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Abstract

The ATLAS experiment – situated at the Large Hadron Collider (LHC) at the Euro-
pean Organization for Nuclear Research (CERN) in Geneva – took its first collsion data
in 2010. Physics topics include finding the Higgs boson, heavy quark physics, and looking
for extensions of the Standard Model of Particle Physics such as supersymmetry.

In this thesis, inclusive multi-jet production has been studied with the ATLAS detec-
tor in proton-proton collisions at a center-of-mass energy of 7 TeV, using an integrated
luminosity of 17 nb−1. The anti-kt algorithm with distance parameter R = 0.6 is used
to identify jets. The inclusive multi-jet cross section is measured, as well as the ratio of
cross sections for inclusive production of n − 1 and n jets for n ≤ 6. The differential
cross sections of the first, second, third and fourth leading jets as a function of transverse
momentum, and the differential cross section as a function of the scalar sum of the pT of
selected jets, HT, for different jet multiplicities are presented. The ratio of the differential
cross section as a function of HT for 3-jet and 2-jet events is also measured. The results
are compared to expectations based on leading order QCD, which agree with the data.

In addition, a new method for calibrating the hadron response of a segmented calorime-
ter is developed and successfully applied to 2004 ATLAS combined beam test data. It
is based on a principal component analysis of the calorimeter layer energy deposits, ex-
ploiting longitudinal shower development information to improve the measured energy
resolution. For pion beams with energies between 20 and 180 GeV, the particle energy is
reconstructed within 3% and the energy resolution is improved by 11% to 25% compared
to the response at the electromagnetic scale.

Multi-mode optical readout cables for the ATLAS liquid argon calorimeters, about
one hundred meters in length, were installed between the main ATLAS cavern and the
counting room in the USA15 cavern. Patch cables were spliced onto the ribbons and the
fiber attenuation was measured. For 1296 fiber pairs in 54 cables, the average attenuation
was 0.69 dB. Only five fibers were found to have losses exceeding 4 dB, resulting in a
failure rate of less than 2 per mill.

In the ATLAS liquid argon barrel presampler, short circuits consisting of small pieces
of dust, metal, etc. can be burned away in situ by discharging a capacitor over the high
voltage lines. In a burning campaign in November 2006, seventeen existing short circuits
were successfully removed.

An investigation on how to implement saturation effects in liquid argon due to high
ionization densities resulted in the implementation of the effect in the ATLAS Monte Carlo
code, improving agreement with beam test data.

The timing structure of hadronic showers was investigated using a Geant4 Monte
Carlo. The expected behavior as described in the literature was reproduced, with the
exception that some sets of physics models gave unphysical gamma energies from nuclear
neutron capture.



Contents

Contents iv

Introduction vii

Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
Author’s contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
List of notes and publications . . . . . . . . . . . . . . . . . . . . . . . . . ix

1 Theoretical motivation for multi-jet cross section measurement 1

1.1 The Standard Model and beyond . . . . . . . . . . . . . . . . . . . . 1
1.2 Quantum Chromodynamics . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Perturbative QCD . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Parton Density Functions . . . . . . . . . . . . . . . . . . . . . . . . 7
1.5 Parton showers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.6 Matching matrix element calculations with parton showers . . . . . . 8
1.7 Non-perturbative effects . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.8 Jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.9 Monte Carlo generators . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.10 Monte Carlo samples used in this analysis . . . . . . . . . . . . . . . 13

2 The LHC and the ATLAS experiment 15

2.1 The Large Hadron Collider . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 A tour of ATLAS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3 The ATLAS calorimeters 23

3.1 Interaction of radiation and matter . . . . . . . . . . . . . . . . . . . 23
3.2 Calorimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.3 ATLAS calorimeters . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4 Hardware 39

4.1 Installation and testing of LAr optical cables . . . . . . . . . . . . . 39
4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.3 Properties of fibers and cables . . . . . . . . . . . . . . . . . . . . . . 39
4.4 Installation procedure . . . . . . . . . . . . . . . . . . . . . . . . . . 41

iv



v

4.5 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.6 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.7 Presampler short circuit evaporation . . . . . . . . . . . . . . . . . . 46
4.8 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.9 The ATLAS Barrel Presampler . . . . . . . . . . . . . . . . . . . . . 46
4.10 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.11 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5 Simulation studies of hadronic showers 53

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2 Monte Carlo simulation – Geant4 . . . . . . . . . . . . . . . . . . . . 54
5.3 Saturation effects in liquid argon – Birks’ law . . . . . . . . . . . . . 57
5.4 MC timing studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

6 A Layer Correlation technique for pion energy calibration 81

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
6.2 The Layer Correlation method . . . . . . . . . . . . . . . . . . . . . 82
6.3 The 2004 ATLAS Barrel Combined Beam Test . . . . . . . . . . . . 83
6.4 Calorimeter calibration to the electromagnetic scale . . . . . . . . . 85
6.5 Event selection and particle identification . . . . . . . . . . . . . . . 86
6.6 Monte Carlo simulation . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.7 Implementation of the Layer Correlation method . . . . . . . . . . . 88
6.8 Method validation on Monte Carlo simulation . . . . . . . . . . . . . 96
6.9 Systematic uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . 100
6.10 Method application to beam test data . . . . . . . . . . . . . . . . . 102
6.11 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

7 Jet trigger performance 107

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
7.2 The ATLAS trigger system . . . . . . . . . . . . . . . . . . . . . . . 108
7.3 Jet trigger performance . . . . . . . . . . . . . . . . . . . . . . . . . 110
7.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

8 Multijet cross section measurement 119

8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
8.2 Data set and event selection . . . . . . . . . . . . . . . . . . . . . . . 120
8.3 Jet definition and energy scale . . . . . . . . . . . . . . . . . . . . . 123
8.4 Vertex reweighting . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
8.5 Data–simulation comparison at the detector level . . . . . . . . . . . 123
8.6 Unfolding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
8.7 Systematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
8.8 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
8.9 Conclusion and outlook . . . . . . . . . . . . . . . . . . . . . . . . . 147



vi CONTENTS

Acknowledgments 157

Bibliography 159



Introduction

The ATLAS experiment is one of the largest scientific collaborations in the world.
Located at the European Organization for Nuclear Research (CERN) in Geneva,
Switzerland, and with about 3000 physicists, it is set to explore the high-energy
frontier of physics, using data from colliding 3.5 TeV protons at the Large Hadron
Collider (LHC). First collision data are now available, and the almost four times
higher collision energy than previously available from the Tevatron accelerator
opens up a region where new physics is thought to appear.

Some of the outstanding questions are: Is the Higgs mechanism the correct
explanation for the particle masses, i.e. does the Higgs boson exist? Do supersym-
metric particles exist and is the lightest supersymmetric particle the explanation
to dark matter?

The answers to these and other important questions often involve physics sig-
natures that contain particle jets consisting of hadrons as well as leptons. Fur-
thermore, many proposed models for physics beyond the Standard Model predict
multi-jet signatures. To allow a search for them, the multi-jet background from the
Standard Model must be understood. As a first step, one must answer the question
whether the Standard Model give a correct description at the new higher collision
energy.

For jet measurements at high energies, calorimeters are especially important. As
the energy frontier is pushed forward, they have the inherent advantage of improved
relative energy resolution with higher energy, as opposed to trackers, where a larger
bending radius worsens the resolution. Crucial for the correct reconstruction of
jets and missing transverse energy will then be correctly calibrated calorimeters.
The ATLAS calorimeters are intrinsically non-compensating – i.e. the response
to hadrons is lower that the response to electrons and photons – meaning off-line
compensation methods are needed to restore measurement linearity.

Outline

The outline of this thesis is as follows: Chapter 1 give the theoretical motivation for
performing a multi-jet cross section measurement. It reviews the Standard Model
of Particle Physics with an emphasis on the theory of the strong interaction (QCD)
and explains how predictions are made from it.

vii



viii INTRODUCTION

Then, chapter 2 introduces the ATLAS experiment and the Large Hadron Col-
lider. Calorimetry is essential for jet measurements. Chapter 3 describes the prin-
ciples of electromagnetic and hadronic calorimetry and the ATLAS calorimeters
are described. Constructing and maintaining an experiment as large as ATLAS is
a considerable endeavor. Chapter 4 reports on two hardware-related activities to
which the author has contributed: the installation and testing of optical readout
cables for the liquid argon calorimeters and the evaporation of short circuits in the
barrel presampler. Chapter 5 describes studies involving the ATLAS Monte Carlo
simulation: an investigation on how to implement ionization-density-dependent
saturation effects in liquid argon and a study of how well the Geant4 simulation
can reproduces the expected time structure of hadronic showers. Then, a novel
approach to hadronic calibration exploiting the correlations between the different
calorimeter layers is presented in chapter 6. It is applied to data from the 2004
ATLAS Barrel Combined Beam Test, which is described in the same chapter.

The trigger system is an essential component of ATLAS, allowing the selection
of interesting events to store from an overwhelming interaction rate. Chapter 7
explains this and shows the ATLAS jet trigger performance in early data. Finally,
the multi-jet cross section measurement itself is detailed in chapter 8.

Author’s contribution

The work presented in this thesis was performed within the ATLAS collaboration
of which I am a member and a co-author on collaboration papers.

For the multi-jet cross section measurement presented in chapter 8 I took the
initiative in ATLAS for starting this work and was one of the main contributors.
In the analysis group, I was responsible for trigger studies and communicating with
the ATLAS jet trigger trigger signature group. In addition, I was responsible for
the unfolding.

The trigger performance studies of chapter 7 was performed within the ATLAS
jet trigger signature group. For the ATLAS conference note on which the chapter
is based, I was responsible for the study of multi-jet trigger performance.

The calibration method of chapter 6 was developed in collaboration with Tan-
credi Carli, Francesco Spanò, and Peter Speckmayer. I took over an existing analysis
and extended it considerably, adding e.g. dead material corrections and iteration
and performed studies on improving the method. I was the editor of the resulting
paper (submitted to JINST), of which I am also the corresponding author.

I was the main responsible for splicing and testing the optical readout cables for
all the liquid argon calorimeters, as described in chapter 4.1, a work lasting several
months in total. It was performed together with Stefan Rydstöm and Per Hansson.

I took active part in the presampler burning campaign of chapter 4.7 and pre-
sented the results to the collaboration.

The Monte Carlo timing study in section 5.4 was done in collaboration with
Tancredi Carli. I personally wrote the code and made all the plots and performed
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the literature search.
The investigation on Birks’ law in liquid argon in section 5.3 was done in col-

laboration with Tancredi Carli and Peter Speckmayer. I performed the literature
search and implemented a first version of the model in the ATLAS Monte Carlo
code.

List of notes and publications

The multi-jet cross section measurement in chapter 8 is documented in ATLAS
conference note

� Measurements of multijet production cross sections in proton–proton colli-
sions at 7 TeV center-of-mass energy with the ATLAS detector. ATLAS-
CONF-2010-084.

The trigger performance studies of chapter 7 are part of the ATLAS conference
note

� Performance of the ATLAS Jet Trigger in the early
√
s = 7 TeV data. ATLAS-

CONF-2010-094.

