
of type i and j, 6%, and into long distance terms which are factored into the
parton longitudinal momentum distribution functions (PDFs), fi(z;, u#). This
separation is called factorisation, and is depicted in Figure 5.2.

The separation is set by the factorisation scale ,u%. The short distance
cross section only involves high momentum transfer and because of this, is
calculable in perturbative QCD. It is insensitive to the physics of low momen-
tum scale. It has to be noted, that when including higher order terms in the
perturbative expansion, the dependence on the arbitrary u% scale gets weaker.
To demonstrate the PDF’s dependence on the u% scale, Figure 5.3 shows an
example parametrisation, obtained by the CTEQ collaboration [49], for two
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Figure 5.3: The quark, anti-quark and gluon momentum densities in the
proton as a function of the longitudinal proton momentum fraction = at
Q? = 20 GeV? (left) and at Q? = m? (right) from the CTEQ6D parametri-
sation [49].

different Q% = p2 scales.

In higher order calculations, infinities such as ultra-violet divergences ap-
pear. These divergences can be removed by a renormalisation procedure, which
introduces another artificial scale, ,u}%. But of course the physical quantities
cannot depend on arbitrary scales such as ,u% or ,u%{. It is usual to use the same
scale, Q% = 2 for both, a convention which is used in the following.

The total top quark pair production cross section for hard scattering pro-
cesses, initiated by a pp collision at a centre of mass energy /s can be calculated
as:

O_tf(\/gv mt) = Z
4,J=4,4,9

X 5-ij—>tt_(p7 m%v Ly, Lyg, as(HQ)a NQ) >

drida; fi(w, 1) fi (x5, p?)
(5.3)

where f;(z;, 4?) and f;(x;,u?) are the PDFs of the two interacting protons.
The summation indices ¢ and j run over all ¢¢, gg, gq and gg pairs, and
p = 4m§/\/§, in which s’ = z;z;s is the effective centre of mass energy
squared for the partonic process. The lowest order parton processes for top
pair creation are shown in Figure 5.4.

As there has to be at least enough energy in the process to produce a tt pair
at rest, s’ > 4m? has to apply. This can be written as z;z; = s'/s > 4m?/s.
Since the probability of finding a parton with momentum fraction = in the
proton falls with increasing x — as demonstrated in Figure 5.3 —, the typical
value of x;z; is near the threshold in ¢¢ production. Setting x; ~ z; = x gives
the following:
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Figure 5.4: Leading order processes for top pair production at hadron
colliders. The Feynman-graphs show the quark annihilation (top) and gluon
fusion (bottom) processes.
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r = %
=0.18 at the TEVATRON in Run II
= 0.025 at the LHC

as the typical value of z for tf production. It is interesting to observe at
this point, that while at the TEVATRON ¢t production happens mainly by
quark-antiquark annihilation, at the LHC ¢t production is vastly dominated
by gluon-gluon fusion. Because of the small x value needed at the LHC, the ¢t
production cross section is expected to be more than a 100 times larger than
that observed at the TEVATRON.

Multiple calculations have been done in the past for the total t¢ pro-
duction cross section at the LHC. ATLAS is using the calculation presented
in [50] as reference, which is predicting a total ¢¢ production cross section of
o = 833752 pb.

5.3 The top quark decay

Because of its large mass, the decay width of the top quark is dominated by
the t — Wb two-body decay channel. If we neglect the terms of order mg Jm2,
a2 and those of order (aym¥,)/(7m?) in the decay amplitude, we can express

the predicted decay amplitude in the Standard Model as [51]:
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Figure 5.5: Diagrams of the three main ¢ decay channels: the all-jets
channel (left), the semi-leptonic channel (middle) and the di-lepton channel

(right).
Grm3 M2,\? M2 205 (272 5

Iy = LML 1—_‘/2[/ 1-1-2—1/2‘/) a5 ) (5.4)
8mv/2 m3 m? 3m \ 3 2

The decay width increases with the top mass, changing for example from
1.02 GeV for my = 160 GeV/c? to 1.56 GeV for m; = 180 GeV/c? (us-
ing as(Mz) = 0.118). The corresponding lifetime of the top quark is ~
0.5 x 1072* s, which means that it decays to a b quark before top-flavoured
hadrons or tf-quarkonium bound states can form [52].

Given that the top quark decays in almost 100% of the time as ¢ — Wb,
the final states of the top pair production process can be divided into three
categories based on the decay of the participating W bosons. The three final
state categories are demonstrated in Figure 5.5, showing the all-jets final state
on the left, the semi-leptonic final state in the middle and the di-lepton final
state on the right.

Because of fermion wuniversality in electroweak interactions®, in lowest
order the W-boson decays 1/3 of the time into a v pair and 2/3 of the time
into a qq pair. The latest measurements on the branching ratios are shown in
Table 5.1.

As a result, the three different final states are observable with the following
relative fractions:

2

o tt — WHbW=b — qq'bq"q"b (45.7%)
o tt — WHbW b — q@bloyb + lybqq'b (43.7%)
o tt — WHbW=b — Ilybl'vyb (10.6%)

2The W-boson can decay to pairs of leptons from all three generations and to pairs
of quarks from the first two generations, each coming from three different colour states.
Therefore, the W-boson can decay to 3+ 2 -3 = 9 different fermion pairs with equal rate,
yielding a branching ratio of 1/9 for each (neglecting the mass differences).
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Decay mode W branching fraction
Born level Measured
Wt —etr, 1/9 10.75 £ 0.13%
Wt — pty, 1/9 10.57 + 0.15%
Wt — 1Ty, 1/9 11.25 4+ 0.20%
W+ — hadrons 6/9 67.60 + 0.27%

Table 5.1: Born level theoretical and best measured branching fractions
[53| of the WT-boson decay. Identical values are measured for the charge
conjugate modes of the W—.
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CHAPTER 6
LHC and ATLAS

precedented possibilities to study the properties of matter at the highest

energies. It is designed to be a “discovery machine”, making it possible
to test many new theories of particle physics, and to look for particles and
phenomena not observed before. Four large independent experiments are built
around the LHC ring: Alice [55,56], LHCb [57], CMS [58] and ATLAS [59].
They will make it possible to reach the full physics potential of the acceleraor
by complementing each other’s capabilities.

In this chapter I will review the accelerator, showing its capabilities. Then
I will describe the largest of the four experiments by size — ATLAS — and show
its projected performance.

The Large Hadron Collider (LHC) [54]| will provide physicists with un-

6.1 The Large Hardon Collider

The LHC was designed to take advantage of the infrastructure already avail-
able at CERN. It uses the tunnel created for the LEP ring, and much of the
accelerator complex built previously. A schematic view of the LHC accelerator
complex is shown in Figure 6.1. As can be seen, the layout is basically the
same as shown in Figure 2.1.

The LHC also relies on other parts of the complex to pre-accelerate and
structure the proton beams before they are injected into the LHC rings for the
final acceleration step to 7 TeV. The beam protons are created in a 90 kV Duo-
plasmatron proton source, first accelerated by a linear accelerator (Linac2) to
50 MeV and injected into the Proton Synchrotron Booster (PSB). The booster
accelerates the protons to 1.4 GeV and injects them in the Proton Synchrotron
(PS). The PS continues to accelerate the proton bunches to 25 GeV before they
are injected in the Super Proton Synchrotron (SPS) ring. The SPS does the
final step of acceleration before the beams get injected into the LHC rings. It
accelerates the proton beams to 450 GeV. The final acceleration step is done
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Figure 6.1: Schematic view of the LHC accelerator complex.

in the LHC rings. It accelerates the proton beams to 7 TeV each, resulting
in interactions for the main experiments at a proton—proton centre of mass
energy of 14 TeV.

Superconducting magnets are needed along the LHC ring to keep the
proton beams in orbit with a 8.33 T peak dipole magnetic field.
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6.1.1 The LHC luminosity

The instantaneous machine luminosity depends on the beam parameters, as
shown already in Equation 2.1. The exploration of rare events requires a large
luminosity from the accelerator, which requires high beam intensities, excellent
focussing and a good beam lifetime. There are a number of effects that limit
the luminosity that can be reached with the LHC.

e Beam—beam [imit: The maximum particle density per bunch is limited
by the nonlinear beam—beam interactions that each particle experiences
when the bunches of the two beams collide with each other at the inter-
action regions.

e Mechanical aperture: The geometrical aperture of the LHC arcs is given
by the beam screen dimensions. The beam screen has a height of ap-
proximately 2 x 17.3 mm and a total width of 2 x 22 mm. Requiring
a minimum aperture of 100 in terms of RMS beam size and assuming
tolerances for linear machine imperfections, magnet alignment and ge-
ometry, implies a peak nominal beam size of 1.2 mm. Combined with
the previous limiting factor, this implies a maximum bunch intensity of
Npuneh (nominal) = 1.15 x 10

e FEnergy stored in the machine: A total nominal beam current of 0.584 A
corresponds to a stored energy of approximately 362 MJ. In addition the
LHC magnet system stores an electromagnetic energy of approximately
600 MJ yielding a total stored energy of more than 1 GJ. The machine
has to be able to absorb this energy safely at the end of each run or in
the case of a malfunction or emergency. This provides additional limits
on the attainable beam energies and intensities.

e Heat load: Although the synchrotron radiation at the LHC is going to be
small compared to an electron storage ring, it still poses a practical limit
on the maximal beam intensities as this radiation has to be absorbed by
the cryogenics system.

o Collective beam instabilities: The interactions of the charged particles in
each beam with each other and with the conducting boundaries of the
vacuum system can result in collective beam instabilities. These effects
are usually proportional to the beam currents, and so limit the maximum
attainable beam intensities.

All these constraints limit the ultimate LHC instantaneous luminosity to
about £ = 10%* cm 2571
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The luminosity of the LHC is not going to be constant over a physics run,
but it will decay due to the degradation of intensities and emittances of the
circulating beams. The luminosity lifetime of the machine is expected to be
7, = 14.9 h. The optimal LHC turn-around time! between two fills is expected
to be about T, = 70 minutes. From the experience with HERA, one expects
a realistic turn-around time on the order of 7 hours [54]. The total integrated
luminosity per year attains a maximum if the run per fill time satisfies the
following equation [54]:

T; T T
In ( ta + run + 1) _ run (61)
TC TC

Assuming a luminosity lifetime of 15 h, the optimum run times are 12 h
and 5.5 h for an average turn-around time of 7 h and 1.2 h respectively. These
give a maximum total luminosity per year between 80 fb~! and 120 fb=!.

6.2 A Toroidal LHC ApparatuS

The high interaction rates, radiation doses, particle multiplicities and energies
at the LHC, together with the requirements for precision measurements, require
new standards in the design of particle detector systems. ATLAS (A Toroidal
LHC ApparatuS) is the larger one of the two general purpose detectors built
for the LHC [59]. In this section I will show the main properties of ATLAS
together with its main physics capabilities.

