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Abstract

The Standard Model of particle physics predicts the existence of a new mas-

sive state: the Higgs Boson. The discovery or exclusion of this particle is one

of the main goals of the ATLAS experiment.

One of the greatest experimental challenges at the LHC is to achieve ef-

ficient triggering. The ATLAS first level calorimeter trigger uses reduced

granularity information from the calorimeters to search for high ET e, γ, τ

and jets as well as identifying high Emiss

T
and total ET events. A Finite Im-

pulse Response (FIR) filter combined with a peak finder is applied to identify

signals, determine their correct bunch-crossing and improve the energy mea-

surement. A study to determine the optimum filter coefficients is presented.

The performance of these filters is investigated with commissioning data and

cross-checks of the calibration with initial beam data are shown.

In this thesis a study of the search sensitivity in the channel H → ZZ →

llbb is presented. This channel can contribute to the Higgs search in the high

mass region that has been unexplored by previous lower energy colliders.

The dominant backgrounds, without b-tagging applied, are extracted from

34.6 pb−1 of early LHC data. The event yields are found to be consistent

with the Standard Model expectation.



Dedicated to Mom and Dad.



Author’s Contribution

The work presented in this thesis is my own (with the exceptions listed be-

low). However, by its very nature particle physics involves close collaboration

with colleagues. In particular I have collaborated closely with members of

the Birmingham Particle Physics group and the ATLAS Level-1 Calorimeter

Trigger group.

• All results presented rely on the ATLAS software as well as external

software packages including ROOT [1] and the Monte Carlo event gen-

erators listed in Appendix A.

• Chapter 3 provides a review of Higgs physics and contains no original

research.

• Chapter 4 describes the LHC and the ATLAS detector. Many of the

images are taken from other published ATLAS documents. See the

references provided within that chapter.

• The Monte Carlo samples used in chapters 5 and 6 were centrally gen-

erated by the ATLAS.

• The model used in the kinematic fit shown in chapter 5 was constructed



by myself using the tools provided by RooFit [2].

• The CLs limits shown in chapter 5 were calculated with MCLIMIT [3]

[4].

• The data corrections applied in the analysis shown in chapter 6 were

all official corrections provided by various ATLAS working groups.

• Chapter 7 describes the ATLAS Level-1 Calorimeter Trigger. Many of

the images are taken from other ATLAS publications. See the refer-

ences provided within that chapter.



Acknowledgements

I thank my colleagues both in the Birmingham ATLAS group and in the

L1Calo collaboration. Special thanks to Alan Watson and Paul Thompson

for their advice and guidance. I thank the STFC for their financial support.

Finally, thanks to my loved ones for supporting me, despite my negligence

while writing this document.



Contents

1 Non-technical Summary 15

2 Introduction 20

3 The Higgs Mechanism and Constraints on the Higgs Boson

Mass 23

3.1 Higgs Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2 Higgs Boson Decay Properties and Production at the LHC . . 27

3.3 Constraints on mH . . . . . . . . . . . . . . . . . . . . . . . . 32

4 The LHC and the ATLAS Detector 38

4.1 The Large Hadron Collider . . . . . . . . . . . . . . . . . . . . 38

4.2 ATLAS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.2.1 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . 42

4.2.2 Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2.3 Calorimetry . . . . . . . . . . . . . . . . . . . . . . . . 47

4.2.4 Muon Spectrometer . . . . . . . . . . . . . . . . . . . . 50

4.2.5 Trigger and Data Acquisition . . . . . . . . . . . . . . 53



5 Search Prospects for a High Mass Higgs in the Channel

H→ZZ→llbb 56

5.1 Signal Properties and Dominant Backgrounds . . . . . . . . . 57

5.1.1 H → llbb . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.1.2 Z+jets . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.1.3 Top-quark Pair Production . . . . . . . . . . . . . . . . 60

5.1.4 Di-boson Production . . . . . . . . . . . . . . . . . . . 61

5.1.5 QCD . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.2 Event Selection . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.2.1 Electron Reconstruction . . . . . . . . . . . . . . . . . 62