Chapter 6 is based on a paper submitted to JINST (arXiv:1012.4305) and cur-
rently undergoing review. Partial results have previously been presented as ATLAS
public note,

� A layer correlation technique for pion energy calibration at the 2004 ATLAS
Combined Beam Test. ATL-CAL-PUB-2009-001,

and at the conferences CALOR2008 [110], IEEE NSS 2009,

� K-J. Grahn for the ATLAS Liquid Argon Calorimeter Group. A layer cor-
relation technique for pion energy calibration at the 2004 ATLAS Combined
Beam Test. arXiv:0911.2639,

and CALOR2010 (presented by G. Pospelov),

� K-J. Grahn, A. Kiryunin and G. Pospelov. Test of local hadronic calibration
approaches in ATLAS Combined Beam Tests. ATL-LARG-PROC-2010-011.
To appear in Journal of Physics: Conference Series.

The result of the optical cable measurements of chapter 4 has been published
as part of

� N.J. Buchanan, et al. ATLAS liquid argon calorimeter front end electronics.
Journal of Instrumentation 3(08):P09003
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Chapter 1

Theoretical motivation for

multi-jet cross section

measurement

This chapter gives the theoretical background and motivation for the experimental
work presented in this thesis.

The theory of the strong interaction (Quantum Chromodynamics, QCD) Inclu-
sive and di-jet cross section measurements have been performed at the LEP [18],
HERA [12] and Tevatron [17, 9] accelerators. Furthermore multi-jet measurements
have been made, comparing results with theoretical calculations to both leading
order (LO) [20, 13, 19, 21] and next-to-leading order (NLO) [16, 23], although with
a limited number of jets in the final state.

The unprecedented center-of-mass energy of 7 GeV at the LHC now allows the
testing of QCD in an entirely new energy range. Final states with jets having
a large transverse momentum pT – giving evidence of the scattering between the
partons inside the colliding protons as described by QCD – are highly prevalent
at the LHC. The study of multi-jet final states test perturbative QCD including
higher-order corrections.

In addition, when it comes to searching for physics beyond the Standard Model,
multi-jets are particularly important, since many of the proposed models predict
multi-jet final states. Understanding the QCD background is then of course essen-
tial.

1.1 The Standard Model and beyond

The currently accepted theory of high energy physics is the so-called Standard
Model. It accounts for the electromagnetic, weak and strong forces, which consti-
tute all of the known forces in nature except gravity. It is a relativistic quantum
field theory (QFT) combining the unified electroweak theory of Glashow, Wein-

1
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Figure 1.1: The particles of the Standard Model and some of their properties [97].

berg and Salam with Quantum Chromodynamics (QCD), the theory of the strong
interaction.

In the Standard Model, matter is ultimately formed of half-spin particles called
fermions, while the forces between them are carried by integer-spin bosons. The
fields of the latter particles are quanta that emerge through the local gauge in-
variance of the theory. Each particle has its corresponding anti-particle1. The
particles of the Standard Model and some of their properties are shown in fig-
ure 1.1. Fermions are classified as quarks and leptons. All are potentially subject
to the weak and electromagnetic forces, while only the quarks interact strongly.

The quarks come in three generations, each having a u-type quark with electric
charge of +2/3 and a d-type quark of charge −1/3, in units of the elementary charge
– this is used for all particle charges in this section. The first generation consists
of the u (up) and d (down) quarks, the second generation of the c (charm) and s
(strange) quarks and the third generation of the t (top) and b (bottom) quarks.
The quark masses range from a few MeV for the first generation quarks to 172 GeV
for the top quark [100].

1Some particles, such as the photon, are their own anti-particles.
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The leptons come in three generations as well, each having one particle of electric
charge −1 and one charge-neutral neutrino. The first generation consists of the
electron e and the electron neutrino νe, the second generation of the muon µ and
the muon neutrino νµ, and the third generation of the tau particle τ and the
tau neutrino ντ . The masses of the electron, the muon, and the tau particle are,
respectively, 511 keV, 106 MeV, and 1777 MeV [100]. The neutrinos in the Standard
Model are massless, but recent experimental results point towards a small but non-
zero mass [90, 100].

The bosons are the massless photon γ and gluon g, mediating the electro-
magnetic and strong interactions, respectively, and the massive Z0, W+ and W−

bosons, mediating the weak interaction.
The gauge symmetry group of the Standard Model is:

SU(3)C × SU(2)W × U(1)Y (1.1)

where C denotes color, W weak isospin and Y weak hypercharge.
In the electroweak sector, the SU(2)W symmetry leads to three massless bosons:

W+, W 0 and W−, while U(1)Y gives the equally massless B0 boson. The bosons
acquire mass through the process of electroweak symmetry breaking, where they
interact with the Higgs field, which gains a vacuum expectation value. The quantum
of this field, the Higgs boson H, remains to be experimentally discovered [100]. The
search for this particle is one of the main tasks for the LHC [64]. The physically
observed charge-neutral particles: the photon (γ) and the Z0 boson are then related
to B0 and W 0 through a rotation by the weak mixing angle θW .

Despite the tremendous success of the Standard Model in explaining high-energy
phenomena, there is reason to believe that there is physics beyond it. For exam-
ple, the introduction of supersymmetry (SUSY) [100] – where each fermion in the
Standard Model is given a bosonic superpartner and vice versa – would permit
the cancellation of contributions to the Higgs particle mass that otherwise require
extreme fine tuning [100]. The decay of supersymmetric particles may produce
multi-jet signatures that jets produced purely by the strong interaction form the
background to. An example of such a family of models is R-parity violating super-
symmetry (RPV-SUSY) [42].

1.2 Quantum Chromodynamics

As mentioned above, Quantum Chromodynamics (QCD) is the currently accepted
theory of the strong interaction. It is based on the SU(3) gauge symmetry group.
A new degree of freedom called color is postulated to explain the experimentally
observed hadron spectrum. Contrary to electroweak theory, the SU(3) symmetry
of QCD is not broken.

The force-carrying particles of QCD are the gluons. The model contains 8 glu-
ons, corresponding to the number of generators to the fundamental representation
of SU(3). Each gluon carries a color and an anti-color. The fact that the theory is
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non-abelian, i.e. the operators of the symmetry group are non-commutative, makes
it possible for the force-carrying gluons to self-interact.

All physically observed particles bound by the strong force (hadrons) are postu-
lated to be color singlets, either in the form of three quarks or anti-quarks (baryons)
or a quark–anti-quark pair (mesons).

QCD is defined by its Lagrangian density, which is a function of the fields.
Following the conventions of reference [112], as used consistently in this section, it
can be written2:

L =
∑

f

ψ̄f

(

i /D −mf

)

ψf − 1

4
F 2, (1.2)

or, writing out all summations explicitly,

L =

nf
∑

f=1

4
∑

α,β=1

Nc
∑

i,j=1

ψ̄f,β,j

(

i(γ)µ
βαDµ,ji −mfδβ,αδj,i

)

ψf,α,i (1.3)

− 1

4

3
∑

µ,ν=0

N2
c −1
∑

a=1

Fµν,aF
µν,a. (1.4)

The symbols are as follows:

� ψf (ψ̄f ) are the quark (anti-quark) fields. Being fermions they are represented
by spinors. They are indexed according to quark flavor – f = u, d, c, s, t, b –,
spinor indices α and β, and color indices i and j. The number of generations
is denoted by nf = 3.

� Fµν.a denotes the gluon field strength tensor

Fµν.a = ∂µAνa − ∂νAµa − gCabcAµbAνc, (1.5)

where Aµa denotes the gluon vector field. The four-vector index is µ, while a
denotes the N2

c − 1 = 8 different components, corresponding to the number
of generators of the SU(3) group, i.e. there are 8 different gluons. The
symbol NC = 3 denotes the number of colors. Cabc are the so-called structure
constants, defined by commutation relations of the generators, while g is the
coupling strength of the theory. The last term is a consequence of the theory
being non-abelian and is absent from for example Quantum Electrodynamics
(QED). It gives rise to the self-interaction of the gluon field.

� Dµ,ji is the so-called covariant derivative,

Dµ,ji =∂µδji + igAµaTa,ji, (1.6)

2This is the “classical” gauge-invariant part. To facilitate the quantization of the fields, gauge-
fixing and so-called ghost terms are added, but will not be discussed further here.
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Figure 1.2: The basic vertices of perturbative QCD. Those involving so-called ghost
fields – introduced to aid in the quantization of the theory – are not included.

stemming from the requirement of gauge invariance and giving rise to inter-
actions between the quark and gluon fields. The strength of this coupling is
given by the dimensionless parameter g. Ta,ji are the generators of SU(3).

� The quark masses mf are free parameters of the theory.

There are two main approaches for making physical predictions from QCD. Per-
turbation theory (pQCD) relies on the coupling in the theory being so small that
observables can be expressed as a power series of the coupling. Another approach –
lattice QCD [67] – relies on discretizing space-time and performing numerical cal-
culations. It has been successful in i.e. predicting hadron masses but becomes im-
practical for modeling high-energy interactions. Another class of non-perturbative
modeling approaches are those dealing with hadronization/fragmentation and un-
derlying event in conjunction with predictions from pQCD (see section 1.7 below).

1.3 Perturbative QCD

The approach of perturbation theory is to expand a physically observable quantity
– usually a cross section – in powers of the strong coupling constant αs = g2/(4π).
Matrix elements are calculated using Feynman diagrams, where factors for vertices
and propagators for internal lines are given by Feynman rules that can be extracted
from the Lagrangian density of the theory. The basic vertices of QCD are illustrated
in figure 1.2.

In common with other QFTs, such as QED, the calculation of loop diagrams
produces infinities in QCD, so-called ultraviolet divergences. To yield finite and
calculable results for physical observables, the theory needs to be put through
the processes of renormalization and regularization, with which the infinities are
absorbed into the constants of the theory. Various schemes exist to do this [105].
The effect of renormalization is the introduction of an unphysical renormalization
scale, µR, in the theory. This dependence is absorbed into the coupling constant
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αs(µ
2
R), which then depends on the renormalization scale µR. This is described by

the beta function

β(g) = µR
∂g

∂µR
. (1.7)

One then expresss β as a power series in g, starting at g3:

β(g) = −g
(

αs

4π
β1 +

(αs

4π

)2

β2 + ...

)

(1.8)

where the coefficients βi can be calculated from any observable that depends on
the renormalization scale.

The first two coefficients, β1 and β2 are independent of the renormalization
scheme and have the following values:

β1 =(11Nc − 2nf )/3 = 9 (1.9)

β2 =102 − 38nf/3 = 26 (1.10)

Keeping only the first term and solving the differential equation resulting from
equations 1.7 and 1.8, as can be written as3

αs =
4π

β1 ln(µ2
R/Λ

2)
(1.11)

It is notable that the coupling – again contrary to QED – decreases with increas-
ing energy. This means that at high energies and small distance scales, particles
will behave as if they were free. This property is called asymptotic freedom4. On
the other hand, at low energies the coupling blows up, indicating a scale, Λ = ΛQCD

of order GeV, where perturbation theory breaks down. This is thought to be re-
lated to the concept of confinement – that no color-charged objects exist freely –
although this remains to be mathematically proven.

The constant of integration in equation 1.11 can be expressed in several ways:
for example as ΛQCD as above or as the value of αs at a certain scale. Commonly,
the value is expressed at the scale of the Z0 mass, αs(Z0). The current world
average is αs(Z0) = 0.1184 ± 0.0007 [100].

QCD matrix elements turn out to be divergent for soft and collinear gluon
emission, meaning that e.g. the number of gluons emitted from a quark is not
calculable in fixed-order perturbation theory. It is however possible to define so-
called infrared and collinear safe observables for which pQCD is a highly reliable
and highly predictive theory.