The most important benchmark to define the performance of each sub-
system of ATLAS has been the need to detect the Standard Model Higgs boson
over a wide range of possible Higgs masses. The detector also aims to be able
to detect a large number of possible new phenomena. These goals set the
following requirements for the LHC detectors in general:

e The detectors require fast, radiation-hard electronics and sensor ele-
ments. In addition, high detector granularity is needed to handle the
particle fluxes and to reduce the influence of overlapping events.

e Large acceptance in pseudorapidity with almost full azimuthal angle cov-
erage is required.?

!This is the time necessary to refill the accelerator with proton beams and start the
collisions, after dumping the previous load.

2The right-handed coordinate system of ATLAS is the following: The beam direction
defines the z-axis and the z-y plane is transverse to the beam direction. The positive x-
axis is defined as pointing from the interaction point to the centre of the LHC ring and the
positive y-axis is defined as pointing upwards. The azimuthal angle ¢ is measured around
the beam axis, and the polar angle 6 is measured from the beam axis. The pseudorapidity
is defined as n = — Intan(6/2).
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e Good charged-particle momentum resolution and reconstruction efficien-
cy is needed in the inner tracker. For the offline tagging of 7-leptons
and b-jets, vertex detectors close to the interaction point are required to
observe secondary vertices.

e Good electromagnetic calorimetry is required for electron and photon
identification and measurements, complemented by a full coverage of
hadron calorimetry for accurate jet and missing transverse energy® (Fr)
measurements.

e Good muon identification and momentum resolution is required up to
the TeV scale, as well as the ability to determine the charge of the muons
even at the highest pr.

e Highly efficient triggering is needed for objects with high transverse mo-
menta, with sufficient background rejection. The trigger has also to
provide acceptable readout rates for most physics processes of interest.

The layout of the ATLAS detector is shown in Figure 6.2. ATLAS uses
a special magnet system comprising four separate magnets, a thin supercon-
ducting solenoid surrounding the inner-detector cavity, and three large super-
conducting toroids — one barrel and two end-caps. The design of the magnets
largely drove the design of the rest of the detector. The performance goals of
the detector are listed in Table 6.1.

6.2.1 The inner detector

The Inner Detector (ID) uses pixel and silicon microstrip (SCT) trackers in
conjunction with a Transition Radiation Tracker (TRT). It is immersed in a
2 T magnetic field generated by the central solenoid, which has a length of
5.3 m and a diameter of 2.5 m.

The precision tracking detectors cover the |n| < 2.5 pseudorapidity region.
They are arranged on concentric cylinders around the beam axis in the barrel
region, while in the end-cap regions they are located on disks perpendicular to
the beam axis. The highest granularity is achieved around the vertex region
using silicon pixel detectors. All of the 1744 pixel sensors are identical and
have a minimum pixel size of 50 x 400 um?2. The intrinsic accuracies in the
barrel are 10 ym (R — ¢) and 115 pm (z), and in the end-caps 10 um (R — ¢)
and 115 ym (R). The intrinsic accuracies of the SCT per module in the barrel
are 17 ym (R — ¢) and 580 pym (z), and in the end-caps 17 ym (R — ¢) and
580 um (R). The TRT only provides R — ¢ information, for which it has an
intrinsic accuracy of 130 pm.

3Fr is defined as the time component of the missing transverse momentum four-vector.
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Figure 6.2: Cut-away view of the ATLAS detector.



Component Required resolution 7 coverage
Reconstruction | Level-1 trigger
Tracking Opy /P = 0.05% pr + 1% +2.5
EM calorimetry op/E =10%/VE + 0.7% +3.2 +2.5
Hadron calorimetry (jets)
barrel and end-cap op/E =50%/VE + 3% +3.2 +3.2
forward op/E =100%/VE +10% | 3.1 <y <49 | 3.1 <|n <4.9
Muon spectrometer opr /T = 10% at py = 1 TeV +2.7 +2.4

Table 6.1: General performance goals of the ATLAS detector. The F and py variables are expressed in GeV, and are
used as dimension-less parameters. Note that for high-pr muons, the muon-spectrometer performance is independent of
the inner-detector system.
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6.2.2 The electromagnetic calorimeter

The electromagnetic (EM) calorimeter is divided into a barrel part (|n| < 1.475)
and two end-cap components (1.375 < |n| < 3.2), each housed in its own
cryostat (See Figure 6.3.). The position of the central solenoid in front of the
EM calorimeter demands optimisation of the material in order to achieve the
desired calorimeter performance. As a consequence, the central solenoid and
the LAr calorimeter share a common vacuum vessel, thereby eliminating two
vacuum walls. The barrel calorimeter consists of two identical half-barrels,
separated by a small gap (4 mm) at z = 0. Each end-cap calorimeter is
mechanically divided into two coaxial wheels: an outer wheel covering the
region 1.375 < |n| < 2.5, and an inner wheel covering the region 2.5 < |n| < 3.2.

The EM calorimeter is a lead — liquid argon detector with accordion-
shaped kapton electrodes and lead absorber plates over its full coverage. The
accordion geometry provides complete ¢ symmetry without azimuthal cracks.
The lead thickness in the absorber plates has been optimised as a function of 7
in terms of EM calorimeter performance and energy resolution. Over the region
devoted to precision physics (|n| < 2.5), the EM calorimeter is segmented into
three longitudinal sections. For the end-cap inner wheel, the calorimeter is
segmented in two longitudinal sections and has a coarser lateral granularity
than for the rest of the acceptance.

In the region of |n| < 1.8, a presampler detector is used to correct for
the energy lost by electrons and photons upstream of the calorimeter. The
presampler consists of an active liquid argon layer with a thickness of 1.1 cm
in the barrel, and 0.5 cm in the end-cap region.

6.2.3 The hadron calorimeter

The hadron calorimeter is built from three completely separate parts: a tile
calorimeter in the barrel region, and two liquid argon end-caps. Their layout
is demonstrated in Figure 6.3. The tile calorimeter is placed directly outside
the EM calorimeter envelope. Its barrel covers the region |n| < 1.0, and its two
extended barrels cover the range 0.8 < |n| < 1.7. It is a sampling calorimeter
using steel as the absorber and scintillating tiles as the active material. The
barrel and extended barrels are divided azimuthally into 64 modules. Radially,
the tile calorimeter extends from an inner radius of 2.28 m to an outer radius
of 4.25 m. It is longitudinally segmented in three layers approximately 1.5, 4.1
and 1.8 interaction lengths (A) thick for the barrel and 1.5, 2.6, and 3.3 X for
the extended barrel. The total detector thickness at the outer edge of the tile-
instrumented region is 9.7 A at n = 0. The tiles are 3 mm thick and the total
thickness of the steel plates in one period (between two scintillating tiles) is
14 mm. Two sides of the scintillating tiles are read out by wavelength shifting
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Figure 6.3: Cut-away view of the ATLAS calorimeter system.

fibres into two separate photomultiplier tubes. In 7, the readout cells built
by grouping fibres into the photomultipliers are pseudo-projective towards the
interaction region — they are not pointing perfectly towards the interaction
point, to minimise the probability of a hadron escaping the calorimeter.

The Hadronic End-cap Calorimeter (HEC) consists of two independent
wheels per end-cap, located directly behind the end-cap electromagnetic cal-
orimeter and sharing the same liquid argon cryostats. To reduce the drop
in material density at the transition between the end-cap and the forward
calorimeter (around |n| = 3.1), the HEC extends out to || = 3.2, thereby
overlapping with the forward calorimeter. Similarly, the HEC 7 range also
slightly overlaps with that of the tile calorimeter (|n| < 1.7) by extending
to |n| = 1.5. Each wheel is built from 32 identical wedge-shaped modules,
assembled with fixtures at the periphery and at the central bore. Each wheel
is divided into two longitudinal segments, for a total of four layers per end-
cap. The wheels closest to the interaction point are built from 25 mm parallel
copper plates, while those further away use 50 mm copper plates (for all wheels
the first plate has a thickness half of the rest). The outer radius of the copper
plates is 2.03 m, while the inner radius is 0.475 m (except in the overlap region
with the forward calorimeter where this radius becomes 0.372 m). The copper
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plates are interleaved with 8.5 mm liquid argon gaps, providing the active
medium for this sampling calorimeter.

6.2.4 The forward calorimeter

The Forward Calorimeter (FCal) is integrated into the end-cap cryostats, as
this provides clear benefits in terms of uniformity of the calorimetric coverage
as well as reduced radiation background levels in the muon spectrometer. In
order to reduce the amount of neutrons reflected on the inner detector cavity,
the front face of the FCal is recessed by about 1.2 m with respect to the EM
calorimeter front face. This severely limits the longitudinal space available for
this calorimeter and therefore calls for a high-density design.

The FCal is approximately 10 interaction lengths deep, and consists of
three modules in each end-cap: The first is made of copper, and is optimised
for electromagnetic measurements. The other two are made of tungsten, and
measure predominantly the energy of hadronic interactions. Each module con-
sists of a metal matrix, with regularly spaced longitudinal channels filled with
the electrode structure consisting of concentric rods and tubes parallel to the
beam axis. The liquid argon in the gap between the rod and the tube is the
sensitive medium. This geometry allows for excellent control of the gaps, which
are as small as 0.25 mm in the first section, in order to avoid problems due to
ion buildup.

6.2.5 The muon spectrometer

Muon detection in ATLAS is based on the deflection of muon tracks in the large
superconducting air-core toroid magnets. In the range |n| < 1.4, the magnetic
bending is provided by the large barrel toroid. For 1.6 < |n| < 2.7, muon
tracks are bent by the two smaller end-cap toroid magnets inserted into both
ends of the barrel toroid. Over the 1.4 < |n| < 1.6 range — usually referred to
as the transition region — magnetic deflection is provided by a combination of
the barrel and end-cap toroid fields. The magnet configuration provides fields
which are mostly orthogonal to the muon trajectories, while minimising the
degradation of resolution due to multiple scattering. The conceptual layout
of the muon spectrometer is shown in Figure 6.4. In the barrel region, tracks
are measured in chambers arranged in three cylindrical layers around the beam
axis; in the transition and end-cap regions, the chambers are installed in planes
perpendicular to the beam, also in three layers.

The two end-cap toroids are inserted in the barrel toroid at each end and
line up with the central solenoid. Each of the three toroids consists of eight
coils assembled radially and symmetrically around the beam axis. The end-
cap toroid coil system is rotated by 22.5° with respect to the barrel toroid coil
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Figure 6.4: Cut-away view of the ATLAS muon system. The picture shows
the location and layout of the various muon detector types.

system in order to provide radial overlap and to optimise the bending power
at the interface between the two coil systems. (Figure 6.5.) The performance
in terms of bending power is characterised by the field integral

/Bél, (6.2)

where B is the field component perpendicular to the muon direction and the in-
tegral is computed along an infinite-momentum muon trajectory (e.g. straight
line originating at the interaction point), between the innermost and outermost
muon-chamber planes. The barrel toroid provides 1.5 to 5.5 Tm of bending
power in the pseudorapidity range 0 < |n| < 1.4, and the end-cap toroids ap-
proximately 1 to 7.5 Tm in the region 1.6 < |n| < 2.7. The bending power is
lower in the transition regions where the two magnets overlap.