5.2.2 Jet Reconstruction and b-tagging . . . . . . . . . . . . 64

5.2.3 Muon Selection . . . . . . . . . . . . . . . . . . . . . . 69

5.2.4 Lepton and Jet Invariant mass cut . . . . . . . . . . . 69

5.2.5 Jet Angular Correlation . . . . . . . . . . . . . . . . . 72

5.2.6 Missing ET . . . . . . . . . . . . . . . . . . . . . . . . 75

5.2.7 Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.2.8 Event Reduction . . . . . . . . . . . . . . . . . . . . . 77

5.3 Kinematic Fitting . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.3.1 Fitting Procedure . . . . . . . . . . . . . . . . . . . . . 81

5.3.2 Jet Energy Resolution . . . . . . . . . . . . . . . . . . 82

5.3.3 Kinematic Constraints . . . . . . . . . . . . . . . . . . 83

5.3.4 Performance of Kinematic Fit . . . . . . . . . . . . . . 92

5.4 Background Control Regions . . . . . . . . . . . . . . . . . . . 92

5.5 Systematic Effects . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.6 Expected Limits . . . . . . . . . . . . . . . . . . . . . . . . . . 102



5.7 Future Improvements . . . . . . . . . . . . . . . . . . . . . . . 109

6 Backgrounds to H→ZZ→llqq in Early LHC Data 110

6.1 Monte Carlo Corrections . . . . . . . . . . . . . . . . . . . . . 110

6.2 Event Preselection . . . . . . . . . . . . . . . . . . . . . . . . 112

6.3 Kinematic Distributions . . . . . . . . . . . . . . . . . . . . . 113

6.4 QCD Background . . . . . . . . . . . . . . . . . . . . . . . . . 115

6.5 Z Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.6 Top-quark Background . . . . . . . . . . . . . . . . . . . . . . 123