Calculated pQCD cross sections are characterized according to their order as
leading order (LO), next to leading order (NLO), next to next to leading order

3Keeping more terms results in terms in the solution of order 1/ ln2(µ2
R

/Λ2), 1/ ln3(µ2
R

/Λ2)...
4In 2004, Gross, Politzer and Wilczek were awarded the Nobel Prize in Physics for showing

this property of the strong interaction.
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(NNLO), etc. NLO results naturally have much higher accuracy and less scale
dependence than LO results. However, their calculation is complicated and requires
a significant investment in time and manpower. Nonetheless, NLO cross sections
for many processes have been calculated. Other obstacles for their use are the
problems of how to combine them with parton showers (see section 1.5) below and
how to define data cuts for which they can give reasonable theoretical predictions.
In this thesis, only LO results and Monte Carlo generators are used.

1.4 Parton Density Functions

Perturbative QCD works with the language of individual quarks and gluons (col-
lectively referred to as partons), while the LHC collides bunches of whole protons.
How can it be applied to interactions of hadrons whose bound states are clearly
outside the area of applicability of perturbation theory?

It turns out that the interaction cross section, interpreted within the parton
model, can be factorized into a hard scattering – described by matrix elements
from perturbation theory – and parton distribution functions (PDFs) that account
for the non-perturbative dynamics of the proton. Indeed, this is one of the main
pieces of evidence for the parton model of hadrons. Roughly speaking, the PDF
gives the probability of a proton having a quark or gluon of a certain type carry-
ing a certain fraction x of the momentum of the hadron. PDFs cannot currently
be calculated from first principles and must be determined by experiment. Deep
inelastic scattering experiments – colliding positrons and protons, for example at
the HERA collider at DESY – are used.

The cross section becomes an integral of the fractional momenta x1 and x2 for
the two colliding protons:

σ =

∫

dx1

∫

dx2f(p1, x1)f(p2, x2)σ̂(x1p1, x2p2, µf ). (1.12)

This introduces yet another unphysical energy scale to the calculation: the fac-
torization scale µF , which separates what is counted as part of the hard scattering
and what is taken as part of the internal dynamics of the proton. The analog to
the renormalization group equation is the DGLAP (Dokshitzer–Gribov–Lipatov–
Altarelli–Parisi) equation.

In a qualitative picture, the proton consists not only of its valence quarks:
uud, but also by gluons and sea quarks of all flavors constantly being created
and annihilated as allowed by the uncertainty principle. This is reflected by the
following PDF identities involving the valence distributions uv(x) = u(x) − ū(x)
and dv(x) = d(x) − d̄(x) :

∫

dx (u(x) − ū(x)) =2 (1.13)

∫

dx
(

d(x) − d̄(x)
)

=1 (1.14)
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Quark and anti-quarks of each flavor have their own PDF, denoted as u(x, µF ),
ū(x, µF ), d(x, µF ), d̄(x, µF ), etc. Gluon PDFs can be found by measuring the quark
PDFs at different scales and assuming that the DGLAP equation holds.

Several different collaborations calculate PDF sets. Well-known are the CTEQ [106]
and MRST [95] groups.

1.5 Parton showers

As mentioned above, the matrix elements calculated in fixed-order perturbative
QCD suffer from divergences in the cases of soft emission and collinear splitting,
limiting their usability for making cross section predictions. To make predictions in
these phase space regions, so-called parton-shower models exist, offering a comple-
mentary approach to matrix elements. They are still based on perturbation theory,
but rely on the re-summation of the matrix elements to infinite order with so-called
leading-log accuracy.

1.6 Matching matrix element calculations with parton

showers

When employing Monte Carlo generators using both matrix elements calculation
and parton showers, care must be taken to avoid double-counting. For example an
emitted gluon may come either from the matrix elements or the parton showers.
Two matching schemes are in common use: MLM [31] and CKKW [59, 31].

1.7 Non-perturbative effects

Matrix element calculations matched with parton showers will give a final state
that still consists of bare quarks and gluons which are known not to exist freely in
nature. Their conversion into observable hadrons must be simulated. An example
of such a model is the Lund string model [33]. In addition, there is the so-called
underlying event, which is defined as everything resulting from a proton–proton
interaction except the hard scattering of two partons.

1.8 Jets

It can be experimentally observed that final state hadrons tend to cluster in col-
limated jets of particles. This is interpreted as evidence of a hard interaction
involving partons, modified by subsequent non-perturbative effects. In qualitative
a terms, a jet represents the fingerprint of a hard subprocesses.

As outlined above, this is described by QCD-based models based on matrix ele-
ment and parton shower calculations for hard processes, and hadronization models.
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Figure 1.3 shows a multi-jet event as captured by the ATLAS experiment (see
chapter 2).

1.8.1 Jet algorithms

In order to test the model describing the hard scattering, it is desirable to define
observables that are as insensitive as possible to effects to non-perturbative QCD
effects. In the simple case of two back-to-back “dijet” events, it is easy to intuitively
understand the definition of a jet. This is true in the case of a single hard gluon
emission, leading to a three-jet final state. However, as the jet multiplicity and
number of events to be analyzed increase, this quickly becomes impractical and an
algorithmic approach is needed.

The aim is to define observables that are sensitive to what can be calculated
by fixed-order perturbation theory. This is expressed through the requirements of
infrared and collinear safety. The former means that the output of the algorithm
(number of jets and their kinematics) should not change when additional low-energy
particles are added and the latter that it should be unchanged when one hard
particle is replaced by two collinear ones.

A jet algorithm can be run on particle level information from a particle genera-
tor. Alternatively, it can use calorimeter cells, clusters or towers which are output
by the reconstruction algorithms from real or simulated experimental data. There
are several ways to combine the energy of these calorimeter objects. The ATLAS
approach is to add up the full four-vectors, starting with massless calorimeter ob-
jects.

For Monte Carlo simulation (“truth”) jets at particle level, the convention [53] is
to include particles not showering in the calorimeters – such as neutrinos and muons
– in the jet definition. Particles with lifetimes longer than 10 ps are treated as stable.
Since the effect of the underlying event cannot be unambiguously separated from
the hard subprocess, its effect is included in the final state which provides the input
to the jet algorithms. However, the effect of multiple proton–proton interactions –
so-called pile-up – is not included.

Jet algorithms can be divided into two major categories: cone algorithms and
sequential recombination algorithms. Efficient implementations of most commonly
used jet algorithms are available in the FastJet package [55].

Cone algorithms

Cone algorithms are a traditional approach to finding jets. Although having ex-
perimentally desirable properties – such as jets with a circular outline – they often
have the undesirable property of being collinear and infrared unsafe.

As an example of this class of algorithms, the ATLAS cone algorithm [64] is
described here. First, all particles (or calorimeter cells, clusters or towers) with a
transverse momentum pT above a defined seed pthres threshold are found. Cones in
azimuth φ and pseudorapidity η with

√

∆η2 + ∆φ2 size R are drawn around them
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Figure 1.3: The highest jet multiplicity event captured by ATLAS by the end of
October 2010. There are eight jets with transverse momentum pT greater than
60 GeV.
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and all particles within the cone are included in these jet candidates. For each cone,
new coordinates are calculated based on the four-momenta of the particles. A new
cone is drawn and this procedure is repeated until a stable configuration has been
found.

Collinear unsafety arises at the seed stage, where collinear splitting might cause
a different particle to be the highest-pT one.

In this scheme, cones may overlap, meaning that a given particle may belong
to two or more jets. This undesirable property can be mitigated by introducing an
additional split–merge step, which also serves to partly recover the infrared-safety
of the algorithm. In this step two overlapping jets are merged if they share more
than a fraction fsm = 0.5 of the transverse momentum pT of the lowest-energy jet,
while two jets are split if their shared pT fraction is less than fsm. A drawback is
that this makes it possible for jets to deviate from a circular cone shape.

A modern infrared and collinear safe approach is SISCone [107]. Avoiding the
use of a seed, it instead uses a sliding window algorithm. However, a drawback of
this algorithm is a relatively long execution time.

Sequential recombination

Contrary to the top-down approach of cone algorithms, sequential recombination
algorithms build jets step-by-step from their constituents. The modern algorithms
in use are the kT [58], the anti-kT [56] and the Cambridge–Aachen [69] algorithms.
Rewinding the combination step also makes it possible to study jet substructure.

The kT algorithm is defined as follows: Let φi, yi and kT,i be, respectively, the
azimuth angle, rapidity and transverse momentum of particle i. For each pair of
particles ij, calculate

dij = min(k2
t,i, k

2
t,j)

∆R2
ij

R2
, (1.15)

where

Rij =
√

(yi − yj)2 + (φi − φj)2 (1.16)

is the distance in the yφ plane between the two particles and R is an adjustable
distance parameter. Also, define

di,B = k2
T,i (1.17)

Find the minimum of all dij and diB . If it is a dij , merge the two particles into
one by adding up their four-momenta. If it is a diB , declare the particle a jet and
remove it from the list of particles. This process is repeated until all particles have
become part of jets.

The kT algorithm has a tendency to cluster together soft contributions first,
leading to jets having an irregular shape in the yφ plane. This has experimental



12
CHAPTER 1. THEORETICAL MOTIVATION FOR MULTI-JET CROSS

SECTION MEASUREMENT

disadvantages due to the difficulty of, for example, jet energy scale calibration and
acceptance corrections.

The anti-kT algorithm is similar to the kT algorithm, but has a different defini-
tion of the distance measure:

dij = min(1/k2
t,i, 1/k

2
t,j)

∆R2
ij

R2
, (1.18)

This has the effect of first combining hard contributions instead of soft ones. In
addition jets tend to be circular in the yφ plane, which has clear experimental
advantages, as explained above. Thus, anti-kT combines has the experimentally
preferable properties of fast running time and cone-like end-results with the theo-
retically preferred properties of infrared and collinear safety. At ATLAS, anti-kT

with distance parameters R = 0.4 and R = 0.6 is have been chosen for jet calibra-
tion and physics analysis.

Both of the aforementioned algorithms can be seen as being part of the same
family by writing the distance measure

dij = min(k2p
t,i, k

2p
t,j)

∆R2
ij

R2
, (1.19)

with p = 1 for kT and p = −1 for anti-kT . Setting p = 0 corresponds to a third
choice, the Cambridge–Aachen algorithm.

1.9 Monte Carlo generators

Monte Carlo generators combine several of the techniques mentioned to give a
complete prediction at particle level.

1.9.1 Pythia

Pythia [109] is a well-known and time-tested event generator, developed at Lund
University. Version 6 – written in FORTRAN77 – is still in wide use, although a
more modern version 8 written in C++ is also available. In this work version 6.421
is used.

A large number of physics processes are selectable as run parameters. For pure
jet processes, Pythia uses leading-order 2 → 2 matrix elements, with the rest of
phase space filled by parton showers.

For parton showers the older virtuality-ordered one was used. A newer model
with pT-ordered showers is also available. Fragmentation uses the Lund string
model.

1.9.2 Alpgen

Alpgen, also a FORTRAN package, also uses leading-order matrix elements, but
offers more partons in the final state than Pythia, with matrix elements going from
2 → 2 up to 2 → 6, i.e. up to six partons in the final state.
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Matching between matrix elements and parton showers uses the MLM scheme.
Parton showers and hadronization are not implemented in Alpgen code, as must

be provided externally. In this work Herwig (see below) was used for that purpose.