Monitored Drift Tubes (MDTS) are used over most of the n-range to mea-
sure the muon track coordinates in the principal bending direction with high
precision. At large pseudorapidities, Cathode Strip Chambers (CSCs, which
are multiwire proportional chambers with cathodes segmented into strips) with
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Figure 6.5: Geometry of the toroid magnet coils, together with the tile
calorimeter steel.

higher granularity are used in the innermost plane over 2 < |n| < 2.7, to with-
stand the demanding rate and background conditions. The stringent require-
ments on the relative alignment of the muon chamber layers are met by the
combination of precise mechanical-assembly techniques and optical alignment
systems both within and between muon chambers.

Dedicated trigger chambers cover the pseudorapidity range |n| < 2.4.
These chambers have a pulse width narrower than the time between two bunch
crossings, and provide fast signals for the trigger decision, but are less accurate
than the precision chambers. Resistive Plate Chambers (RPCs) are used in
the barrel region (|n| < 1.05) and Thin Gap Chambers (TGCs) are used in the
end-caps (1.05 < |n| < 2.4). The purpose of the trigger chambers is actually
threefold:

e Because of their high speed, they provide bunch-crossing identification
for the detected muon tracks;

e They provide pr threshold estimates for the detected muon candidates
to be used by the Level-1 trigger system;

e They measure the muon coordinate in the direction orthogonal to that
determined by the precision tracking chambers.

6.3 The ATLAS trigger system

The ATLAS Trigger and Data Acquisition (commonly called TDAQ) system
has the task of selecting 200 events that are deemed interesting, from the
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Figure 6.6: Block diagram of the ATLAS trigger and data acquisition
systems.

40 million events produced every second by the LHC. The output rate is limited
by the hardware used in the data acquisition, and the storage capacity available
for ATLAS data. It is very important to have an efficient and well understood
trigger system, since 99.9995% of the events will be thrown away by it. In the
following I describe the general features of the ATLAS trigger system, with
special emphasis on the single-muon trigger, as that is the main subject of the
rest of the thesis.

ATLAS uses a three level trigger system. The levels are called: Level-1,
Level-2 and Event-Filter. Each trigger level is designed to refine the decisions
made at the previous level and, where necessary, apply additional selection
criteria. A schematic view of the ATLAS TDAQ system is shown in Figure 6.6.

All the sub-detectors have to store their data for all the collisions in the
last 2.5 us, which is the time needed by the Level-1 trigger to make a decision.
If the event is accepted by the Level-1 trigger, the whole event is read out from
the front-end electronics by the Read Out System (ROS) PCs. At this point
the event is stored in event fragments on 148 separate nodes. The Level-1
trigger provides special, so called Region of Interest (Rol) information to the
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Level-2 trigger, which is transmitted on a dedicated data line.

The Level-2 trigger is guided by the Rol information coming from Lev-
el-1. It only requests information from the parts of the detector that have
been flagged at Level-1 as interesting, and makes a decision based on that
information. If the event is accepted at Level-2, the event is built by a dedicated
farm of computers, and is given to the Event-Filter.

The Event-Filter makes its decision processing information from all the
sub-detectors, and gives the final accept /reject signal. If an event is accepted by
the full trigger chain, it is first stored locally in the surface buildings of ATLAS.
The collected data is then periodically transferred to the CERN computer
centre for further processing.

6.3.1 The Level-1 trigger system

The Level-1 trigger is built using custom-made electronics, as speed is of the
highest importance here. It searches for signatures of high-pt muons, elec-
trons/photons, jets and 7-leptons decaying into hadrons. It also selects events
with large missing transverse energy (¥r) and total transverse energy (L ET).

The Level-1 trigger uses reduced-granularity information from only a sub-
set of the detectors: the RPC and TGC detectors for high-pr muon identifica-
tion, and all the calorimeter sub-systems to search for electromagnetic clusters,
jets, T-leptons, F and total transverse energy. As mentioned already, the
Level-1 trigger system arrives at a decision within 2.5 us of the bunch-crossing
producing the event, with a maximum trigger rate of 75 kHz (upgradable to
100 kHz), which is limited by the readout systems.

Both the Level-1 calorimeter trigger and Level-1 muon trigger count the
number of objects passing some selection criteria, and flag the event if it passed
a certain event-level threshold (in the case of the F'y and ¥ B triggers). These
multiplicities and event level flags are transmitted on dedicated data lines to the
Central Trigger Processor (CTP) for each bunch-crossing. The CTP makes the
overall Level-1 trigger decision based on the received multiplicity information
and event-level flags. The CTP can be programmed to handle a maximum of
256 so called trigger items. A trigger item is a condition which, if fulfilled,
activates the Level-1 trigger.

Level-1 trigger items are identified by a single string that implies what
was required by that item. They have the following form:

Li_ 2 EM15 i

RN

multiplicity; type; threshold; additional modifier
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The trigger item in the example (L1 2EM15i) means that the Level-1 trigger
has to find two isolated electromagnetic clusters that pass a 15 GeV threshold.
The following threshold types can be specified for Level-1 trigger items: muon
(MU); electron/gamma/tau (EM); jet (JT); forward jet (FJ); Br (ME), X Er
(SE) and X E7 from all jets found (JE). Currently the only additional modifier
used in the threshold names is “i”, which means that the found object is ¢solated
— the energy deposits in the calorimeters close to the object are below a certain
threshold. A collection of such Level-1 trigger items is called the Level-1 trigger
menu.

6.3.2 The high level trigger

The Level-2 and Event-Filter triggers are implemented using ordinary PCs, and
together they are called the High Level Trigger (HLT). A functional layout of
the HLT was shown at the top of Figure 6.6. The detector data for every event
accepted at Level-1 is read out by ROS units, where they are temporarily
stored and provided — on request — to the subsequent stages of the DAQ/HLT
System.

As discussed already, the Rol information is sent on dedicated data paths
from the Level-1 sub-systems to the Rol Builder, where they are assembled
into a single data structure and forwarded to one of the Level-2 supervisors
(L2SV). These nodes assign the events for which they received Rols to one of
the Level-2 processing units (L2PUs), and receive the results of the L2PU’s
analysis. The L2PUs make requests for event data using the received Rol
information directly to the ROSs. After an accept or reject signal is returned
to the L2SV, it forwards the decision to the DataFlow Manager (DFM). Also,
in addition to sending the result of its analysis to the L2SV, an L2PU also
sends a summary of its analysis to a Level-2 trigger-specific ROS. (This is
called the Level-2 result data.)

The DFM (as the name suggests) controls the event flow in the experi-
ment. If an event is found not to fulfil any of the Level-2 criteria, the DFM
informs all the ROSs to delete the associated event data from their buffers.
Each event which has been selected by the Level-2 trigger, is assigned by
the DFM to an event-building node (called SFI). The SFI collects the event
data from all the ROSs and builds a single event-data structure from them,
the event. After building an event, the event data belonging to that event is
deleted from the ROS buffers. The full event is then sent to the Event-Filter
for further analysis.

The Event-Filter, in addition to the selection, classifies the selected events
according to a pre-determined set of event streams and the result of this classi-
fication is added to the event structure. Selected events are subsequently sent
to the output nodes (SFOs) of the TDAQ system. Conversely, those events
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Figure 6.7: Functional diagram of a high level trigger chain.

not fulfilling any of the event filter selection criteria are expunged from the
system. The events received by an SFO are stored in its local file system ac-
cording to the classification performed by the event filter. The event files are
subsequently transferred to CERN’s central data-recording facility.

The HLT selection software

The HLT software — both at Level-2 and the Event-Filter — is composed of the
following components (see Figure 6.7):

e Trigger steering is the main software component that receives an event
for processing, and calls the selection algorithms in the order specified
by the trigger configuration.

e Feature extraction (FEX) algorithms reconstruct detected particles
or complex final states, and save the results of their reconstruction for
the subsequent algorithms.

e Hypothesis (Hypo) algorithms take the results of previous FEX al-
gorithms, and perform the actual trigger selection for specific signatures
(e.g. 20 GeV isolated muon). They return true or false depending on
whether the previously reconstructed object(s) fulfilled the selection cri-
teria.

The trigger configuration defines chains of algorithms (trigger chains) for
the HLT that have to be executed in the right sequence to test the fulfilment
of a certain condition. The trigger steering executes all the trigger chains
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one after the other, stopping with the execution of a chain if the event failed
the selection of a hypothesis algorithm. Each trigger chain corresponds to an
HLT trigger item, which is passed if the event passes the selection of all the
hypothesis algorithms in the chain. Trigger items in the High Level Trigger are
named similarly to the Level-1 items, the main difference being that the item
type is written with lowercase letters. For instance the Level-1 item discussed
previously could start the L2 2elbi Level-2 item. The names of the trigger
chains are also written with lowercase letters, and take the form 2e15i for
instance.

6.3.3 The ATLAS single-muon trigger

The muon trigger system of ATLAS is described in [60]. The following is a
short description of the selection performed at the various levels of the muon
trigger.

Level-1

As mentioned in Section 6.2.5, Level-1 muon triggering is done with dedicated
muon trigger chambers: Resistive Plate Chambers (RPCs) in the barrel region
of the detector (|n| < 1.05) and Thin Gap Chambers (TGCs) in the end-cap
regions (1.05 < || < 2.4). Muon candidates are identified and their pr is
estimated based on the deflection of their tracks by the toroid magnetic fields.

A demonstration of the “algorithm” is shown in Figure 6.8. If a hit is found
in the pivot plane of the trigger chambers (RPC2 or TGC3), the trigger logic
opens windows (so called “coincidence windows”) in the neighbouring detector
planes to look for coincident hits. If hits are found within the coincidence
windows, muon candidates are created. Based on the size of the coincidence
window in which the coincident hits are found, a pt estimate is assigned to
the muon candidate.

Dedicated electronics look for muon candidates in 64 barrel, 96 end-cap
and 48 forward sectors*. The candidates are sent to the Muon to CTP Interface
(MuCTPI), that creates the Regions of Interest for the Level-2 trigger from the
received information, and sends the multiplicities of muon candidates passing
the various pr thresholds to the CTP.

Level-2

The Level-2 muon reconstruction is done in multiple steps. First, around each
Rol coming from Level-1, muons are reconstructed by a fast algorithm — muFast

“The TGC detectors in the endcap area of the detector are commonly divided into an
endcap (1.05 < |n| < 1.9) and a forward (1.9 < |n| < 2.4) region by the trigger community.
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Figure 6.8: Layout of the muon trigger chambers and demonstration of
the algorithm used at Level-1 to find muon trigger candidates.

[61] — using information only from the Muon Spectrometer. A hypothesis
algorithm (MufastHypo) is run afterwards, that selects muon candidates with
a pr above a configurable threshold.