6.7 Signal Region . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

6.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

7 Level-1 Calorimeter Trigger 131

7.1 Preprocessor . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

7.2 Bunch-crossing Identification . . . . . . . . . . . . . . . . . . . 133

7.3 Cluster Processor . . . . . . . . . . . . . . . . . . . . . . . . . 136

7.4 Jet/Energy Processor . . . . . . . . . . . . . . . . . . . . . . . 138

8 Digital Filter for the Level-1 Calorimeter Trigger 140

8.1 Digital Filter Implementation . . . . . . . . . . . . . . . . . . 141

8.2 Choice of Filter Coefficients . . . . . . . . . . . . . . . . . . . 143

8.3 Measurement of Pulse Shapes . . . . . . . . . . . . . . . . . . 147

8.4 Digital Filter Performance . . . . . . . . . . . . . . . . . . . . 150

8.5 Saturation Energies in the Preprocessor . . . . . . . . . . . . . 156

8.6 LUT ET Calibration . . . . . . . . . . . . . . . . . . . . . . . 158

8.7 Summary and Outlook . . . . . . . . . . . . . . . . . . . . . . 160



9 Summary 163

9.1 H → ZZ → llbb . . . . . . . . . . . . . . . . . . . . . . . . . . 163

9.2 L1Calo Preprocessor Digital Filter . . . . . . . . . . . . . . . . 164

Bibliography 169

Glossary 170

A Cross-sections 174



List of Figures

3.1 Diagram of the Higgs potential . . . . . . . . . . . . . . . . . 26

3.2 Feynman diagrams of Higgs production mechanisms at the LHC 28

3.3 Higgs boson production cross-sections at the LHC. . . . . . . . 30

3.4 Higgs boson branching fractions. . . . . . . . . . . . . . . . . . 30

3.5 Higgs boson decay width versus mass . . . . . . . . . . . . . . 31

3.6 Combined Tevatron Limits on mH . . . . . . . . . . . . . . . . 33

3.7 Leading order Feynman diagrams for WW scattering. . . . . . 34

3.8 Limits on mH from the running of λ. . . . . . . . . . . . . . . 35

3.9 χ2 of global fit for mH to precision electroweak data. . . . . . 37

4.1 Diagram of ATLAS . . . . . . . . . . . . . . . . . . . . . . . . 41

4.2 Diagram of the η coverage of the ATLAS sub-detectors. . . . . 43

4.3 Diagram of the ATLAS inner detector. . . . . . . . . . . . . . 45

4.4 Diagram of the ATLAS calorimetry. . . . . . . . . . . . . . . . 48

4.5 Diagram of the ATLAS muon spectrometer. . . . . . . . . . . 51

4.6 Photograph of the barrel toroid during installation. . . . . . . 51

4.7 Overview of the ATLAS Trigger architecture. . . . . . . . . . 53

5.1 Truth-level Kinematic distributions for H → llbb. . . . . . . . 58



5.2 Electron ID efficiency . . . . . . . . . . . . . . . . . . . . . . . 63

5.3 Predicted QCD background for different electron ID cuts . . . 65

5.4 Reconstructed Jet pT distribution for lljj events . . . . . . . . 67

5.5 Reconstructed Jet Multiplicity distribution for lljj events . . . 67

5.6 Jet b-tag weight distribution for lljj events . . . . . . . . . . . 68

5.7 Muon reconstruction efficiency . . . . . . . . . . . . . . . . . . 70

5.8 Predicted QCD background in the muon channel . . . . . . . 70

5.9 Reconstructed di-lepton mass distribution for lljj events . . . 71

5.10 Reconstructed di-jet mass distribution for Z+di-jet events . . 73

5.11 ∆φjj distribution for lljj events . . . . . . . . . . . . . . . . . 74

5.12 Reconstructed Z-boson pT distribution signal and ZZ events . 74

5.13 Emiss

T
distribution for lljj events . . . . . . . . . . . . . . . . . 76

5.14 Signal efficiency for each generated Higgs mass . . . . . . . . . 77

5.15 Reconstructed mH distribution before kinematic fitting . . . . 80

5.16 Components of mass resolution versus mH before kinematic

fitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.17 Correlation between jet energy uncertainties in H → llbb events 82

5.18 Jet Energy uncertainty . . . . . . . . . . . . . . . . . . . . . 84

5.19 Corrections to jet energy scale in the barrel . . . . . . . . . . 85

5.20 Corrections to jet energy scale in the end-cap . . . . . . . . . 86

5.21 Jet energy variance versus jet energy . . . . . . . . . . . . . . 87

5.22 Likelihood component from the di-jet mass constraint . . . . . 89

5.23 Likelihood component from the jet energy uncertainty . . . . . 90

5.24 Combined likelihood used in the kinematic fit . . . . . . . . . 91

5.25 Reconstructed mH distribution after kinematic fitting . . . . . 93



5.26 Components of mass resolution versusmH after kinematic fitting 94

5.27 Correction to mass scale . . . . . . . . . . . . . . . . . . . . . 95

5.28 Reconstructed mlljj distributions for signal and background . . 96

5.29 mlljj distribution for events in the Z control region . . . . . . 98

5.30 mlljj distribution for events in the tt̄ control region . . . . . . 99

5.31 Expected CLs with and without systematic uncertainties . . . 105

5.32 Expected CLs with statistical uncertainties . . . . . . . . . . . 106

5.33 Expected exclusion confidence limits as a ratio of Standard

Model σ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.34 Expected exclusion confidence limits for various integrated lu-