1.9.3 Herwig

Like Pythia, Herwig [65] is a leading order Monte Carlo generator with 2 → 2
matrix elements and parton showers. Furthermore, it exists in both FORTRAN
and C++ (HERWIG++) versions, of which the FORTRAN version is used in this
work. Parton showers are angular-ordered. An underlying event model is provided
by the Jimmy [54] package.

1.9.4 Others

Another noteworthy generator is Sherpa [81]. For NLO calculations interfaced with
parton showers for selected processes, there is MC@NLO [74]. The NLOJet++
package can calculate NLO cross sections but has no interface to parton showers.

1.10 Monte Carlo samples used in this analysis

In the analysis of chapter 8, cross sections measured in data were compared to the
predictions of two different Leading Order (LO) Monte Carlo generators: Alpgen
and Pythia.

Alpgen was used to calculate the matrix elements for processes with up to six
partons in the final state. The Parton Distribution Function (PDF) set used was
CTEQ6L1. To fill out the phase space, parton showering was done through the
Herwig program, while the underlying event is simulated by Jimmy.

The renormalization and factorization scales were defined as

Q2 = α
∑

pT
2, (1.20)

where the pT sum is performed over all the final state partons. Nominally, α = 1.
The effect of scale uncertainty, which is assumed to be the largest uncertainty of the
prediction, was investigated by varying both scales simultaneously up and down,
setting α to 0.5 and 2, respectively. The effects of PDF and underlying event
uncertainties are believed to be small compared to the scale uncertainty and thus
were not investigated and have been left for further study.

Matching between parton showers and matrix elements was done using the MLM
scheme.

As a comparison a sample produced using the Pythia generator was used as
well. Pythia only uses matrix elements with two protons in the final state and
leaves the filling of the rest of the phase space to the parton shower. The PDF set
used was the LO* MSTW set.
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Table 1.1: Definition of pT slicing

Slice Min pT (GeV) Max pT (GeV)

J0 8 17

J1 17 35

J2 35 70

J3 70 140

J4 140 180

J5 280 560

J6 560 1120

J7 1120 2240

J8 2240 –

The jet pT spectrum is steeply falling and thus any unweighted sample generated
will be dominated by events at the lower end of the spectrum, just above a defined
pT cut-off. To allow the generation of a sufficient number of events also at a higher
pT, samples are divided into a number of sub-samples, so-called slices. For Alpgen,
this is done according to the pT of leading parton, while for Pythia it is done
according to p̂T, which is defined as the transverse momentum in the rest frame of
the hard interaction. The pT slicing used is detailed in table 1.1. In addition, the
Alpgen samples were sliced according to the number of partons in the final state
(2, 3, 4, 5, or 6).



Chapter 2

The LHC and the ATLAS

experiment

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [70], currently under operation at CERN, is the
largest accelerator complex in the world. Proton–proton collisions with a center-
of-mass energy of

√
s = 10 TeV are bringing experimental high energy physics to

previously uncharted territories. Eventually, the center-of-mass energy will reach√
s = 14 TeV. In addition to protons, there are collisions of lead ions.

In the LHC, bunches of up to 1011 protons will collide at a rate of 40 MHz and a
design luminosity of 1034 cm−2s−1, although in initial runs, the luminosity is orders
of magnitude lower. In 2010, a peak luminosity of 2.1 × 1032 cm−2s−1 was observed
by the ATLAS experiment.

Proton energies are increased by a series of accelerators before reaching the
main LHC ring, which straddles the french–swiss border west of Geneva. Pro-
tons coming from an ion source and are accelerated by a linear accelerator, the
Proton Synchrotron Booster, the Proton Synchrotron (PS) and the Super Proton
Synchrotron (SPS) before reaching the main LHC machine.

The LHC uses the same 27 km circular tunnel as the now dismantled LEP
electron–positron collider. Particle beams are bent by 1232 superconducting NbTi
dipole magnets cooled by superfluid helium to below 2 K, carrying a current of
several kiloamps and generating a peak 8.33 T magnetic field for operation at 7 TeV
per beam. Each proton beam will nominally consist of 2808 bunches, separated in
time by 25 ns. The design uses twin bore magnets due to space constraints.

Located around the LHC ring are several different experiments/detectors:

� CMS (Compact Muon Solenoid) [61] and ATLAS [1, 5, 64] are general-purpose
physics experiments investigating primarily proton–proton collisions, but also
heavy ion collisions. Physics topics include searching for the Higgs boson, top

15
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quark and b physics and looking physics beyond the Standard Model, such
as supersymmetry.

� ALICE [10] is specifically geared toward the study of the strong interaction
sector of the Standard Model (QCD), primarily in collisions of lead ions.

� LHCb [87] is optimized for heavy-flavor physics. The primary goal is to look
for indirect evidence of new physics in CP violation and rare decays of bottom
and charm hadrons. CP violation beyond the Standard Model is thought to
be needed to explain the prevalence of matter over antimatter in the universe.

� TOTEM [35] measures the total cross section of proton-proton collisions based
on the optical theorem. It is an independent experiment, technically inte-
grated with CMS. ATLAS also has instrumentation to do similar measure-
ments.

� LHCf [26] measures the production spectrum of neutral particles in the very
forward region of LHC collisions. The aim is to get data to calibrate Monte
Carlo models of the showers induced by Extremely High-Energy Cosmic Rays.

The LHC experiments have published their first physics results during 2010,
including results on charged particle densities, searches for new partices though
di-jet events, b physics, and heavy ion physics [2, 88, 11, 6, 8, 7, 4].

2.2 A tour of ATLAS

This section gives a general overview of ATLAS and its subdetectors.
The ATLAS coordinate system is laid out so that the z axis is parallel to the

beam pipe, while the x axis points upwards, and the y axis towards the center of
the LHC ring. Coordinates are usually expressed in a non-Cartesian system (r, φ, η)
where r is the distance from the interaction point, φ is the polar angle in the xy
plane and

η = − ln

(

tan

(

θ

2

))

, (2.1)

where is θ is the angle relative to the beam axis. The pseudorapidity η approximates
rapidity for relativistic particles. It is more convenient to use than the angle θ, since
particle production can be shown to be approximately flatly distributed in η.

In general, the detector has a cylindrical symmetry with several layers centered
on the interaction point. From the beam pipe and outward, ATLAS consists of
an inner tracking detector, electromagnetic and hadronic calorimeters, and a muon
spectrometer. ATLAS is thoroughly described in [1].

In general, the ATLAS electronics is designed so that the signal read out from
the detectors is digitized by front end electronics situated on the experiment itself.
This is to make the analog signal path as short as possible, and thereby reduce
noise.
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Figure 2.1: A general overview of the ATLAS experiment, its subdetectors, geom-
etry and dimensions.

Figure 2.1 shows a cross section of the detector and its various subsystems.
In the very center of the experiment, closest to the interaction point, is the inner
detector. It consists of three subdetector systems:

� The pixel detector,

� the semiconductor tracker (SCT), and

� the transition radiation tracker (TRT).

2.2.1 Inner detector

The task of the inner detector is to measure the angles, momenta, and life-times of
particles emerging from the interaction point down to sub-GeV transverse momenta
pT . That is done by observing the curvature of their trajectory in a magnetic field.
It should provide so-called b-tagging of particles coming from a secondary vertex
where a b quark decayed. It should also provide discrimination between electrons
and hadrons. Thousands of particles may emerge from the interaction point in each
interaction, resulting in a very large track density.

Situated close to the beam pipe and the interaction point, the inner detector is
exposed to an immense radiation environment. It is located in a solenoidal magnetic
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Figure 2.2: A general overview of the ATLAS inner detector.

field of 2 T, generated by a superconducting solenoid electromagnet located in the
same cryostat as the liquid argon barrel calorimeter (see below).

Figure 2.2 shows an overview of the inner detector, which consists of three sub-
systems: The pixel detector, the semiconductor tracker (SCT), and the transition
radiation tracker (TRT). It is located within a cylindrical envelope 7 m long and
with a radius of slightly more than one meter.

Pixel detector

The pixel detector is the part of ATLAS located closest to the beam pipe and
the interaction point. It consists of three radial barrel layers approximately 5, 9
and 12 cm away from the interaction point and six discs, three on each side of the
interaction point, perpendicular to the beampipe, at the approximate distances of
50, 58, and 65 cm. In the immense radiation environment it is expected to need
replacement after three years of running at design luminosity. All pixel sensors
are identical and have a minimum pixel size of 40 × 400 µm2. In total, there are
80.4 million readout channels. The pixel detector contains 1744 pixel sensors, each
having 47232 pixels. The sensors are 250 µm thick. The layers are segmented in
R – φ and z. The intrinsic accuracy in the barrel (discs) is 10 µm in R – φ (R – φ)
and 115 µm in z (R).
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Semiconductor tracker

The semiconductor tracker (SCT) uses sets of stereo strips for tracking. The are
four stereo layers in the barrel region, at radial distances from the interaction
point of 30–51 cm, and nine disc stereo layers in each end-cap, 85–272 cm from the
interaction point in z. The intrinsic accuracy in the barrel (discs) is 17 µm in R – φ
(R – φ) and 580 µm in z (R).

The SCT has 15912 sensors, each 285 ± 15 µm thick. The number of channels
is about 6.3 million.

Transition radiation tracker

The TRT forms the outermost tracking system in ATLAS, located between the
SCT and the calorimeters. It consists of a collection of 4 mm diameter polyimide
straw tubes filled with a mixture of xenon, carbon dioxide and oxygen.

Transition radiation is emitted when a charged particle passes the interface
between two media having different index of refraction. The amount of emitted
radiation depends on the Lorentz γ factor of the particle. Since γ = E/(mc2), the
lower mass of electrons compared to hadrons gives them a much higher gamma
factor for a given momentum, making it possible to discriminate between the two.

The TRT barrel (end-cap) only provides R – φ (φ – z) information, with an
intrinsic accuracy of 130 µm per straw. In the barrel region, the straws are parallel
to the beam direction, and in the end-cap they are arranged radially in wheels. In
total there is about 351000 readout channels.

2.2.2 Calorimeters

Calorimeters measure particle energy by sampling the particle showers they induce.
ATLAS has a range of different electromagnetic and hadronic calorimeters: the
liquid argon barrel electromagnetic calorimeter (EMB), the Tile barrel and extended
barrel hadronic calorimeters, the liquid argon electromagnetic end-cap calorimeters
(EMEC), the liquid argon hadronic end-cap calorimeters (HEC), and the forward
calorimeters (FCal). They are described in chapter 3.

2.2.3 Muon spectrometer

Due to their considerably higher mass than electrons, muons at the energies at hand
in ATLAS don’t loose energy radiatively and thus remain minimum ionizing parti-
cles (MIPs). Consequently they don’t develop showers in the calorimeter systems,
loosing only a negligible part of their energy.

The task of the muon spectrometer system is to measure the momentum of
those muons by observing the curvature of their trajectory in the magnetic field
created by the large air-wound barrel and end-cap toroid magnets.

The length needed to observe a sufficient deviation from a straight path (sagitta)
is what determines the overall dimensions of the whole experiment.
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There are vastly different demands put on the muon system: Radiation levels
differ greatly depending on η. The muon level 1 trigger requires fast readout,
while the full readout requires high precision. Due to this, muon chambers of four
different technologies are used in ATLAS:

For precision measurements:

� MDTs, monitored drift tubes, are used in most regions. The drift tubes are
about 3 cm in diameter and are filled with a mixture of argon and carbon
dioxide.