Next, the charged tracks are reconstructed in the Inner Detector in a
window around the muon candidate reconstructed by muFast. Finally a match
is searched for between the track reconstructed in the Muon Spectrometer and
the tracks reconstructed in the Inner Detector by the muComb algorithm. A pr
selection is applied by a hypothesis algorithm (MucombHypo) on the combined
muon candidates.

Event-Filter

The Event-Filter muon reconstruction (TrigMoore [62]) is built around the
offline muon reconstruction package Moore/MulD [63]. It provides combined
muon reconstruction in the Inner Detector and the Muon Spectrometer, us-
ing more precise calibration data and algorithms than at Level-2. The re-
constructed muon candidates are selected by a single hypothesis algorithm,
TrigMooreHypo.

I played a major role in writing software for the configuration and testing
of the Level-1 central trigger hardware, and in creating their offline simulations.
This code is now an official part of the ATLAS online and offline software.



CHAPTER 7

Muon triggers for B-physics
in ATLAS

events usually do not produce leptons or jets with high transverse mo-

menta, or an overall large energy deposit in the detector. For this reason
specialised trigger chains are used to select specific B-physics channels. In the
High Level Trigger (HLT) usually complex signatures are searched for, which
include multiple detected objects with low energy.

However in the Level-1 trigger, one cannot use too complicated signatures
to start the before mentioned HLT chains. At initial, low luminosities (103" -
103! ecm~2s71) it will be possible to use low-pt Level-1 single jet, electron and
muon triggers, as the rate of these will be small enough to handle in the Level-2
trigger. However at design luminosities (> 1032 cm™2s71) such triggers would
give too high rates for further processing.

Selecting B-physics events at the LHC will be a non-trivial task. These

For many physics processes no efficient triggering will be possible at nomi-
nal luminosities, but some channels will still be accessible. B-physics processes
with two low-pt muons in their final state may even be selected at Level-1 at
high luminosities, as the di-muon trigger rate at Level-1 can be kept manage-
able even at the highest designed luminosity (103 cm=2s71).

7.1 The Level-1 di-muon triggers

The single-muon trigger of ATLAS is detailed in section 6.3.3. The Level-1
trigger uses dedicated, fast trigger chambers to detect muons. The muon tracks
are bent in the toroidal magnetic field. From the track’s deviation from a
straight line, the transverse momentum of the muon can be estimated.
Triggering on di-muon signatures at Level-1 is complicated by the fact that
the muon trigger sectors overlap with each other to maximise the acceptance
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Figure 7.1: Azimuthal view of the ATLAS barrel muon detector chambers.
The RPC trigger chambers are located in the middle and outer stations of
the muon spectrometer.

of the trigger, so that it would not loose muons escaping between the sectors.
This overlap of the trigger sectors is demonstrated in Figure 7.1 for the barrel
sectors. Under certain azimuthal angles a muon may cross two neighbouring
sectors, resulting in two Level-1 muon candidates being detected by the trigger
electronics.

From purely geometrical considerations, a high-pt muon has a 3% chance
of hitting more than one muon trigger sector if it has an |n| < 2.4. The expected
rate of di-muons coming from b-physics processes with the pt of both muons
larger than 6.0 GeV is about 300 Hz at a luminosity of 103 cm=2s~!. At the
same luminosity the single-muon 6 GeV Level-1 trigger is expected to give a
1020 kHz trigger rate. From these simple considerations it is evident, that if
the fake-double counts are not reduced somehow, they would give comparable
or even larger trigger rates than the events with two real muons.

The muon candidates which are reconstructed by each barrel and end-cap
sector separately, are transmitted to the Muon to Central Trigger Processor
Interface (MuCTPI). The MuCTPI is responsible for collecting the muon can-
didates from all the trigger sectors, and transmitting them to the Region of
Interest Builder (RoIB) and the Data Acquisition system (DAQ). It is also
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Figure 7.2: Schematic diagram of the structure of the MuCTPI.

responsible for calculating the total number of muon candidates passing each
of the six programmable thresholds, taking the overlaps between the trigger
sectors into account, before passing the multiplicities on to the CTP.

The schematic build of the MuCTPI is shown in Figure 7.2. The informa-
tion about the Level-1 muon candidates are collected by the Muon Interface
Octant (MIOCT) boards. There are 8 MIOCT boards for both hemisheres of
the detector, giving 16 in total. These boards are responsible for calculating
the multiplicities of the muon candidates in a given detector octant. One oc-
tant contains 4 barrel (Resistive Plate Chambers, RPC), 6 end-cap (Thin Gap
Chambers, TGC) and 3 forward (TGC) sectors. The schematic layout of the
trigger sectors in one octant is shown in Figure 7.3. The regions of the sectors
which can be taken into account in the overlap handling, are shown in a shade
of grey.

The MIOCT modules are plugged into a single VME crate with a custom
backplane, called the Muon Interface Backplane (MIBAK). The main purpose
of the dedicated backplane is to add up the multiplicities of the Level-1 muon
candidates calculated in the different octants, to give the Level-1 muon multi-
plicity for the full detector.

The Muon Interface to Central Trigger Processor (MICTP) board is used
to transmit this multiplicity information to the Central Trigger Processor
(CTP) for each bunch-crossing. It is also the MICTP board that receives
timing signals from the CTP and the accelerator.
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Figure 7.3: Overlaps handled by the MuCTPI. The figure shows the sche-
matic layout of the sectors handled by a single MIOCT module. The Rols
which are considered in the overlap handling are shown in a shade of grey.

For the events accepted by the CTP, the information about the Level-1

muon candidates is read out through the Muon Interface Read-Out Driver
(MIROD) board. It formats the information about the muon candidates into
two separate ROD fragments to be sent to the Region of Interest Builder
(RoIB) and the data acquisition (DAQ) system.

Since the Level-1 trigger hardware has to be very fast, the overlap reso-

lution has to be done in a simple manner. I will use the notation of Figure 7.3
in the following description. The areas that can be taken into account in the
overlap resolution are hard-coded in the design of the MIOCT boards. These
areas are the following:

e The Rols on the edge between BAOO & BAO1 and BA30 & BA31 can

be in overlap with each other. There is no overlap taken into account
between BA31 and BA0O. (Barrel-barrel overlap.)

e The 8 Rols with the highest n in BA0O1 can be in overlap with the 32 Rols

with the lowest 1 in EC03 and EC04. The 8 Rols with the highest n in
BAOO can be in overlap with the 32 Rols with the lowest 1 in EC02 and
ECO03. The overlaps are similar for BA30 and BA31. (Barrel-end-cap
overlap.)

e The Rols on the edge of the end-cap sectors can be in overlap with the

Rols of the neighbouring end-cap sector. (End-cap—end-cap overlap.)

e Similarly, the Rols on the edge of the forward sectors can be in overlap

with the Rols of the neighbouring forward sectors. (Forward—forward
overlap.)
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A detailed description of the MIOCT board explaining how it can detect
overlapping Level-1 muon candidates is given in [64]. The boards hold multiple
carefully designed look-up tables (LUTs) that hold the Rol combinations that
are considered to be overlapping with each other. The LUTs also store the
pr threshold and charge sign of the muon that is supposed to be considered
to cause double-counting. This information is stored in the LUTs to retain
flexibility, because we can only map the overlapping regions using simulations
at the moment. With the start of data taking our understanding of the overlap
areas might change.

As can be seen from Figure 7.3, all the end-cap and forward sectors over-
lap with their two neighbours. Since the MuCTPI cannot resolve overlaps
between sectors belonging to separate MIOCT boards, the fake double-counts
originating from these regions have to be dealt with by the TGC muon trigger
sub-system. It has been shown that by masking a single strip at the edge
of the overlapping sectors, the fake double-count probability can be reduced
significantly without a noticeable decrease of the trigger efficiency [65].

7.2 Performance of the Level-1 di-muon triggers

In this section I will summarise the work I have done to create optimal look-
up tables for all the 16 MIOCT boards of the MuCTPI, and show the effects
of this optimised overlap handling at the Level-1 muon trigger on some rare
B-decay channels.

7.2.1 Creating the MuCTPI configuration

The probability of a single muon producing a fake Level-1 di-muon trigger is
studied using large samples of single-muon simulations processed by the full
ATLAS detector simulation. The relatively little activity caused by a muon in
the detector enables a reasonably fast full detector simulation of these events,
which makes the production of a few million events relatively simple. A view
of such an event in which both a barrel and an end-cap sector detects a single
muon can be seen in Figure 7.4.

I have used samples of fully simulated single-muon events as detailed in
Table 7.1. T used the full samples available for 6, 7, 10, 12, 15, 21 and 45 GeV
to create the optimised LUTSs for the MuCTPI. This was done by a dedicated
analysis program performing the following sequence:

1. Tt loops over the samples, looking for events where the Level-1 trigger
detected more than one muon. If the multiple muons came from regions
where overlap resolution is possible in the MuCTPI, it saves the sector
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Figure 7.4: View of a simulated event with a single muon having a pr of
6 GeV.

and Rol combination for which the fake double-count happened. The
code counts how many times a given sector-Rol combination occured.

2. After all events have been processed, the combinations which should be
considered in the overlap removal are selected by finding the combination
with the highest probability and accepting all combinations that have a
probability larger than some fraction of the maximal probability.

3. The combinations that are supposed to be considered in the overlap
handling, are written out into a single XML file in a format that follows
the look-up table logic of the MuCTPI hardware.

Step 2 takes care of removing low-probability overlaps from the LUTs
and avoiding overtraining. The resulting XML file can directly be read by
the offline and stand-alone simulations of the MuCTPI hardware — used in
this analysis. The tuning of the LUTs can be done by adjusting the cuts in
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pr [GeV | 2.0 2.5 3.0 3.5 4.0 4.5 5.0 6.0
# of events | 340k | 390k | 130k | 330k | 180k | 290k | 160k | 140k

pr [GeV | 7.0 9.0 | 10.0 | 12.0 | 13.0 | 15.0 | 17.0 | 19.0
# of events | 90k | 190k | 140k | 90k | 180k | 50k | 160k | 150k

pr [GeV | 21.0 | 22.0 | 26.0 | 28.0 | 30.0 | 32.0 | 34.0 | 36.0
# of events | 130k | 40k | 90k | 90k | 90k | 90k | 70k | 90k

pr [GeV | 45.0 | 50.0
# of events | 90k | 80k

Table 7.1: Samples of single-muon simulations used in the analysis.

step 2. By raising these cuts, only the most probable sector-Rol combinations
are kept which increases the di-muon trigger efficiency, but also increases the
fake di-muon trigger rate. Lowering the cut values increases the size of the
LUTs, decreasing the fake di-muon trigger rate, but also possibly decreasing
the trigger efficiency for real di-muon signatures.

The cuts in step 2 were set such that any sector-Rol combination with
an overlap probability larger than 10% of the probability of the most probable
combination of the respective kind (barrel-barrel, barrel-end-cap, etc.) was
retained. Keeping more combinations would have resulted in too large LUTs
that the hardware could not have handled, but as it will be shown in Sec-
tion 7.3, this configuration did not introduce a noticeable effect in the di-muon
trigger efficiency.