minosities without systematic uncertainties. . . . . . . . . . . 108

5.35 Expected exclusion confidence limits for various integrated lu-

minosities including systematic uncertainties. . . . . . . . . . . 108

6.1 Di-lepton invariant mass spectrum . . . . . . . . . . . . . . . . 114

6.2 Jet multiplicity in di-lepton events . . . . . . . . . . . . . . . 115

6.3 Di-lepton invariant mass spectrum in lljj events . . . . . . . . 116

6.4 Kinematic distributions for lljj events . . . . . . . . . . . . . 117

6.5 mlljj distribution for Z+jets events . . . . . . . . . . . . . . . 118

6.6 mµµ distribution for same-sign muon pairs . . . . . . . . . . . 119

6.7 mee distribution for same-sign electron pairs . . . . . . . . . . 119

6.8 mee and meejj distributions for QCD enhanced sample . . . . 120

6.9 mlljj for events in the Z control region . . . . . . . . . . . . . 124

6.10 mlljj for events in the tt̄ control region . . . . . . . . . . . . . 125

6.11 mlljj for events in the signal region before b-tagging . . . . . . 128



6.12 mlljj for events in the signal region after b-tagging . . . . . . . 129

7.1 Level-1 Calorimeter Trigger system architecture. . . . . . . . . 132

7.2 Trigger towers in L1Calo. . . . . . . . . . . . . . . . . . . . . . 134

7.3 Cluster Processor trigger algorithm . . . . . . . . . . . . . . . 136

7.4 Windows of the Level-1 jet-finding algorithm . . . . . . . . . . 138

8.1 BCID in the Preprocessor . . . . . . . . . . . . . . . . . . . . 142

8.2 Effect of a matched filter on a typical pulse . . . . . . . . . . . 144

8.3 Typical trigger tower pulse shapes. . . . . . . . . . . . . . . . 148

8.4 Pulse widths in e.m. and hadronic layers. . . . . . . . . . . . . 149

8.5 BCID efficiency turn-on curves for a single trigger tower. . . . 152

8.6 BCID efficiency turn-on curves σ distribution . . . . . . . . . 152

8.7 Noise energy distribution for a single trigger tower. . . . . . . 153

8.8 Noise output probability . . . . . . . . . . . . . . . . . . . . . 154

8.9 Energy residual for a single trigger tower. . . . . . . . . . . . . 155

8.10 Energy resolution for all channels. . . . . . . . . . . . . . . . . 156

8.11 Fraction of LUT range used for different scaled filters. . . . . . 157

8.12 Peak ADC versus LUT output for a single channel in collision

events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

8.13 LUT gradients measured from collision events. . . . . . . . . . 160



List of Tables

4.1 Performance Goals of the ATLAS detector . . . . . . . . . . . 40

5.1 Summary of signal and background cross-sections . . . . . . . 60

5.2 Summary of Electron ID cuts . . . . . . . . . . . . . . . . . . 63

5.3 Trigger efficiencies for H → llbb events . . . . . . . . . . . . . 75

5.4 Event reduction by each analysis cut . . . . . . . . . . . . . . 78

5.5 Systematic effects with the low mass selection . . . . . . . . . 103

5.6 Systematic effects with the high mass selection . . . . . . . . . 103

6.1 Predicted and observed event yields . . . . . . . . . . . . . . . 127

6.2 Predicted signal event yields . . . . . . . . . . . . . . . . . . . 127

8.1 Common filter coefficients. . . . . . . . . . . . . . . . . . . . . 151

A.1 List of signal cross-sections . . . . . . . . . . . . . . . . . . . . 175

A.2 List of background cross-sections . . . . . . . . . . . . . . . . 176



Chapter 1

Non-technical Summary

The following pages attempt to explain the motivation for this research and

summarise the results at a level suitable for a non-particle physicist. Expert

readers should skip onto chapter 2 on page 20.

There are four known fundamental forces in the universe: gravity and

electromagnetism, the forces we are familiar with in our day-to-day lives;

the weak force, which is responsible for nuclear decays; and the strong force,

which binds together the nucleus and its constituents. The Standard Model

of particle physics describes all of these forces, with the notable exception

of gravity. It is one of the greatest achievements of modern science and

represents our deepest understanding of the fundamental physics of the uni-

verse. The model describes how the fundamental matter particles, 6 leptons,

6 quarks and their anti-particles, interact through the exchange of the force-

carrying particles: the photon, the mediator of the electromagnetic force; the

W
± and Z, the mediators of the weak force; and the gluons, the mediators

of the strong force.
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This theory has been remarkably successful at describing nature. It also

has a compelling theoretical motivation: the equations that govern these

forces come from underlying symmetries in nature.