� CSCs, cathode strip chambers, are used in the more intense radiation envi-
ronment in the end-caps, at high pseudorapidity. They are multiwire propor-
tional chambers, with both cathodes segmented, perpendicular to each other,
each providing one coordinate for the track.

For fast triggering:

� RPCs, resistive plate chambers are used in the barrel. They consist of two
resistive plates, kept parallel at a distance of 2 mm. Avalanches form along
the ionizing tracks and the signal is read out through capacitive coupling to
metallic strips located on the outside of the strips.

� TGCs, thin gap chambers, are used in the end-caps. They are also in the
form of multiwire proportional chambers.

The general geometry of the muon system is shown in figure 2.3.
The muon chambers can be physically installed with sub-centimeter precision.

However, meeting the design requirements requires their position to be known to a
much higher precision, less than 30 µm. To achieve this a combination of an optical
alignment system and track reconstruction is used.

2.2.4 Magnet system

The ATLAS magnet system consists of the central solenoid, providing the magnetic
field for the inner detector, and the barrel and end-cap toroids, providing the field
for the muon spectrometer.

2.2.5 Trigger

Reconstructing and storing events at the LHC bunch crossing rate every 25 ns
would be impossible. In addition, in the vast majority of cases, events are so-called
minimum-bias QCD events, containing no new physics. A multi-leveled trigger
system is used to bring the 40 MHz event rate down to a practical few hundred
hertz. The trigger system is described in more detail in chapter 7, focusing on jet
triggers.
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Figure 2.3: A general overview of the ATLAS muon spectrometer.

Level 1 trigger

The largest reduction in event rate is due to the level 1 trigger. It brings the event
rate from the bunch crossing frequency of 40 MHz to a more manageable 70 kHz1.

The level one trigger has a 2.5 µs window to make its decision whether to accept
or reject an event, before instructing the front-end electronics to accept an event.
It uses analog signal sums collected at the detectors before A/D conversion. Input
comes from the calorimeters and the muon spectrometer – the inner detector does
not provide a signal for the level 1 trigger. The experimental signatures used by
the level 1 trigger are particles and jets with high transverse energy Et = E sin θ,
where θ is the angle to the beam axis, and missing transverse energy due to un-
charged particles escaping the experiment undetected. As mentioned, the latter
is an important experimental signal for supersymmetry. Precision is limited to a
modest 5 per cent. If the rate of events passing a certain trigger condition is high
enough to saturate the 70 kHz maximum level 1 rate, a pre-scaling factor P can be

1The system is upgradeable to 100 kHz
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applied, where only every P th event is kept.

High Level Trigger

The high level trigger consists of the level 2 trigger and a third level, called the
Event Filter. Both operate on events fully reconstructed by the readout drivers,
although the level 2 trigger limits its scope to regions of interest (ROIs) determined
by the level 1 trigger.

2.2.6 Computing, software

The amount of experimental data collected in a nominal year in ATLAS will
amounts to petabytes. This puts unprecedented demands on the computing and
distribution infrastructure.

The ATLAS computing model follows a tiered structure, where the Tier 0 com-
puting center – located at CERN – distributes data to Tier 1 and Tier 2 centers
located around the world [39].

ATLAS software is divided into on-line and offline-parts. The off-line recon-
struction software is called Athena. Written in object-oriented C++, it is based
on the GAUDI [44] framework, shared with the LHCb experiment. Event data are
stored in the format of the ROOT framework[52].

Python is used as a glue language to bind different modules together. Package
and version management is done by CMT and CVS. Work is done in objects of a
class called algorithms. They can communicate by storing and retrieving objects
from services.

The data analysis in the present work was done using the ROOT software frame-
work. It is a continuation of the old FORTRAN77-based PAW/HBOOK [104] soft-
ware package, with which is has authors in common. ROOT is written in C++,
and is aiming to be object-oriented. It is today the de-facto standard analysis
framework in high energy physics.

The output of the ATLAS reconstruction is stored in the form of event summary
data (ESD), which can be condensed into analysis object data (AOD). Then, de-
pending on the different requirements of different physics analyses, different derived
data formats are be produced.



Chapter 3

The ATLAS calorimeters

This chapter will first give a short introduction to the interaction of radiation
and matter and calorimeter physics. Then the calorimeter systems in ATLAS will
be described, with emphasis on the barrel calorimeters: the liquid argon barrel
electromagnetic calorimeter and the Tile hadronic calorimeter.

3.1 Interaction of radiation and matter

3.1.1 Charged particles

Nuclear interactions aside, charged particles heavier than electrons and positrons
(such as pions or muons) primarily loose energy due to ionization of the material
through which they pass. The mean energy loss per unit length and material density
is given by the Bethe–Bloch formula [100]

−dE

dx
= Kz2Z

A

1

β2

(

1

2
ln

2mec
2β2γ2Tmax

I2
− β2 − δ(βγ)

2

)

, (3.1)

where K = 4πNAr
2
emec

2,

NA is Avogadro’s number, re is the classical electron radius, ze is the charge of the
incident particle, Z is the atomic number of the absorber material, A is the atomic
mass of the absorber material, βc and γ are the speed and Lorentz gamma of the
particle, respectively, and me is the electron mass. Tmax is the maximum kinetic
energy that can be transfered to a free electron in a single collision. It is given
by [100]

Tmax =
2mec

2β2γ2

1 + 2γme/M + (me/M)2
, (3.2)
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where M is the mass of the particle. The δ(βγ) term describes the so-called density
effect, which is due to polarization of the material, comes into effect at high energies.
δ/2 is then proportional to a constant plus lnβγ.

With small deviations, the Bethe–Bloch dE/dx depends on the particle speed β
only. At low energies it goes as 1/β2. At high energies, the density effect term makes
the whole Bethe–Bloch formula rise logarithmically as lnβγ instead of lnβ2γ2 until
the point where radiative losses must be taken into account. For a broad range of
energies, relativistic pions and muons can be considered to be minimum-ionizing
particles (MIPs). Yet higher-mass particles, such as protons and alpha particles,
will have a lower β at a given energy, and the low energy rise will thus be more
important.

Ionization usually occurs in an almost smooth and continuous way. However,
electrons are sometimes knocked out with rather high energy, propagating away
from the ionization region. These are sometimes called delta rays.

Just like heavy particles, electrons and positrons loose energy by ionization, in a
way similar to the Bethe–Bloch equation. However, due to their low mass mass, ra-
diative effects start to dominate already at low energies. So-called Bremsstrahlung
occurs when an electron or positron emits a photon when it interacts with an atomic
nucleus.

The radiation length, X0, is both the average distance after which a high-energy1

electron has lost all but 1/e of its energy due to Bremsstrahlung and 7/9 of the mean
free path for pair production by a high-energy photon. Naturally it is material-
dependent. Approximately (within a few per cent), it is given by [100]

X0 =
716.4 g/cm2A

Z(Z + 1) ln(287/
√
Z)
. (3.3)

As an example, this gives X0 = 19.9 g/cm2 for argon and X0 = 6.3 g/cm2 for
lead, or, removing the density normalization2 X0/ρ = 14 cm for argon and X0/ρ =
0.56 cm for lead.

The critical energy, Ec is usually defined as the energy where ionization and
radiative effects for electrons and positrons are equal in magnitude. An approximate
expression is [100]

Ec =
610 MeV

Z + 1.24
(3.4)

for solids and liquids and

Ec =
710 MeV

Z + 0.92
(3.5)

for gases. Again as an example, this gives Ec = 31.7 MeV for liquid argon and
Ec = 7.3 MeV for lead. An alternative definition (after Rossi) is to set Ec as the

1E >> 1 GeV
2Using ρLAr = 1.396 g/cm3 and ρPb = 11.34 g/cm3
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energy where the ionization losses per radiation length equals the electron energy.
Both definitions are roughly equivalent.

Multiple scattering is the result of many small-angle deflections due to Coulomb
scattering against the nuclei of the material as the particle traverses it. Strong
interactions may also contribute for hadrons. The scattering angle distribution
after a length x is approximately Gaussian, with the width [100]

θ0 =
13.6 MeV

βcp
z
√

x/X0 (3.6)

Finally, inelastic nuclear interactions naturally play a large role for all hadrons.

3.1.2 Photons

Photons interact with matter through the photoelectric effect, Compton scatter-
ing and pair production, while Rayleigh scattering is important only at very low
energies. Photonuclear reactions may play a small role at high energies. The pho-
toelectric effect dominates at low energies, Compton scattering in an intermediate
range, and pair production at higher energies.

The photoelectric effect amounts to the energy of a photon being completely
absorbed by an atom, thereby knocking out an electron from its atomic shell. It
is strongly dependent on the number of available electrons, and thus the atomic
number Z of the material. The cross section scales as Zn, with n between 4 and
5. With energy, it scales as E−3, making it dominant only at energies well under
1 MeV for all practical materials [115].

In Compton scattering only a fraction of the photon energy is transfered to
an atomic electron. The cross section is almost proportional to Z. The effect
dominates in an intermediate region up a few tens of MeV [115].

Pair production occurs when the photon is converted into an electron–positron
pair by interacting with an atomic nucleus. This can only occur above a photon
energy equal to twice the electron mass of 511 keV. The cross section rises with en-
ergy until it hits a plateau related to the radiation lengthX0 at above-GeV energies.
For high-Z materials, pair production starts to dominate earlier than for low-Z ma-
terials, meaning that the energy range in which Compton scattering dominates is
smaller for the former [115].

3.1.3 Material response

Materials may respond to ionizing radiation in a number of ways that are useful
for signal readout. In addition to an electric ionization signal – occurring in for
example semiconductor, liquid or gas detectors – various forms of light may be
produced: Some inorganic crystals and polymers produce scintillation light that
may be picked up and amplified by photo multiplier tubes (PMTs).

Čerenkov radiation is an optical shock wave phenomenon occurring when a
charged particle passes through a material at a speed higher than the local phase
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velocity of light (c/n, where n is the index of refraction). Emission depends only
on the speed of the particle v = βc and is directed along a circular cone at an angle
of θc = 1/(nβ) with respect to the particle track [100].

Transition radiation (TR) occurs when a charged particle passes the interface
between two materials with different index of refraction. The radiation intensity is
proportional to the Lorentz gamma, γ, of the particle [100].

Both Čerenkov and transition radiation are useful for particle identification.
The ATLAS inner detector has a transition radiation tracker as its outermost layer
(chapter 2) and the beamline of the Barrel Combined Beam Test has a Čerenkov
detector (chapter 6).

3.2 Calorimetry

Calorimeters aim to exploit particle showers in the detector material to measure
particle energies and angles. Based on the types of interactions of the particles they
are designed for, they can be divided into electromagnetic calorimeters (electrons,
positrons, photons) and hadronic calorimeters (pions, protons, neutrons, jets). Usu-
ally, collider experiments will have both electromagnetic and hadronic calorimeters
in sequence.

If they are divided into several compartments with independent signal readout,
either laterally or longitudinally, calorimeters are said to be segmented.

There are homogeneous calorimeters and sampling calorimeters: In a homo-
geneous calorimeter all detector material will give a contribution to the read out
signal, while in a sampling calorimeter only a part of the material is used for signal
readout. The ratio of energy deposited in the active material to the total energy
deposited is called the sampling fraction, fsampl.

A sampling calorimeter allows an optimum choice of detector and absorber
material. A dense absorber material makes it possible to construct a compact,
cheap calorimeter that is easy to segment. On the other hand the amount of charge
created in the active detector material will be lower, meaning that the stochastic
resolution term (see below) will be larger.