7.2.2 Fake di-muon trigger rate from single muons

Using the reference LUTs created by the program described above, the fake di-
muon trigger probabilities were evaluated. I define the fake trigger probability
as follows:

P Number of events with more than one muon detected (7.1)
fake = Number of events with a triggered muon ’

The numbers in the numerator and the denominator correspond to muons
passing the same Level-1 muon trigger threshold. T assign a fake probability
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for each sector overlap type listed in Section 7.1, which means there are 4
different kinds of fake double-counts in my analysis:

e Barrel-Barrel double counts (BB): When a single muon is detected by
two overlapping RPC sectors.

e Barrel-End-cap double counts (BE): When a single muon is detected by
an overlapping RPC-TGC sector pair.

e End-cap-End-cap double counts (EE): When a single muon is detected
by two overlapping “End-cap” TGC sectors.

e Forward-Forward double counts (FF): When a single muon is detected
by two overlapping “Forward” TGC sectors.

Each of these fake double-count types have been evaluated separately.
The analysis used the full single-muon data samples summarised in Table 7.1.
The effect of the MuCTPI’s overlap handling is demonstrated in Figure 7.5 a)
and b). The figures show the Barrel-End-cap fake double count probability
for the six “nominal” di-muon trigger items in case the muon was detected by
the barrel, for muons with transverse momenta between 2 and 50 GeV.

18F Ty Ty T T e~ L1_2MU06
16 a) ATLAS 0.3 b) ATLAS |-m-L1_2MUO0S
- L1_2MU10

14 0.25 L1 _2MU1l
12 L1_2MU20
0.2 -= L1_2MU40

Fake BE double-count prob. [%]
Fake BE double—count prob. [%)]

0.8 0.15
0.6 0.
0.4
0.05
0.2
(b @ (b @S
p, [GeV] p, [GeV]

Figure 7.5: Barrel-End-cap fake di-muon trigger probabilities for various
Level-1 di-muon trigger items without (a) and with (b) using the overlap
handling of the MuCTPI.

As can be seen in Figure 7.5, the fake trigger probabilities are not uniform
in pr. In order to make a good estimation of the rate of these fake triggers,
this pr dependence has to be taken into account. The detailed probabilities for
6 and 20 GeV muons to cause fake di-muon triggers without using the overlap
handling of the MuCTPI, for all available Level-1 muon thresholds can be seen
in Table 7.2.
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‘ pr [GeV] ‘ BB prob. [%] ‘ BE prob. [%] ‘ EE prob. [%] ‘ FF prob. [%] ‘

Fake L1 2MU4 probability

6.0 1.56 = 0.07 1.39 = 0.08 1.00 = 0.07 0.81 £ 0.06

20.0 1.43 = 0.06 0.13 £ 0.02 0.49 £ 0.05 0.55 £ 0.05
Fake L1 2MUSb5 probability

6.0 1.14 + 0.06 1.17 £ 0.07 0.40 £ 0.05 0.56 £ 0.06

20.0 1.43 = 0.06 0.13 £ 0.02 0.49 £ 0.05 0.55 £ 0.05
Fake L1 2MUG6 probability

6.0 1.11 + 0.05 0.97 £ 0.06 0.39 £ 0.04 0.55 £ 0.05

20.0 1.43 + 0.06 0.13 £ 0.02 0.49 £ 0.05 0.55 £ 0.05
Fake L1 2MUS8 probability

6.0 0.87 £ 0.05 0.38 £ 0.06 0.31 £ 0.05 0.58 £ 0.07

20.0 1.33 + 0.06 0.10 £ 0.02 0.42 £ 0.05 0.45 £ 0.05
Fake L1 2MU10 probability

6.0 0.68 £ 0.05 0.12 £ 0.08 0.21 £ 0.09 0.54 £ 0.13

20.0 1.26 + 0.06 0.10 £ 0.02 0.36 £ 0.04 0.36 £ 0.04
Fake L1 2MU11 probability

6.0 0.43 £ 0.21 0.00 £ 0.00 0.32 £ 0.15 0.42 £+ 0.16

20.0 0.86 £ 0.05 0.00 £ 0.00 0.33 £ 0.04 0.32 £ 0.04
Fake L1 2MU20 probability

6.0 0.28 £ 0.28 0.00 £ 0.00 0.48 £ 0.34 0.00 £ 0.00

20.0 0.75 £ 0.05 0.00 £ 0.00 0.24 £ 0.03 0.18 £ 0.03
Fake L1 2MU40 probability

6.0 0.42 £ 0.42 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00

20.0 0.49 £ 0.04 0.00 £ 0.00 0.08 £ 0.03 0.08 £ 0.03

Table 7.2: Probabilities for single muons with transverse momenta 6 and
20 GeV that caused a single muon trigger, to also cause a fake di-muon
signature. (Without using the overlap handling of the MuCTPI.)

Single muon trigger rate calculation

The single muon trigger rates are esimated from the muon trigger efficiencies
calculated using single-muon simulations, and the theoretical cross sections for
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Figure 7.6: Inclusive muon production cross sections at the LHC from
different processes. All cross sections are integrated for the full n coverage
of the ATLAS Level-1 muon detectors. (References to the calculations are
presented in [65].)

inclusive muon production at the LHC. The cross section of inclusive muon
production from different processes at 14 TeV proton—proton collissions for
n < 2.4 are shown in Figure 7.6. As it can be seen from the plot, the largest
contributors to inclusive muon production are the processes involving the cre-
ation of a pion or kaon (which subsequently decay to a muon), a b or a ¢
quark.

All the calculations presented here go up to 50 GeV in muon transverse
momenta. The calculations show that the trigger rates coming from muons
that have a pr larger than 50 GeV are much smaller than the uncerainties in
the cross sections at low-pr — which are responsible for the largest part of the
rates —, and are hence neglected.

Because of fundamental differences in the muon detectors, the muon spec-
trometer has been split into 4 regions for the trigger rate calculations, as these
regions show different trigger efficiency curves. The trigger rates in the 4 7
regions are calculated separately and their contributions are added up. The
single muon trigger rate in one region for a certain trigger item is calculated
using the following formula:
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it
R=1r / oo (pr)e(pr)dpr, (7.2)

p(’}utoff

where L is the instantaneous luminosity of the accelerator, and € is the Lev-

el-1 trigger efficiency. As detailed previously, pé?f is effectively 50 GeV in the
calculations. pﬁ}umf J was chosen to be 2 GeV as the trigger efficiency for muons
below this transverse momentum is practically zero, they do not have enough
energy to reach the muon spectrometer.

Detailed calculations for the single muon trigger rates at all levels of the

ATLAS muon trigger can be found in [65].

Fake di-muon trigger rate calculation

To calculate the fake di-muon trigger rates coming from inclusive muon pro-
duction, a modified version of the code for calculating the single muon trigger
rates was used. The fake di-muon trigger probabilities were calculated in the
same 7 regions used in the trigger rate calculation. Hence these probabilities
can easily be folded into Equation 7.2:

!

Ree = L / ou(pr)e(pT) PrakedpT - (7.3)
p%utoff

In the actual calculations — for the sake of simplicity — the fake di-muon
trigger probabilities have been linearly interpolated for the muon pr values
where no exact measurement was available. The fake Level-1 di-muon trigger
rates coming from different areas of the detector are collected in Table 7.3. Of
course the fake rate increases as we lower the thresholds on the muons, as can
be nicely seen in the table. It is also obvious that the majority of the fake
di-muon triggers with the current optimisation is caused by the barrel muon
detector sectors.

7.3 Level-1 di-muon triggers for B, — u"p ¢
The branching ratios of the rare B decay channels will most easily be deter-

mined from their relative difference from known decays. For the By — pu*u=¢
channel one can use the BT — J/(utp~)K™ channel as reference, using the
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Trigger item | BB rate [Hz| | BE rate [Hz| | EE rate [Hz| | FF rate [Hz| | Total fake rate [Hz]
L1 2MUO04 | 1846.6 £ 119.2 | 271.6 4+ 14.1 | 136.2 £ 24.5 | 69.2 £ 12.3 2323.7 £123.1
L1 2MUO05 243.9 = 13.0 | 203.1 £10.6 | 35.3 £ 10.5 33.3 £ 6.5 515.5 + 20.8
L1 2MU06 1939 £ 124 82.6 £ 7.1 246 £ 6.0 247 £ 47 325.7 £ 16.2

L1 2MUOS8 114.1 £ 9.8 16.1 £ 2.1 9.7+ 3.0 124 + 3.3 152.3 £ 11.0

L1 2MU10 79.2 £ 8.0 49 +£1.2 4.8 £2.2 5.5 £2.0 94.4 £+ 8.6

L1 2MU11 11.7 £ 1.8 0.1 £0.1 3.9 £2.0 45 £ 18 20.1 £ 3.2

L1 2MU20 24+£04 0.1+£0.0 24+19 0.7+ 0.5 9.5 £20

L1 2MU40 0.8 £0.1 0.0 £0.0 1.7+ 1.7 0.1 £0.1 26 £ 1.7

Table 7.3: Rates of different kinds of fake Level-1 di-muon triggers at £ = 1033 cm=2s71.
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N obs o . ¢hotal f

4+ - _ B Bt " €p+ u
BR(BS —hH ¢) - 5‘co‘cal ’ \Vobs T
aBS . 6BS B+ fs

BR(BT — J/YK*) - BR(J/v — utu™) (7.4)

formula [66], where N2 is the number of respective candidates observed, o
is the geometrical and kinematic acceptance for the channel, €/t is the total
event selection efficiency including trigger, offline reconstruction and analysis
selection, and f,/ fs accounts for the different b quark fragmentation probabili-
ties. It is very important in these analyses to understand and control all biases
introduced by the event selection. Biases are evaluated from Monte Carlo
simulations and will be validated with experimental data of known physics
processes.

First I describe the datasets under investigation in Section 7.3.1. Sec-
tion 7.3.2 presents the Level-1 single- and di-muon trigger efficiencies for this
channel using various pr thresholds. Section 7.3.3 then gives details on the
bias introduced by the Level-1 di-muon trigger as a function of the opening
angle between the muons in the final state.

7.3.1 About the dataset

The process under analysis was simulated with the PYTHIA Monte-Carlo gen-
erator [67] using the PythiaB interface [68] developed for ATLAS. In the simu-
lation, the following branching ratios were used: Br(Bs — utpu~¢) = 1x1076,
with Br(¢ — KTK™) = 0.492. Each generated event was required to have
two muons, one with pp > 4 GeV and the other with pt > 6 GeV. The total
cross section of the simulated process after the generator cuts was calculated to
be 0.57 pb. I have analysed a total of 34400 fully simulated and reconstructed
events, representing about 19.6 fb~* of collected integrated luminosity. (About
2 years of data at “low” luminosity.)

7.3.2 Trigger efficiencies for various configurations

The overall Level-1 muon trigger efficiencies were tested for multiple configura-
tions on the previously descibed B signal and control samples. Table 7.4 shows
the trigger efficiencies with respect to the generated events for the By — pu*u~¢
and BY — J/y(utu~)K™T processes.