There is, however, a problem with this picture: electroweak symmetry,

the symmetry that gives rise to the electromagnetic and the weak forces, can

only be true if the mediators of those forces are massless. This contradicts the

experimentally observed fact that the W± and Z bosons have mass (and very

large masses, the Z is almost one hundred times heavier than the proton).

Rather than discard the entire Standard Model, a new element is introduced:

the Higgs field. This field spontaneously breaks the symmetry in just the

right way to produce the observed weak interactions, and produce the masses

for the W± and Z particles, leaving the photon massless. The Higgs field also

provides a mechanism for all of the other particles of the Standard Model

to acquire their masses. The Higgs field has an associated physical state,

the Higgs boson, that can be produced and measured in experiment. At the

time of writing, it is the only particle of the Standard Model that has not

yet been directly observed.

Understanding the mechanism of electroweak symmetry breaking is one

of the main unsolved problems of particle physics today. It is a problem

that we hope to solve at current and future high energy physics experiments.

The Standard Model Higgs boson, if it exists, should be within reach of the

Large Hadron Collider (LHC), the worlds highest energy particle accelerator.

The LHC is a 27 km accelerator ring located deep underground at the Eu-

ropean Organisation for Nuclear Research, CERN. It circulates two proton

beams in opposite directions. The beams are not continuous, instead they

16



consist of discrete bunches. At four points around the ring the beams cross

and the bunches collide. Built around these interaction points are the four

main LHC experiments: ATLAS, CMS, LHCb and ALICE. Each of these

experiments have wide-ranging physics programmes which aim to test the

current model and to search for new physics. ALICE is designed to study

the high temperature and high density environment produced in heavy ion

collisions. LHCb is designed for precision measurements of CP violation and

rare decays. ATLAS and CMS are general purpose detectors designed to

reconstruct a variety of particles over a wide range of energies.

The studies presented in this thesis all relate to the ATLAS experiment.

The ATLAS (A Toroidal LHC ApparatuS) detector is often likened to a

digital camera. The detector records snapshots, or events, of each collision,

comprising the measurements made of the final states of those collisions.

Typically, the heavy particles believed to be associated with new physics,

the Higgs boson included, decay very quickly and only their decay products

can be seen directly in the detector. By studying the signatures left behind

we hope to discover and identify any new physics that manifests at high

energy. In this thesis, the study of one particular signature that the Higgs

boson may produce is presented, the H → ZZ channel where one of the Z

bosons decays to leptons, and the other to b quarks.

The theory predicts every property of the Higgs boson except for its mass.

This search channel is useful if the Higgs boson has a high mass. However,

it is not as simple as looking for events with 2 leptons and 2 b quarks.

There are other processes that can create the same signature, referred to as

backgrounds. From measurements of the final state particles the mass of the

17



Higgs boson can be reconstructed. The mass distribution of the backgrounds

is different from the Higgs signal. The Higgs boson appears as a peak above

background in the mass distribution. Many events must be collected to prove

that signal has been observed (or that no signal exists).

At design luminosity1, the LHC will collide bunches of protons at a rate of

40 MHz. It is technically impossible to record events at this rate. Instead, the

data must be processed in real time, the signatures of the event identified, and

a decision made whether or not to record the event for permanent storage.

This job is done by the ATLAS Trigger. The Trigger is divided into several

levels. The first level systems make a very fast decision (every 25 ns) based

on limited information. If an event passes the first level, the data are readout

from the detector and processed by the High Level Trigger, where the full

event information is available. Only once an event passes this level will it be

permanently stored and available for physics analysis.