Homogeneous calorimeters can be made of for example high-Z inorganic scin-
tillators or Čerenkov-emitting lead glass. The active detector material of sampling
calorimeters can be organic scintillators or liquid noble gas (mostly argon) ioniza-
tion chambers.

3.2.1 Electromagnetic calorimetry

Particle showers can be classified into two different categories depending on the
interactions of the impinging particle: electromagnetic and hadronic showers.
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Figure 3.1: The principles of an electromagnetic shower. An incident electron emits
Bremsstrahlung photons, which in turn convert into electron–positrons pairs. The
fundamental length scale is the radiation length X0.

Electromagnetic (EM) showers occur for high-energy particles that are subject
to electromagnetic interactions, but not to strong interactions. For practical pur-
poses, those particles are electrons, positrons and photons3.

The fundamental length scale for electromagnetic showers is the so-called radi-
ation length, X0, defined above.

The basic processes in electromagnetic shower development are Bremsstrahlung
and pair production. Consider a high-energy electron reaching the calorimeter. It
will deposit energy by ionizing the atoms or molecules of the detector material,
but will predominantly lose energy by emitting Bremsstrahlung photons. Those
photons will in turn be converted into electron–positrons pairs, which again emit
Bremsstrahlung photons (figure 3.1). This process will continue until the average
electron energy is below the critical energy and ionization losses start to dominate.

From this tree-like model one can expect an exponential-like start of the shower,
followed by a rapid decay. The longitudinal extent of the shower should depend
logarithmically on the incident particle energy.

The average longitudinal profile is reasonably described [100] by a Γ distribution:

dE

dt
= E0b

(bt)a−1e−bt

Γ(a)
, (3.7)

where t = x/X0 is the distance normalized to radiation lengths. The shower maxi-

3Muons, due to their higher mass, do not emit bremsstrahlung photons until reaching very high
energies, and thus usually do not form EM showers at the energies at hand in collider experiments.
Instead, they pass through the calorimeter system as minimum-ionizing particles.
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mum occurs at

tmax = (a− 1)/b = 1.0 · (ln
E

Ec
+ C), (3.8)

where b ≈ 0.5 and C = −0.5 for electron-induced showers and C = +0.5 for photon-
induced showers. The logarithmic dependence on the incident particle energy is
consistent with exponential shower growth model outlined above.

The lateral scale of the shower extent is given by the Molière radius:

Rm

X0

=

√

4π/α mec
2

Ec
≈ 21.2 MeV

Ec
, (3.9)

where α is the fine structure constant and Ec follows Rossi’s definition.

The resolution of an electromagnetic calorimeter is usually parameterized as
follows:

σE

E
=

a√
E

⊕ b

E
⊕ c, (3.10)

where ⊕ denotes adding the terms in quadrature and taking the square root. The
three terms are called the stochastic, noise, and constant terms respectively. The
stochastic term is due to the Poisson-like statistics of shower development, giving
an energy error of

√
E. Since the electronic noise is independent of energy, the

noise term will be a constant in terms of absolute resolution and thus go as 1/E in
terms of relative resolution. The final constant term is due to inhomogeneities be-
tween different parts of the calorimeter. One sees that relative resolution improves
with increasing energy, contrary to momentum measurements in trackers, where
resolution instead degrades as energy increases.

3.2.2 Hadronic calorimetry

Hadronic showers follow a similar pattern to electromagnetic ones, with one particle
giving rise to several others when interacting with the detector material, in this case
mainly through nuclear interactions. However, due to the complexities of the strong
interaction and a much larger number of possible final states, shower fluctuations
are much larger.

This complexity comes from inelastic reactions between a hadronic particle and
atomic nuclei. Such reactions result in both prompt new hadrons and later gammas
and evaporation neutrons.

The hadronic analog to the electromagnetic radiation length X0 is the nuclear
interaction length λ.

Hadronic showers carry both a hadronic component and an electromagnetic
component. This is due to the fact that π0 mesons may be produces in nuclear
reactions. Since they decay into two gamma photons, the resultant shower will
behave exactly like an electromagnetic shower.
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In the general case a calorimeter will have a different response to the electro-
magnetic and hadronic components of the shower. This is due to the hadronic
component having energy deposits not showing up as ionization in the detector,
due mostly to energy lost in nuclear break-up.

The differing response to the electromagnetic and hadronic components of a
shower is characterized by the e/h ratio, giving the ratio of the electromagnetic
to hadronic response. This is an intrinsic property of the calorimeter in question.
If e/h = 1, the calorimeter is said to be compensating, if e/h > 1 it is under-
compensating, and if e/h < 1 it is over-compensating. Due to invisible energy, most
calorimeters – including those in ATLAS – have e/h < 1.

With increasing incident particle energy, the number of nuclear interactions
increases and thus also the number of π0particles produced. This in turn increases
the electromagnetic component of the shower, giving rise to a non-linear response
if e/h 6= 1. The ratio of the of the signals read out for an incident electron and an
incident pion of the same energy is called the e/π ratio, which thus is beam energy
dependent. If fem is the electromagnetic fraction of the shower, the pion response
can then be written [115]

π = feme+ (1 − fem)h, (3.11)

from which follows

e

π
=

e/h

1 − fem(1 − e/h)
(3.12)

fem has a power-law behavior [79, 115]

fem = 1 −
(

E

E0

)k−1

. (3.13)

The parameters E0 and k are somewhat material dependent, but are approximately
E0 ≈ 1 GeV and k ≈ 0.8 [115].

Various methods exist to achieve compensation, either boosting the hadronic
response or reducing the electromagnetic response. For example, the former can be
achieved by using detector materials rich in protons, which recoil from the elastic
scattering of soft neutrons in the shower and the latter by using high-Z materials
such as uranium as absorbers [115]. As mentioned, the ATLAS calorimeters are
intrinsically non-compensating.

3.3 ATLAS calorimeters

The calorimeters measure particle and jet energies by sampling the ionization signal
from the particle showers that develop when the incoming particles interact with
the detector material. They also measure the direction of particles and jets. Signs
of interesting physics in ATLAS will be missing (unbalanced) transverse energy –
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which is a signature of particles not interacting with the detector – and high-energy
leptons and photons. Calorimeters play a crucial role for measuring both.

The demands on the calorimeters are high. To measure missing transverse en-
ergy, they must have an angular coverage as large as possible, minimizing gaps
(hermeticity). This is achieved by the arrangement of barrel and end-cap calorime-
ters described below. Common to all ATLAS is that the intense radiation environ-
ment requires radiation-hard detectors. The short time between collisions means
that detectors will need to have a fast response time to avoid event pile-up. Due
to the spatial constraints on how large the calorimeter system can be, sampling
calorimeters are used. Leptons and photons need to be clearly distinguished from
hadrons. This together with general background rejection requires a fine detector
granularity, meaning a large number of channels that need to be processed. Cell
energies in the range of MeV s (electronic noise) to TeV need to be measured. This
requires a high dynamic range.

In terms of resolution, the ATLAS electromagnetic calorimeters were designed
for a sampling term constant of 10%

√
GeV and a constant term of 0.7% [1]. The

requirement of the hadronic calorimetry is a sampling term constant of 50%
√

GeV
and a constant term of 3% [1].

The ATLAS calorimeters employ a range of different technologies, optimized for
their different use. They are either based on liquid argon or scintillating tiles. All
are segmented, sampling calorimeters. Figure 3.2 shows an overview of the different
calorimeter subsystems.

3.3.1 Liquid argon calorimeters

All the electromagnetic calorimeters in ATLAS utilize liquid argon technology. Liq-
uid argon was chosen as the active calorimeter medium due to its well-known linear
response to ionization, and its inherent radiation hardness.

The liquid argon calorimeters are the electromagnetic barrel calorimeter (EMB),
the electromagnetic end-cap (EMEC), the hadronic end-cap (HEC), and the forward
calorimeter (FCal). They are thoroughly described in [38].

LAr–barrel calorimeter

The LAr–barrel calorimeter will be described here in more detail than the other
LAr calorimeters, serving as an example.

The electromagnetic barrel calorimeter has an accordion geometry, chosen both
for its ability to provide coverage without gaps in φ and for the possibility of
extracting the signal with a short rise time.

The liquid argon has to be located inside a cryostat cooled to 89.3 K. In ATLAS,
this extends from an inner radius of ∼1.2 m to an outer radius of ∼2.3 m. It is made
of aluminum – to reduce the amount of radiation lengths traversed by the particles –
and consists of a warm vessel and a cold vessel separated by vacuum insulation. On
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Figure 3.2: A general overview of the ATLAS calorimeters.

the inner warm vessel, the superconducting solenoid coil that provides the magnetic
field for the inner detector is mounted.

The high demands of performance and radiation hardness put on the inner
detector unavoidably leads to a large amount of material being present between
the interaction point and the calorimeter system. Electromagnetically interacting
particles will start showering already before reaching the calorimeter, due to this
material in the inner detector and cryostat wall, degrading energy resolution. To
compensate for this effect presampler detectors are present just in front of the
EMB and EMEC detectors. Their principle of operation is to sample the shower
early in its development, giving a signal that is well correlated to the energy lost
upstream of it. The LAr–barrel presampler was developed in collaboration between
KTH, LPSC Grenoble and groups in Morocco. It has a thin (11 mm) active layer
of liquid argon, located between alternating anodes and cathodes made of glass-
epoxy circuit boards. The cathodes are double-sided, while the anodes have three
conducting layers. For the latter, high voltage is applied to the outer electrodes,
while the inner ones at ground potential are used for signal readout. Both kinds of
electrodes are a few hundred micrometers thick.

The granularity of the presampler readout cells is ∆η = 0.025 in the η direction
and ∆φ ≈ 0.1 in the φ direction.
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The presampler modules are enclosed in a glass-epoxy shell.

The calorimeter proper is made up of interspersed electrodes and absorbers,
folded in an accordion pattern. In total, there are 1024 each of electrodes and
absorbers, giving a spacing of ∆φ = 2π/1024.

For manufacturing, the calorimeter is divided into 16 modules for each half-
barrel (η > 0 and η < 0). However, once in place, there is no discontinuity between
the modules.

The electrodes, a few hundred micrometers thick, are copper-polyimide printed
circuit boards and have three conducting layers. The two outer layers are connected
to the high voltage supply, while the central one is used for signal readout, coupled
capacitively to the circuit formed by the liquid argon gap and the applied high
voltage.

The absorbers are made of lead sheets sandwiched between two stainless steel
plates. The lead sheets are 1.5 mm thick for η < 0.8. Combined with the steel plates
this gives a total thickness of 2.2 mm. For η > 0.8 the lead thickness is reduced
to 1.1 mm, taking advantage of the increasing length available in the calorimeter
to increase the sampling fraction – the relative amount of energy deposited in the
active material – and thereby improve resolution.

The electrodes and absorbers are folded into an accordion shape in order to
achieve a geometry with no gaps in the φ (azimuth) direction. The folding angle
decreases with increasing radius to ensure an approximately constant gap between
absorber and electrodes.

Electrodes and absorbers are separated by insulating honeycomb spacers made
of paper impregnated with phenolic resin.

In the radial direction, the electrodes are divided into three so called layers (also
called samplings or compartments4): the strips, the middle sampling, and the back
sampling. The division in η comes from etched pads on the electrodes. All cells are
aligned to point towards the interaction point.

� The strips have a very fine spacing in η, ∆η = 0.003125.

� Most of the energy is deposited in the middle section. Here the cells have an
η spacing of ∆η = 0.025, each middle cell corresponding to eight strips.