The MuCTPUI’s overlap removal does not affect the single-muon trigger
efficiencies, hence the respective table cells are empty. An efficiency reduction
due to the usage of overlap removal can be observed systematically for all
channels and trigger items, but it is of the order of the statistical uncertainty
of the analysis. As the next section will show, this reduction is mainly an
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Efficiency |%]
Trigger item | w/o overlap removal ‘ with overlap removal
By — p ¢

L1_MU04 97.0 £ 0.1 —
L1_MU06 93.1 £0.1 —

L1 2MU04 69.4 £ 0.2 69.0 £ 0.2
L1 2MU06 53.7 £ 0.2 53.2 £0.2

BY = Jp(utum)KT

L1_MU04 96.8 £ 0.1 —
L1_MU06 929 £ 0.1 —

L1 2MU04 69.1 £ 0.2 68.8 £ 0.2
L1 2MU06 53.4 £ 0.2 52.9 £ 0.2

Table 7.4: Absolute Level-1 muon trigger efficiencies for the By — putu=¢
and BT — J/¢(ut ™)K channels with respect to all the generated events.

effect coming from events where the Level-1 muon trigger detected one of the
simulated muons twice while missing the other one. Hence the decrease is not
a fault of the overlap removal, but of the muon trigger coverage.

Although the low-pr single-muon triggers are clearly much more efficient
than the di-muon triggers, these will only be usable at initial, low luminosities
of the accelerator. At higher luminosities the trigger rate can be reduced by
several orders of magnitude by switching to the di-muon triggers, while still
keeping an acceptable efficiency.

7.3.3 Opening angle dependency

In case of studying some quantity as a function of a certain parameter z, one
must ensure that the trigger efficiency is independent of the parameter z or
correct for the efficiency to avoid a bias from the trigger. Many analyses will
use various angular distributions of the muons for their calculations. It is
therefore very important to fully control any bias that the trigger may have
on these distributions.

Figure 7.7 a) and b) show the L1 _2MU04 and L1 2MUO06 trigger efficien-
cies as a function of the opening angle!, AR, between the two leading muons
in By — utu~ ¢ events. The leading muons are the two muons with the high-

LAR is calculated as /An? + A¢2, where Ay and A¢ are the pseudorapidity and azimuth
angle differences between the two 4-momentum vectors.
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Figure 7.8: The simulated pt distribution of the two leading muons with
different opening angles in the AR ranges: AR < 0.1 (circle), 0.2 < AR < 0.4
(triangle) and AR > 0.5 (rectangle) on By — u™pu~¢ events.

est transverse momentum in the Monte Carlo record. No offline selection is
applied to see the bias only from the Level-1 trigger.

The trigger efficiency clearly depends on the opening angle of the leading
muons. Since overlap removal between the muon candidates does not play a
role at large opening angles, this effect is purely kinematic. The m(Bs) —m(¢)
mass difference determines the pt spectrum of the muons coming from the
decay at different opening angles. Figure 7.8 shows the pr distribution of the
leading muons for three different AR ranges of AR < 0.1, 0.2 < AR < 04
and AR > 0.5. The muons at large opening angles clearly have a softer pr
distribution.
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The effect is even more clearly visible for higher threshold di-muon trigger
items, as the probability of having muons at large AR with transverse momenta
high enough to trigger a high threshold di-muon trigger item is very small, but
non-negligible at small opening angles.

The small efficiency loss in Figure 7.7 at very small opening angles is
however due to the trigger system. In the case that the muons both leave hits
in the same Rol, only one muon can be triggered by the system. The effect of
turning the overlap handling in the MuCTPI on or off is negligible compared to
the effects discussed previously, and is below our current statistical uncertainty.

7.4 Conclusions

It will be possible to study some B-physics processes at the LHC with the
ATLAS detector even at the highest designed luminosities. The precise mea-
surement of the branching ratios of rare decays of the B mesons could provide
a good tool for finding proof of the existence of physics beyond the Standard
Model.

The ATLAS trigger system will have to be set up carefully to select events
with two low-pT muons in their final states, as the overlaps between the muon
trigger sectors can produce fake di-muon trigger signatures. In this chapter
I demonstrated that it is possible to reduce the rate of such fake di-muon
events by about 70% using the overlap handling of the MuCTPI alone. T also
demonstrated on a selected rare Bs meson decay that the overlap handling in
the Level-1 trigger has no unforeseen effects on the trigger efficiency.
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unprecedented number of ¢t pairs. It is very important to use efficient

triggers that are well understood to select these events. The first cross
section measurements will need precise trigger efficiency calculations from early
on.

a s shown in Section 5.2, the LHC will provide its experiments with an

It is possible to efficiently select semi-leptonic tt decays — where one of the
W-bosons decays to an electron or a muon — with the single-lepton triggers of
ATLAS. This is made possible by the hard pt spectrum of the leptons coming
from the W decays, as demonstrated in Figure 8.1.
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Figure 8.1: py spectrum of simulated muons from W — pv decays in semi-
leptonic ¢t events. The distribution is scaled to correspond to an integrated
luminosity of 1 pb™ .
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In this chapter the efficiency of the whole chain of muon triggers in ATLAS
—both Level-1 and HLT - is presented for semi-leptonic ¢t events. Subsequently
an example ¢t production cross section analysis is presented which utilises these
trigger efficiencies.

8.1 Monte Carlo samples

The analysis used about 600k fully simulated semi-leptonic tf events — repre-
senting a total integrated luminosity of 945.6 pb~!. About one third of the
events has a W decaying to an electron, one third has it decaying to a muon
and one third has it decaying to a tau particle. There is also a small percentage
of fully leptonic tt decay events in the sample following the decay branching
ratio of the unfiltered W. Throughout this chapter I am going to refer to the
tt events where one of the W-s decays to a muon as semi-muonic events.

The most important background to tt production at the LHC are the
processes with real leptons coming from W decays, with additional jets in the
event. These are commonly referred to as W + jet events. In my analysis I
used about 22k fully simulated W + jet events in which the W decays to a
muon. These events represent a total integrated luminosity of 686.5 pb~!.

8.2 Muon trigger configuration

The Level-1 trigger simulation used the standard single-muon trigger items
on the samples, which are: L1 MU06, L1 MUO08, L1 MU10, L1 MUI11,
L1 MU20 and L1 MUA40.

As shown in Section 6.3.3, the single-muon High Level Trigger of ATLAS
runs 3 consecutive “hypothesis” algorithms that implement the event selection.
All these algorithms apply cuts only on the reconstructed transverse momen-
tum of the muon that was found. The pt cuts used for this analysis are listed
in Table 8.1 for the mu06, mu20i and mu40i trigger chains. There is cur-
rently no optimised mu40i trigger implemented for ATLAS, the cuts chosen
for this analysis are only educated guesses of how such a trigger item could be
implemented.

8.3 Overall muon trigger efficiencies

The efficiency of each Level-1 item to trigger on a tf event is shown in Fig-
ure 8.2 a). Here the efficiency is calculated with respect to the total number of
simulated semi-muonic events in the ¢f sample. It can be seen that the high-
pr Level-1 single muon triggers provide high efficiency for selecting the events.
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Signature | MufastHypo | MucombHypo | TrigMooreHypo
[GeV] [GeV] [GeV]
mu06 5.49 5.83 6.0
mu20i 18.95 19.33 20.0
mu40i 36.0 38.0 40.0

Table 8.1: Selection cuts applied by the muon HLT hypothesis algorithms.

When running at an increased luminosity (103* cm~2s71), the threshold can
easily be raised to 40 GeV without an unacceptable loss in efficiency.

50.84} T T T T = ? F \...\ T T
2 082k —_— . ATLAS g 0.8~ o, ATLAS 1
E a) ] = e, b) 1
w o8 . w L ., ]
g — ] 0.71- -, .
0.78 = L . ]
£ k| [ . ]
076; *: 0 6; . B
0.74F ’ = or ~. 1
0.72F - L 'o. ]
E ] L . B
0.7 E 0'5: s, ]
068 LVL1 E [ RO
0.66 | | | il LA 0'4; LVL2 ..’:;
§ § g g § % T P T PR P PR PE PO

s = s = s = 0O 5 10 15 20 25 30 35 40 45 50
HI HI HI ‘—'I HI HI pT [GeV]

- - - - - -

Figure 8.2: Efficiency of the single muon Level-1 (a) and Level-2 (b) trigger
item as a function of the used Level-1 thresholds and Level-2 pt cut applied
by the MucombHypo hypothesis algorithm respectively.

Figure 8.2 b) shows the absolute efficiency of the Level-2 single muon
trigger, in case of the HLT chain being started by a muon Rol passing the
MUO06 threshold. The pr cut applied by the MucombHypo algorithm is shown
on the horizontal axis. Figure 8.3 shows similar efficiencies when the EF chain
is started by a LVL2 muon candidate fulfilling the mu06 signature. The pr cut
applied by the TrigMooreHypo algorithm is shown on the horizontal axis.

The absolute trigger efficiency for the HLT cannot be read directly from
these plots, however. The Level-2 mu20i processing will only be initiated by
Level-1 Rols which fulfill the L1 MU20 requirements. The efficiency for each
trigger level, normalised to the number of simulated semi-muonic events have
been calculated for a few trigger signatures. These are shown in Table 8.2.

Comparing Table 8.2 with Figure 8.2 b) and 8.3, one can see that the
differences are small, indicating that the figures can be used to accurately
estimate the effects of a change in the trigger thresholds.
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Figure 8.3: Efficiency of the single muon Event-Filter trigger item as a
function of the pr cut applied by the TrigMooreHypo algorithm.

Trigger chain | Level-1 Eff. | Level-2 Eff. | Event-Filter Eff.
name [%] [%] [%]
mul6 83.7 80.0 72.9
mu20i 74.5 66.1 58.7
mu4 04 66.3 43.1 36.0

Table 8.2: Efficiencies of the standard mu06 and mu20i trigger chains,
together with those of a theoretical mu40i chain on simulated semi-muonic
tt events.

8.4 Differential muon trigger efficiencies

One can also determine the efficiency of the trigger to detect a single muon
with a given pr in ¢t events and produce so called turn-on curves. For this one
has to execute a matching between the simulated and the trigger muons. At
this time the best method for matching a trigger muon to a simulated muon
is based on their 17 and ¢ coordinates at the interaction point.

8.4.1 Muon trigger turn-on curves in tt events

A Level-1 muon is matched to a simulated or reconstructed muon if its AR
distance from the muon is smaller than 0.15. Figures 8.4 a) and b) show the
efficiency of a simulated muon, with a pr as indicated on the horizontal axis,
to pass the L1 _MUO06 and L1 _MU20 triggers, respectively. Figure 8.4 b) also
shows the trigger efficiency for a reconstructed muon with a pr as indicated on
the horizontal axis. The efficiency to trigger a muon that has been identified
by the reconstruction is slightly higher, just as one would expect. It can
also be seen, that the plateau efficiency to trigger on high-pr muons with the



8.4. Differential muon trigger efficiencies 93

L1 MU20 trigger is a little lower than to trigger on them with the L1 _MUO06
trigger. This is easily understood taking into account that the RPC sector logic
only requires a coincidence between two detector stations for the L1 MUO06
trigger, but they require a coincidence between three stations for the L1 _MU20
trigger.
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Figure 8.4: Level-1 trigger efficiencies as a function of the pr of the sim-
ulated or reconstructed muon. The trigger efficiency with respect to recon-
struction is only shown for L1 MUZ20, since reconstructed muons with a pr
lower than 10 GeV were not included in my analysis.