The first level itself is divided into several sub-systems. One of these sub-

systems is the Calorimeter Trigger 2. The Calorimeter Trigger receives signals

from the calorimeters, digitises them, and runs algorithms to identify objects

such as electrons/photons and jets3. For efficient operation of the Trigger, it

is essential that the energies of these signals are accurately measured, that

they are assigned to the correct event and that noise is suppressed. To this

end, signals are passed through a digital filter. If correctly configured, the

1Luminosity is a property of the beam that affects how often collisions happen. The

event rate is directly proportional to the luminosity.
2A calorimeter is a type of detector which measures a particles energy by stopping and

absorbing them.
3Quarks and gluons do not normally exist as free particles, instead they form a jet of

many composite particles.
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digital filter greatly improves the energy measurement, identification of small

signals with the correct event, and noise suppression. From the studies pre-

sented in this thesis, the initial configuration of the digital filter was decided,

and used for data taking during the LHC 2010 run.
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Chapter 2

Introduction

The search for the Standard Model Higgs boson [5–7] is one of the main

objectives of the ATLAS experiment. The theory predicts all of its properties

except for its mass. Direct searches from previous experiments place lower

limits around 114 GeV [8]. Theoretical constraints place upper limits on

its mass of ∼ 1 TeV [9]. The LHC General Purpose Detectors (GPDs) must

search for the Higgs boson over this entire mass range. The high mass range is

particularly interesting as this region is unexplored by previous lower energy

colliders. Also, the discovery of a high mass Higgs Boson would be a strong

indication of beyond-the-standard-model (BSM) physics as Standard Model

fits to precision electro-weak data prefer a low mass Higgs boson.

At High mass, the channel H → ZZ → llll provides a beautifully clean

signature. However, it is statistically limited. The focus of this thesis is the

channelH → ZZ → llbb. While this channel suffers from larger backgrounds,

it has a higher branching fraction than the 4 lepton channel. This channel

may be used to improve the combined search sensitivity of the experiment.
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It may also provide an independent cross-check should a high mass excess be

observed.

In chapter 3 the theoretical motivations for the Higgs mechanism, the

properties of the Higgs boson and the current limits imposed on its mass are

reviewed.LEP (Large Electron Positron collider) In chapter 4 the LHC and

the ATLAS detector are described. In chapter 5 a study of the sensitivity to

the Standard Model Higgs boson in the decay channel H → ZZ → llbb is

presented. Chapter 6 shows background studies with early data.

At the front-line of LHC physics is the Trigger: a physicist cannot analyse

events that were not written to disk! The huge event rate at the LHC makes

it unfeasible to readout and record every event. The Trigger must reject most

events while retaining events with signatures of interest.

The ATLAS trigger is divided into multiple levels. The first level is imple-

mented in custom-built hardware and makes a real-time decision to accept or

reject events based on reduced information. If the first level Trigger accepts

the event the entire detector is readout and the information is passed to the

High Level Trigger. The High Level Trigger algorithms are implemented in

software running on large computer farms and make the final trigger decision

using the full detector information.

The first level trigger is further divided into subsystems. The focus of

this thesis is the first level Calorimeter Trigger. The Calorimeter Trigger

uses reduced granularity information from the calorimeters to search for high

ET e, γ, τ and jets as well as identifying high Emiss

T
and total ET events.

Signals from the calorimeters are pre-processed to determine their energy and

timing before being transmitted to the Processor modules which implement
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the trigger algorithms. During the pre-processing, input signals are passed

through a Finite Impulse Response (FIR) filter. This filter increases the

signal to noise ratio and improves the energy measurement, noise rejection

and bunch crossing assignment. In this thesis a study to determine the

optimum filter coefficients is presented. The performance of these filters is

investigated with commissioning data and cross-checks of the calibration with

initial beam data are shown. From the studies presented in this thesis, the

initial configuration of the digital filter was decided, and used for data taking

during the LHC 2010 run.

An overview of the ATLAS Trigger can be found in chapter 4. In chapter

7 the ATLAS Level-1 Calorimeter Trigger is described in detail. In chapter

8 a study of the digital filter for the Calorimeter Trigger is described. In

chapter 9 the results and conclusions are summarised.
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