� The back sampling has an η spacing of ∆η = 0.050, corresponding to two
middle cells or sixteen strips.

At η = 0 there is 1.7 X0 before the calorimeter, 4.3 X0 in the strip layers, 16 X0

in middle sampling, and 2 X0 in the back sampling.

To achieve the sought-after granularity in the φ direction, the signal from a
number of electrodes are summed together. This is done differently for each sam-
pling.

4The terms will be used interchangeably.
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Figure 3.3: From [41, figure 1-2]. The accordion structure of the calorimeter and
the granularity of the different samplings. Also the radiation lengths of the layers.

� In the strips, sixteen electrodes are summed together to give a granularity of
∆φ = 2π/64 ≈ 0.1.

� In the middle and back samplings, four electrode signals are summed, giving
a granularity of ∆φ = 2π/256 ≈ 0.025

This is all illustrated in figure 3.3.
From the presampler and the strips the signal is taken out from the inner radius

of the calorimeter, while for the middle and back samplings, it is brought out from
the outer radius.

End-Cap calorimeters

In the end-caps, both the electromagnetic and hadronic calorimeters utilize liquid
argon technology. The electromagnetic end-cap (EMEC) calorimeter used lead
as absorbing material just like the electromagnetic barrel calorimeter, while the
hadronic end-cap calorimeter uses copper. Both are housed in the same cryostat
together with the forward calorimeter (FCal).

The electromagnetic end-cap calorimeter has an accordion geometry similar to
the liquid argon barrel calorimeter. In each end-cap it consists of two coaxial wheels,
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with a border at η = 2.5. There are mostly three longitudinal samplings, although
some regions have only two.

The hadronic end-cap calorimeter is located behind the EMEC as seen from
the interaction point. It consists of copper plates in planes perpendicular to the
beampipe. The 8.5 mm liquid argon gaps between the plates are divided into four
separate drift zones by electrodes. An electrostatic transformer (EST) structure
reduces the needed high voltage. There are four samplings.

Finally, the forward calorimeter is situated in the high-radiation environment
at high η, closest to the beampipe. It has been designed with the very high particle
fluxes at high η in mind. The calorimeter has three modules in depth: one elec-
tromagnetic module and two hadronic modules. The electromagnetic module uses
copper as absorbing material, while the hadronic ones use tungsten. The electrode
structure used has small-diameter rods, centered in tubes which are oriented par-
allel to the beam direction. The narrow liquid argon gaps are between the tubes
and the rods. This arrangement avoids ion build-up and ensures a high density.

Signal treatment

The liquid argon gaps of the calorimeters work as ionization chambers: Ionizing
particles pass through the liquid argon gaps of the detector, creating electron–ion
pairs. The electrons and ions drift towards the electrodes in the applied electric
field – 10 kV/cm in the LAr–barrel. The field results from a voltage of about 2 kV
applied over the liquid argon gaps between absorbers and readout electrodes. The
high-voltage lines have their own feedthroughs in the cryostat walls.

The ionization creates a triangular current signal as the electrons successively
reach the electrode. The ions have a much longer drift time, making their contri-
bution to the current negligible.

The anodes have three conducting layers and the signal couples capacitively to
the central one, where it is read out.

Analog summing boards and motherboards are located inside the cryostat. The
summing boards are responsible for adding together the currents from a number
of electrodes so as to achieve the desired detector granularity. The signals then
go to the motherboards, where they are collected before they pass through the
feedthrough of the cryostat.

The front end boards (FEBs) are located in the front end crates (FECs), which
are situated on the outer edge of the cryostat in the gap between the barrel and
end-cap tile calorimeters. The crate works as an extension of the Faraday cage
formed by the cryostat, shielding the sensitive electronics inside.

On the FEB, the signal first reaches the current-sensitive pre-amplifier. It am-
plifies the signal above the noise level of downstream stages, so as to be the only
contributor to electronics noise.

Next come the shaping amplifiers, which are bi-polar CR–(RC)2 filters. The
electrons have a drift time in the order of several hundred nanoseconds, much longer
than the LHC bunch crossing frequency of 40 MHz. Therefore, only the beginning



3.3. ATLAS CALORIMETERS 35

of the ionization signal can be utilized for signal readout. This is accomplished
by shaping electronics in preamplifier situated on the FEBs. There is a trade-off
between the reduction of electronic noise – favoring a slow shaping time – and the
reduction of pile-up noise from overlapping events – favoring a fast shaping time.

The ionization signal has a triangular shape: a short rise time of a few nanosec-
onds, and then a linear decay as the ionization electrons drift towards the electrodes.
This current pulse – with an amplitude of a few milliamperes – is transformed by
the shaping electronics to a bipolar voltage pulse of a few volts and around 100 ns
long, suitable for digitization. The bipolar shape ensures a time integral of zero,
leading to a zero integrated charge transport and therefore a constant DC level.

After the shaper there are switched capacitor arrays (SCAs) that store the
analog samples awaiting digitization in a subsequent analog to digital converter
(ADC). Digitization is only done if the event is accepted by the trigger system.
Acceptance by the trigger occurs on a timescale of 2.5 µs, a hundred times longer
than the bunch-crossing and sampling period.

In fact there are three different shapers and SCAs for each channel, with each
amplifier having a gain different by a factor of about ten. These are called low,
medium and high gain. This is done to optimize the total noise and achieve a 16-bit
dynamic range in a cost-effective way, using 12-bit ADCs instead of 16-bit ones.

In the FECs, there are also tower builder boards that perform the final analog
summing of the level 1 trigger signal before it is lead of to the trigger system. For
the level 1 trigger, calorimeter cells are added into so-called trigger towers of the
size ∆η = 0.1 and ∆φ = 2π/32 ≈ 0.1. This analog summation is done on the
signals coming out of the shapers, and is done in two steps. First, signals from
the same layer are added up on the front end board. Signals from different layers
belonging to the same trigger tower are then summed on special Tower Builder
Boards, which are also located in the Front End Crates. The signal – still analog –
is then transmitted to the USA15 cavern.

Upon level 1 trigger accept, typically five ADC samples are transmitted (on
optical cables, see chapter 4.1) from the FEBs on the experiment to the readout
drivers (RODs), which are also located in the adjacent USA15 cavern.

Final energy reconstruction is performed in the RODs, using a digital filtering
method [63]. The ADC samples are multiplied with a set of Optimal Filtering
Coefficients (OFCs) in order to determine the signal amplitude

A =
∑

ai(si − P ), (3.14)

where ai are the OFCs, si are the signal samples and P is the pedestal level,
corresponding to no signal present. Usually five ADC samples are used. Another
set of OFC determine the timing of the signal

Aτ =
∑

bisi. (3.15)
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To determine the OFCs, knowledge of the pulse shape is required, as well as its
derivative and the autocorrelation matrix

Vij =< sisj > (3.16)

between the different ADC samples. The latter is determined in so-called pedestal
runs, where there is no signal.

There is also a system for calibrating the electronics chain, equalizing the dif-
ferent detector cells for the effects of different electronics response and different
capacitance of the detector cells. For this, there are dedicated calibration boards in
the Front End Crates from which calibration pulses of a known amplitude can be
injected. In the electromagnetic barrel and end-cap calorimeters, these pulses are
injected inside the cryostat on the motherboard through special calibration lines.
The signal can then be read out in the same way as a physics signal. Each cal-
ibration line pulses a number of cells, arranged in a pattern so as to be able to
estimate and avoid effects of crosstalk between different pulsed cells. The pulses
are exponentially decaying, mimicking the triangular shape of the real ionization
signal. The calibration system is described in detail in reference [29].

3.3.2 Scintillating Tile Calorimeter

The Tile hadronic calorimeter is a sampling calorimeter using organic scintillat-
ing tiles as the active signal-collecting medium and steel plates as the absorbing
medium. It consists of the Tile barrel calorimeter located outside the liquid argon
barrel calorimeter and the Tile extended barrel calorimeters located outside the
liquid argon end-caps. The readout granularity is ∆η = 0.1 and ∆φ = 0.1.

The scintillators consist of 3 mm thick tiles, sandwiched between 4 and 5 mm
thick iron plates. Scintillator tiles and absorber plates are stacked stacked perpen-
dicularly to the incident particles. Figure 3.4 shows the geometry.

The Tile Calorimeter has three longitudinal samplings, named A, BC and D.
The geometry of the cells is roughly projective with respect to the interaction point.
The cell geometry is shown in figure 3.5. Tiles are in groups of 3, 6, and 2 radially
for samplings A, BC, and D, respectively. The depths of the samplings in terms of
nuclear interaction lengths are 1.5, 4.1 and 1.9 λ, respectively, at η = 0.

Signal treatment

The scintillation light emitted by the tiles when traversed by ionizing particles is
passed to wavelength-shifting fibers located on the sides of the models. It then
reaches photomultiplier tubes (PMTs), which are located with other front end elec-
tronics in a drawer on the calorimeter (figure 3.4). Fibers are grouped together to
form the suitable calorimeter cell size. Light is collected independently on each side
of each tile, meaning that each calorimeter cell is read out by two different PMTs.
The PMTs are fed with high voltage, on average 680 V, for a nominal gain of 105.
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Figure 3.4: Geometry and readout principle of a Tile calorimeter module. From [1].
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Analog electronics is placed on so-called 3-in-1 cards. These cards output a unipo-
lar signal with a pulse width of 50 ns. There are two outputs for each channel, with
a relative gain difference of 64. Each output is connected to a 10-bit ADC, giving
a combined dynamic range of 16 bits. Contrary to the liquid argon calorimeters,
the Tile calorimeter uses a digital pipeline to store samples awaiting level 1 trigger
accept, after which normally seven samples are read out.

The 3-in-1 boards also provide output to adder boards, which form analog signal
sums for the level 1 trigger.

Just as for the liquid argon calorimeters, cell energy is reconstructed using
optimal filtering in RODs, located in the USA15 cavern.

Calibration systems exist to independently calibrate the optical part of the
readout (scintillators and fibers), the PMTs, and the front end electronics.

� Cesium calibration. A 137Cs source can be moved hydraulically through holes
in the modules. This system sees the scintillators, fibers, and PMTs and
allows inter-calibration of the scintillators and the optical system. The PMT
high voltage is adjusted to equalize the response. This system is read out with
current-integrating electronics on the 3-in-1 cards, different from the one used
for normal readout, meaning that it can only be used for inter-calibration and
not for setting the absolute electromagnetic scale. The cesium calibration is
performed in dedicated runs, with the source traversing each of the hundreds
of thousands of tiles in the detector.

� There is a laser calibration system, which is primarily used to calibrate the
PMTs. The system sees both the PMTs and the front end electronics. Laser
pulses with a wavelength of 532 nm are generated in the USA15 cavern and
sent via clear plastic fibers and several splits to each photocathode. This
system can also be used to set the calorimeter timing.

� The charge injection (CIS) is used to calibrate the front end electronics. Cal-
ibration pulses are inserted before the shaping electronics using a precision
DAC on the 3-in-1 cards.



Chapter 4

Hardware

4.1 Installation and testing of LAr optical cables

4.2 Introduction

Upon level 1 trigger accept, full digital readout data of the event is transmitted
from the front end electronics located on the experiment itself, to the back end
electronics, situated in the counting room in the USA15 cavern about one hundred
meters away. The transmission is done using fiber-optic cables.