The plateau of the efficiency is around 80% in both cases, which is mostly
due to the deficiencies in muon trigger detector coverage. The trigger efficiency
stays flat above 50 GeV up to a muon transverse momentum of about 1 TeV.

Figures 8.5 a) and b) show the relative efficiency of the Level-2 muon
trigger for the L2 mu06 and L2 mu20 trigger items. The efficiency on the
plateau is near 100%, implying that few muons identified at Level-1 are missed
at Level-2. The efficiency curves with respect to simulated and reconstructed
muons are very similar, which is also understandable from the high efficiency of
the Level-2 muon trigger. At the same time the curves are much sharper around
the threshold energies, which shows that much more precise pt estimation is
possible at Level-2 than at Level-1.

Similarly, Figures 8.6 a) and b) show the relative efficiency of the Event-
Filter single muon triggers, EF mu06 and EF mu20 as a function of the pr
of the simulated and reconstructed muons. The turn-on curve is the sharpest
at this level. The EF mu20 efficiency is larger on the plateau with respect to
reconstructed muons. The Event-Filter reconstruction uses much of the same
tools and algorithms which are used in the offline reconstruction which are
known to be less efficient in identifying muons than Level-2, so this separation
is also understandable.

The Event-Filter uses the most strict reconstruction of muons, which
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Figure 8.6: Event-Filter trigger efficiencies as a function of the pr of the
simulated or reconstructed muon. The trigger efficiency with respect to
reconstruction is only shown for EF _mu?20, since reconstructed muons with
a pr lower than 10 GeV were not included in my analysis.

leads to decreases in reconstruction efficiency in certain detector parts. This
is demonstrated in more detail in the next section.

As can be seen from Figure 8.4 b), the L1 _MU20 trigger efficiency does
not reach its plateau fully for reconstructed muons with pt = 20 GeV. For this
reason the offline muons that I will use in Section 8.5 have to have a pp of
at least 25 GeV. The absolute trigger efficiencies for events that have a muon
with pr > 25 GeV are listed in Table 8.3 for all trigger levels for the mu20:
trigger chain.
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Trigger chain | Level-1 Eff. | Level-2 Eff. | Event-Filter Eff.
name [%] [%] [%]
Relative to previous level
mu20i | 8434 | o479 | 92.07
Absolute
mu20i | 8434 | 7994 | 73.60

Table 8.3: Efficiencies of the standard mu20i trigger chain, on ¢t events
with a reconstructed muon with ppr > 25 GeV.

8.4.2 Angular muon trigger efficiencies in tf events

One can also show the efficiency as a function of the direction of the recon-
structed muon. Figure 8.7 a) shows the efficiency to trigger the L1 MU20
trigger item, as a function of the n coordinate of the muon. Similarly Fig-
ure 8.7 b) shows the efficiency as a function of the ¢ coordinate. The Level-1
trigger efficiency is not uniform in the detector. The barrel, covering the range
In| < 1.05, displays areas of greatly reduced efficiency, for example at the feet
of the detector. The reduction in efficiency can also be seen in ¢, as shown in
Figure 8.7 b), where the feet are visible at ¢ values close to —2 and —1. It has
to be noted that with new optimisations of the Level-1 trigger configuration
— not available at the time of the Monte Carlo productions for this analysis —
improvements were made in making the trigger efficiency more uniform in the
end-cap regions (|n| > 1.05).
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Figure 8.7: Level-1 trigger efficiency as a function of the n (a) and ¢ (b)
coordinate of the reconstructed muon for the L1 MU20 trigger item.

The Level-2 trigger efficiencies, relative to Level-1, as a function of the
n and ¢ coordinates of the muon can be seen in Figures 8.8 a) and b), re-
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spectively. The Level-2 muon reconstruction in the end-caps (|n| > 1.05) was
newly developed for the trigger at the time of creating the t¢ Monte Carlo
simulations. For this reason the optimisation of the reconstruction was not yet
finalised. This is clearly visible as a loss in efficiency compared to the values in
the barrel in Figure 8.8 a). These figures include the efficiency loss due to the
pr cut applied at Level-2, causing the efficiency to be lower than the plateau
efficiency in Figure 8.5 b).
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Figure 8.8: Level-2 trigger efficiency as a function of the n (a) and ¢ (b)
coordinate of the reconstructed muon for the L2 mu20 trigger item. The
efficiency is calculated relative to Level-1.

The Event-Filter trigger efficiencies for the EF mu20i signature relative
to Level-2 are shown in Figures 8.9 a) and b). As detailed previously, the
Event-Filter muon reconstruction uses the same algorithms and tools as the
offline reconstruction, which results in a close to flat efficiency as a function of
the n and ¢ coordinates of the reconstructed muon.

8.5 tt production cross section analysis

The top pair production rate at the LHC will be approximately 1 Hz at a
luminosity of 1033 cm~2s~!. Apart from leading to an extensive investigation
of the top sector, top production will also be a significant background to many
searches for New Physics. Hence the measurement of the top pair production
cross section is a very important part of the ATLAS physics programme.
Understanding the trigger is an important part of any cross section analy-
sis at the LHC, just like understanding all the other parts of the event selection
process. In this section I present a simple analysis extracting the ¢t production
cross section using the trigger efficiencies calculated specifically for my analy-
sis, from so called streamtest data. These data sets were produced as part of
the ATLAS Computing System Commissioning (CSC) effort to simulate real
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Figure 8.9: Event-Filter trigger efficiency as a function of the 5 (a) and
¢ (b) coordinate of the reconstructed muon for the EF _mu20 trigger item.
The efficiency is calculated relative to Level-2.

data coming from the detector. The data roughly represents the output of 10
half-hour runs of the ATLAS detector in early data-taking (103 cm=2s71).

This section is not intended as a full cross section analysis, so proper
uncertainties on the results will not be discussed. The goal is just to show how
trigger efficiency results can be used in a real physics analysis.

8.5.1 Cross section analysis method

I am using the so called counting method to calculate the tt production cross
section. Semi-leptonic ¢t events have a characteristic signature that is easy to
select from the data. The tt production cross section can then be calculated
from the number of events passing our selection with the formula:

Nsel - kag

= )
L-A- Etrigger * €reco * Efilter

Ot (8.1)
where Ngg is the number of data events passing all selection criteria, Npyg
is the number of background events passing the selection criteria estimated
from Monte Carlo, £ is the integrated luminosity of the data sample, A is
the acceptance of the detector and eqigger, €reco and egiger are the trigger,
reconstruction and Monte Carlo filter efficiencies respectively. In the analysis [
am going to calculate the acceptance and reconstruction efficiency as one term,

Esel -

8.5.2 Data selection

I used the inclusive muon streaming dataset. This dataset holds all the events
from the streaming test that caused a muon trigger to fire. I selected the
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L2 mu20 trigger for selecting the semi-muonic ¢ events. The Event-Filter
level of the ATLAS trigger was not run on the streaming test data for technical
reasons. Because of this, I calculate all trigger efficiencies on the Monte Carlo
data up to Level-2. The dataset corresponds to a total integrated luminosity
of 15.46 pb™ 1.

I only used the tt and W + jets Monte Carlo data described in Section 8.1
to estimate the effects of my event selection, as it has been shown previously
[65] that using my selection criteria, only this type of background is non-
negligible.

Object definitions

The event selection uses 3 kinds of reconstructed objects: muons, jets and
missing transverse energy. I used the following criteria to select these objects
from the reconstruction output:

1. Muon definition: A muon is an object reconstructed by the MulD
algorithm, and satisfies:

o pr > 25 GeV

o |9 <24
Only muons that have a AR distance greater than 0.3 from a recon-
structed jet, are included in the analysis. This suppresses muons coming

from K/m decays. The distance between muons and the closest jet is
shown in Figure 8.10 for the streamtest dataset.
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Figure 8.10: Distributions of jet-to-muon distances in n (a), and AR, (b)
before jet-muon overlap removal is performed.
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2. Jet definition: In the analysis I consider jets reconstructed with the
cone algorithm with a radius of 0.4. The jets have to also satisfy:

e pr > 20 GeV
° |17| <295

Since the analysis does not use electrons or taus, I do not check the
overlaps between jets and such objects.

3. Missing transverse energy definition: The missing transverse energy
used in the analysis is calculated from a sum over specifically calibrated
calorimeter cells in 3 categories: cells in electromagnetic clusters, in jets,
and in clusters not associated with any reconstructed calorimeter object
[59]. This sum is then corrected for the Er of identified muon candidates
and for probable energy losses in the cryostat.

Event selection

The following event selection assumes a good understanding of the ATLAS
reconstruction, as it uses reconstructed parameters not considered reliable with
first data. The following cuts are executed before giving an event to the top
reconstruction algorithm detailed later in the section:

e Only events passing the L2 mu20 trigger item are considered.

e The event has to have at least one muon passing the object selection de-
tailed previously. Additionally, this muon also has to be close (AR < 0.1)
to a Level-2 muon passing L2 mu?20, as this ensures that the trigger ef-
ficiency calculation will be correct.

e The missing transverse energy of the event has to be greater than 20 GeV.

e The event has to have at least 4 jets passing the object selection detailed
previously.

The number of selected events after each cut is summarised in Table 8.4.
The table at first sight suggests that the event selection is performing worse
for selecting tf events than for selecting W + jet events. Remember however,
that the ¢t Monte Carlo contains events where one of the W-s decays to an
electron, muon and tau, in the correct mixture (see Table 5.1) — so 2/3 of
the events are not targeted by this analysis —, while the W + jets Monte
Carlo contains only events where the W decays to a high-pt muon. The
events passing these selection criteria are passed to an algorithm reconstructing
hadronic top quarks.
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Selection cut | Streamtest data | t& MC | W (uv,) + jets MC
levents] | [%] [%] [%]

Full sample 81110 100.0 | 100.0 100.0
L1 MU20 63236 77.96 | 35.87 57.06
L2 mu20 54096 66.69 | 29.75 49.82
Good muon 40860 50.38 | 20.26 37.52
By 33139 40.86 | 18.48 32.68
4 jets 524 0.65 9.29 18.79

Table 8.4: Event selection flow: The number of events after applying each
cut.

8.56.3 Hadronic top quark reconstruction

The hadronically decaying top quark is reconstructed in the following way:

1. Top quark candidates are produced from all 3-jet combinations in the
event.

2. The candidates are ordered according to their pr, putting the one with
the highest pr first.

3. The candidate with the highest pr, that fulfills the following criteria is
selected as the reconstructed top quark:

e One of the 2-jet combinations from the selected 3 jets has a mass
within 10 GeV of the current world-average W mass.

e Exactly one of the selected jets is b-tagged.

The top quark reconstruction algorithm is run on all the previously se-
lected events. It “accepts” an event if it is able to reconstruct at least one
hadronic top quark candidate in it. The efficiencies of the reconstruction are
summarised in Table 8.5. As can be seen, the reconstruction rejects most of the
W + jets background events, while succeeding with most of the signal events.

Data type Streamtest data | tt MC | W + jets MC
[events| | [%] [%] [%]
Reconstructed top 289 55.15 | 63.42 8.64

Table 8.5: Hadronic top quark reconstruction statistics on the events se-
lected previously.
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Figure 8.11: Reconstructed top quark mass distribution comparing stream-
test data with ¢ and W + jets Monte Carlo.

A plot of the mass distribution of the reconstructed hadronic top quark
candidates can be seen in Figure 8.11. It is possible to evaluate on the sig-
nal Monte Carlo if the hadronic top quark reconstruction found the correct
reconstructed objects to reconstruct the top quark. For this, a matching is
performed between the simulated b quark and the light quarks from the W
decay and the reconstructed jets.

8.5.4 Cross section

Now I have all the constituents for Formula 8.1. From Table 8.5 Ny = 289.
The number of background events after all selection (scaled to the luminosity of
the streamtest data set) is Npig = 25.06. As discussed in Section 8.5.2, the to-
tal integrated luminosity of the streaming test data sample is £ = 15.46 pb™1.
The combined selection efficiency (acceptance, trigger- and reconstruction effi-
ciency) is extracted from Tables 8.4 and 8.5, 5o = 0.05892. The Monte Carlo
filter efficiency for the semi-leptonic ¢t Monte Carlo can be calculated from the
W branching ratios from the PDG values. The filter efficiency is expressed as:

Efilter = 1- (1 - brlep)27 (82)

where briep, is the branching ratio of a W to decay to a lepton. The filter
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efficiency is egiter = 0.5372 from this formula. Using these results, I get a total
tt production cross section of

Nsel - kag

= 539 £ 33(stat) pb 8.3
L- €sel * Efilter ( ) P ( )

O =
from the streamtest dataset. When comparing this result with the theoretical
cross section presented in Section 5.2, one can observe a large discrepancy.
During the analysis I came to the conclusion that the change in the offline jet
reconstruction software between the version used for the reconstruction of the
streamtest data and the version used to reconstruct the other Monte Carlos,
introduced a discrepancy between the event selection efficiency calculated on
the t£ Monte Carlo and the selection efficiency in the streamtest data. I did
however verify that applying the analysis procedure to the ¢t Monte Carlo itself
reproduces the correct cross section. Hence the analysis itself is working cor-
rectly. As the streamtest data is just another Monte Carlo set employed here
to demonstrate the use of the trigger corrections in a cross section measure-
ment, I did not further investigate this discrepancy. For real data rigourous
tests will have to be carried out to ensure that the Monte Carlo simulation
used to correct the data for detector effects describes the data correctly.

8.6 Conclusions

tt events provide very good possibilities for commissioning the ATLAS detector.
Because of the high mass of the top quark, these events usually deposit a lot of
energy in the detector, producing a lot of particles in jets. The semi-leptonic
tt events also include a high-pr lepton and missing transverse energy. For this
reason, nearly all parts of the ATLAS offline reconstruction can be tested with
tt events selected from the first data.

As shown in Section 8.3, the high-p single-muon triggers provide good
efficiency for selecting the semi-muonic ¢t events, which makes it possible to
select such events even at the highest instantaneous luminosities of the LHC.

The measurement of the ¢¢ production cross section will be one of the first
physics results of ATLAS once it starts to collect data. Asshown in Section 8.5,
a cross section measurement — with a sizeable uncertainty — will be possible
already from a few days of datataking.



Summary

In the two-photon group of the OPAL collaboration I implemented mul-

tiple event selection techniques not used in the group before, for selecting
photon—photon interactions in which a jet is produced. I found that the most
reliable method for selecting high energy photon—photon events was a likeli-
hood based selection.

I n my thesis I discussed the work I have done in two separate experiments.

Using this event selection method, I measured the inclusive jet produc-
tion cross section in photon—photon collisions in the data taken between 1998
and 2000 at centre of mass energies /see = 189 — 209 GeV that represents a
total integrated luminosity of 593 pb~!. The analysis was an extension of a
study done previously to determine the same cross section for centre of mass
energies /see = 130 — 136 GeV. This analysis was motivated by the fact, that
the L3 collaboration found in this process an excess in the production cross
section at high p]{ft In my analysis I have found a good agreement between
the measurement and the cross section predicted by NLO QCD calculations.

In the second part of my thesis I discussed the work I have done in the
trigger group of the ATLAS collaboration. In the trigger group it was my
responsibility to develop and maintain the offline simulation of the Muon to
Central Trigger Processor Interface (MuCTPI), and using this simulation to
help design the final version of the MuCTPI hardware for the ATLAS detec-
tor. Among other things, the MuCTPI is responsible for handling the overlaps
between the muon trigger chambers, by eliminating fake di-muon trigger signa-
tures in the case when a single muon was detected by multiple trigger sectors.
Using the offline simulation, I evaluated the probability that a single muon
would generate a fake di-muon trigger signature in the detector for different
configurations of the MuCTPI hardware. With the optimal configuration I
calculated the expected fake Level-1 di-muon trigger rates, and verified on
B-physics samples that the configuration does not degrade the physics perfor-
mance of the detector.

As a member of the top-physics group of the ATLAS collaboration, I took
part in estimating the trigger efficiencies for selecting events with a top quark
pair (¢t). T was responsible for calculating the single-muon trigger efficiencies
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for various trigger configurations. I have found that the single-muon trigger of
ATLAS will be capable of selecting tt events with high efficiency throughout
the lifetime of the Large Hadron Collider (LHC).

The observation and study of ¢t creation at the LHC will be a very im-
portant physics process with initial data. The ¢t decay usually produces high
momentum leptons, multiple high energy jets and missing energy in the detec-
tor. This makes the decay ideal for testing almost all aspects of the detector.
Measuring the ¢t production cross section at 14 TeV centre of mass energy is
going to be one of the first physics results of the LHC. In the last section of
my thesis I showed how a simple analysis can be executed that extracts the
tt production cross section from data, using a specially mixed Monte Carlo,
mimicking data coming from the detector. I found that even with a few days
of data at nominal luminosity (1033 cm=2s71) it is already possible to get a
crude measurement of the cross section.
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tam be. Az OPAL kollaborécio két-foton csoportjaban tébb olyan 1j

eseményvélogatasi eljarast hoztam létre foton—foton kdlcsonhatésok
kivalogatasara amelyekben hadronzépor (jet) keletkezik, amik kordbban nem
voltak hasznalatban a csoportban. Ugy talaltam, hogy a legmegbizhatobb
eljaras a nagyenergidas foton—foton események kivalogatasara egy likelihood
alapu valogatés volt.

a dolgozatomban két kiilonbo6zd kisérletben elvégzett munkdmat mutat-

Ezt az eseményvalogatasi eljarast felhasznalva, meghataroztam az inkluziv
jet keletkezési hataskeresztmetszetet foton—foton titkbzésekben az 1998 és 2000
kozott, /See = 189 — 209 GeV tomegkozépponti energian gytijtétt adatokban,
ami Gsszesen 593 pb! integralt luminozitasnak felel meg. Az analizis egy ko-
rdbbinak a kiegészitése volt, ami ugyanezt a hataskeresztmetszetet vizsgalta
VSee = 130 — 136 GeV toémegkozépponti energidn. Az analizis abbdl az ok-
bol is érdekes volt, mivel az L3 kollaboraci6 megndvekedett jet keletkezési
hataskeresztmetszetet talalt ebben a folyamatban magas p];t értékeknél. A
sajat analizisemben jo egyezést taldltam a mért hataskeresztmetszet és az NLO
QCD szamolasok altal josolt eredmények kozott.

A dolgozatom masodik részében azt a munkat mutattam be, amit az
ATLAS kollaboréci6 trigger-csoportjaban végeztem. Az én feladatom volt
a trigger-csoporton belill a “Muon to Central Trigger Processor Interface”
(MuCTPI) hardver-elem szimulaciojanak megirdsa és karbantartasa, és ennek
a szimulacionak a felhasznaldsaval én is segitettem az ATLAS detektor végss
MuCTPI hardverének megtervezésében. Egyebek mellett a MuCTPI a felel6s a
trigger kamrak kozotti atfedések kezeléséért azzal, hogy kisziiri az olyan hamis
két-miion trigger-jeleket, amelyeket egyetlen miion okozott azzal, hogy tobb
trigger-szektorban is jelet hagyott. A szimulaciét hasznalva meghatdroztam
annak a valészintiségét, hogy egyetlen miion hamis két-miion jelet hozzon létre
a detektorban a MuCTPI hardver kiilonb6z6 beallitasai mellett. Az optiméalis
beallitast hasznélva kiszamoltam a varhaté hamis, els§ szintt, két-miion trig-
ger hozamokat, és ellenériztem B-fizikai mintakon, hogy ez a konfiguracié nem
rontja le a detektor fizikai teljesitGképességét.

Az ATLAS kollaboracié top-fizikai csoportjanak tagjaként részt vettem
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a top kvark parokat (¢t) tartalmazo események kivalasztési trigger-hatasfokai-
nak a meghatérozasaban. En voltam a felelgs az egy-miion trigger-hatasfokok
meghatarozasaért kiilonbozs trigger-beallitasok mellett. Ugy taldltam, hogy
az ATLAS egy-miion triggere képes lesz nagy hatésfokkal kivalasztani a tt
eseményeket a Nagy Hadron Utkéztets (LHC) teljes életidején keresztiil.

A tt keletkezés megfigyelése és vizsgalata az LHC-nél nagyon fontos fizikai
folyamat lesz az els6 adatokkal. A ¢t bomlés &ltalaban nagy impulzusi lep-
tonokat, tobb nagyenergias hadronzaport és hidnyz6 energiadt hoz létre a de-
tektorban. Ez idedlissa teszi a detektor majdnem minden tulajdonsaganak el-
lendrzésehez. A tt keltés hataskeresztmetszetének mérése 14 TeV tomegkozép-
ponti energidn egyike lesz az LHC els§ fizikai eredményeinek. A dolgozatom
utolso6 fejezetében bemutattam, hogyan lehet végrehajtani egy egyszerd ana-
lizist, amely meghatarozza a tt keletkezési hataskeresztmetszetet a gytjtott
adatokbol. Ehhez egy specialisan kevert Monte Carlo-t hasznéltam, ami a de-
tektorbol érkezs adatokat utanozta. Azt taldltam, hogy mar néhany napnyi
tervezett luminozitas (1033 cm=2s71) melletti adatbol durva becslést lehet adni
a hataskeresztmetszetre.
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