For the all the liquid argon calorimeters (Barrel, Electromagnetic End-cap,
Hadronic End-Cap and Forward calorimeters) the data consists of digitized samples
(40 MHz) of calorimeter cell signals. It is transmitted from the front end boards
(FEBs) sitting in the front end crates (FECs), located just outside the barrel and
end-cap cryostat feedthroughs, to the readout drivers (RODs) in USA15.

4.3 Properties of fibers and cables

The fibers naturally need to traverse the experiment, and the cables carrying them
must be sufficiently protected against damage both during installation and later
handling of nearby detector components. In addition, the end-caps need to be able
to retract from their data-taking position to allow access to the calorimeter front
end electronics and the inner detector. This movement must not damage the fibers,
thus, the cables and fibers must allow bending on flexible cable trays.

Furthermore, the fibers need to tolerate the radiation environment near the front
end electronics, where the first few meters of fibers pass. This has been shown [96]
to be the case, with an attenuation of less than 0.1 dB/m.

The fibers are multi-mode Draka (previously Plasma Optical Fibers) HiCap
50 µm core with graded refractive index, operated at a wavelength of 850 nm. To
assure simple installation and robustness, they are assembled into twelve-fiber color-
coded encapsulated-type ribbons with a thin outer layer. Each cable consists of
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HFFR sheath Fiber ribbons

GRP rods

Figure 4.1: Photograph of the optical readout cable, with the sheath peeled off to
reveal the GRP rods and the fiber ribbons.

four fiber ribbons each containing twelve fibers. Three of the ribbons in each cable
normally carry signal, while the fourth one is used as a spare. There is one cable
serving each FEC. Each half-barrel (side A and side C) has 16 FECs, while each
end-cap has 13, giving a total of 58 cables, 232 ribbons, or 2784 individual fibers.

Figure 4.1 shows the optical readout cable, with the sheath peeled off to reveal
its structure. The green sheath is made of a halogen-free flame-retardant (HFFR)
thermoplastic compound. The sheath has an outer diameter of 9.5 mm and has a
4 × 5 mm2 rectangular hole for the ribbons. Two glass-fiber reinforced polyester
(GRP) rods are included in the sheath to ensure that bending only occurs in the
plane of the ribbons.

The cables were developed for use at LHC by the Ericsson Network Technology
company. Details are described in [37]. The cable is specified for a pulling force
of 800 N, while tests have shown no significant attenuation up to 2 kN. The max-
imum fiber strain is 1.1 kN. Crush tests using a 100 mm diameter plate showed
attenuation above 2 kN force. Bending the cable 360◦ showed no loss for radii
above 100 mm, while losses were noted for smaller radii. For bends below 180◦ no
attenuation was observed down to 80 mm bending radius.

The cables run from 76 × 245 × 153 mm3 non-magnetic stainless steel boxes
(figure 4.2) attached between two tile fingers, adjacent to the LAr FEC, at which
point they are split into individual fibers connected to the FEBs. The boxes provide
strain relief for the cable sheath as well as the split fibers, and also provide storage
for the twelve spare fibers, which are rolled up inside them.

On the USA15 side, the cables emerge into the racks housing the ROD crates
from below the floor, terminating in 19-inch metal boxes at the bottom of the racks
(figure 4.3). In the boxes, each cable is attached to a vertical plate, again providing
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Figure 4.2: A LAr–barrel front end crate with patch cables connected. The optical
cable terminates in the optical fiber box next to Tile finger 13C. From there, the
cables are split into individual patch cables with one fiber each. The patch cables
are in turn connected to the front end boards (FEBs), situated in the front end
crates (FECs).

strain relief. In all, there are six such boxes, four for the Barrel, and two for the
End-Caps. Each Barrel box houses eight cables, while the End-Cap boxes houses
13 cables. The plates slide into the 19-inch boxes from above.

Connections to the FEBs and RODs are made using ST connectors. To achieve
a centering of the fiber within 1 µm the connectors use single-mode ferrules. The
individual fibers are protected with kevlar-reinforced polyethylene sheaths of 2 mm
outer diameter at the FEC side and 3 mm outer diameter on the USA15 side.

4.4 Installation procedure

Cables were delivered from Ericsson in pairs, with one stainless steel front end box
with spliced-on patch cables in each end. In that way testing of the cables was pos-
sible before installation. These cables were cut in half into their final configuration
and routed from the remaining metal box at the experiment to the rack boxes in
USA15.
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Figure 4.3: Lower part of one ROD rack in the USA15 cavern. Serving one end-
cap, it receives 13 cables. The green optical cables can be seen arriving through
the floor. They are attached to plates on which the four 12-fiber ribbons on each
cables are split into individual fibers, which are to be connected to the readout
driver boards (RODs). Picture taken with an 8 mm fisheye lens.

On delivery, the cables were laid in number eight figures to ease installation.
Unfortunately, due to prolonged storage, tension along the turns had deformed the
sheaths of some cables. Rolling the cables up on cable drums and treating them
overnight in an oven at a temperature of about 50 ◦C proved to be sufficient to
straighten the cables out.

Patch cables were spliced on to the cables at the USA15 end. This was performed
on a workbench adjacent to the racks housing the ROD crates. Cables were cut to
their final length and stripped to reveal the fiber ribbons. They were then attached
to the vertical plates, and so were the patch cables splitting up the ribbons into
individual fibers. The four ribbons of each cable were then spliced onto the patch
cable ribbons. Surplus ribbons (about one meter on each side of the splicing) were
rolled up on the plates.

Splicing (figures 4.4 and 4.5) was performed using an Ericsson RSU12 Ribbon
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Figure 4.4: Splicing cables in the USA15 cavern. In the foreground is the vertical
plate to which the ribbons and cables are attached,and the fiber cleaver. In the
background is the ribbon splicing unit.

Figure 4.5: Close-up of the Ericsson RSU12 ribbon splicing unit during splicing.
The progress can be monitored using two cameras inside the unit. The ultrasound
fiber cleaner is to the right of the main unit.
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Splicing Unit. The procedure is as follows: First, ribbons are thermally stripped
to reveal the bare fibers. Then, fibers are cleaned in ethanol using ultrasound, to
remove any dirt or dust. Subsequently the fibers are cleaved to achieve a straight
end-surface suitable for splicing. Finally, the fibers are spliced together by striking
an electric arc between two electrodes inside the unit. Alignment between the two
fiber cores is critical. To the aid of the operator, there are two cameras mounted
inside the unit, showing the alignment from two different angles. As a last step,
the fragile splicing is protected by a thermally shrinking sheath, which is attached
to the plate as well.

The plates were then slid down to their final positions in the rack boxes. The
patch cords were tied to cable ladders located between the racks, and lead to the
proper ROD crates.

4.5 Measurements

After splicing, the fiber signal attenuation was measured. The metal boxes adja-
cent to the FECs were accessed through scaffolding, and the fiber ribbons were
verified against mix-up or inversion. The fibers were then connected in pairs at the
experiment side, allowing the whole measurement to be carried out by one opera-
tor, freeing up the experiment-side operator to locate the next cable to be tested.
If a fiber pair with an unacceptable high attenuation was found, the single fiber
responsible was identified.

The measurements was carried out using a Fluke SimpliFiber instrument, con-
sisting of one transmitter, set to 850 nm, and one receiver. Attached to the trans-
mitter was a short patch cable including a few small-diameter turns to eliminate
higher-order modes. The system was calibrated by connecting the patch cable
directly to the receiver, defining the reference power level relative to which attenu-
ation was measured. When doing the actual measurements, the transmitter patch
cable was connected to one of the fibers joined. There are thus two additional
fiber–fiber connectors compared to normal operation, and these effect of these will
be included in the measured attenuation.

Cleaning each fiber before measurement was found to beneficial for a consistent
result. Measurements were downloaded to a PC laptop via the serial port.

4.6 Results

Figure 4.6 shows a histogram of the measured transmission loss for 1296 fiber pairs
in 54 cables. The average attenuation is 0.69 dB. Only five fibers were found to have
losses exceeding 4 dB, resulting in a failure rate of less than 2 per mil. This can be
compared to the 33% redundant spare fibers available. For the faulty fibers, spares
were substituted. Two fibers were broken at the USA15 side during installation,
and were also replaced by spares.
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Figure 4.6: Histogram of the measured fiber pair transmission loss for 1296 fiber
pairs, corresponding to 54 cables. The mean attenuation is 0.69 dB.

Figure 4.7: ROD racks with all fibers connected.
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After testing, the final connection of the fibers to the RODs and FEBs could be
made. Figure 4.7 shows the ROD racks with all fibers connected.

4.7 Presampler short circuit evaporation

4.8 Introduction

As described in chapter 3, the purpose of the barrel and end-cap presamplers is
to correct for energy lost upstream of the main calorimeter, thereby improving the
measured energy resolution. The presamplers use liquid argon technology where
ionization electrons drift across a 2 mm gap between two electrodes.

The applied electric field (2 kV potential difference in the barrel presampler and
calorimeter) is essential for the operation for the ATLAS liquid argon calorimeters.
If there is no electric field, no charge can be collected.

Unavoidably, some contamination of small pieces of dust, metal, etc. may be
present inside the liquid argon cryostat. In some cases, they will give rise to short
circuits between the electrodes. This risks a current overload, ”tripping”, of the
high voltage supplies, causing a loss of signal for the part of the presampler served
by that high voltage line.

To prevent such a loss of signal, a number of techniques are employed: In each
part of the presampler, high voltage feeding of the liquid argon gaps alternates
between two different high voltage channels (section 4.9), meaning that only half
the signal will be lost in the event of a short circuit in one of the hight voltage
channels, although this will lead to an increase in measurement noise. In addition,
some power supplies can be run in a special high-current mode, allowing them to
still operate in the presence of short circuits.1

Despite this, it is of course preferable if the short circuits can be removed.
Access to the inside of the cryostat is not possible once it has been installed in the
ATLAS pit. Thus, the short circuits must be removed in situ. In the lab it has
been shown possible [45] to do this, burning the short circuits away by discharging
a capacitor over the high voltage lines.

4.9 The ATLAS Barrel Presampler

The barrel presampler [38, 1] consists of two half-barrels (η < 0 and η > 0).
For each half-barrel, there are 32 sectors in φ, each corresponding to a cryostat

signal feedthrough, and each consisting of eight presampler modules in η. Figure
4.8 shows a drawing of one presampler sector.

The modules in turn consist of individual electrodes. Anodes and cathodes
alternate, with a ∼ 2 mm gap between them.

1While not used for the presampler, this approach is used extensively in the Barrel calorimeter,
where short circuits have been seen to be harder to evaporate than in the presampler.
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Figure 4.8: Drawing of one presampler sector, extending from |η| = 0 to |η| = 1.51.
Each sector consists of eight presampler modules. Two modules form one high
voltage sector, fed by two high voltage lines.

The electrodes consist of conductive layers made of copper glued on to glass-fiber
composite layers. The anodes and cathodes have a separate design. The cathodes
are double-sided and serve as high voltage ground. The anodes have three sides,
where the outer ones are fed with high voltage and the middle one is used for signal
readout, coupling capacitively to the outer layers. The electrodes forming a module
are glued between FR4 plates.

All modules have a length of ∆η = 0.2, except the last one, which has ∆η =
0.12. This is achieved by the modules having a varying number of electrodes, while
maintaining a constant liquid argon gap between the electrodes.

The readout granularity is ∆η × ∆φ = 0.025 × 2π/64. This is accomplished by
dividing each electrode in two in φ and summing up the signal from an appropriate
number of electrodes in η.

For high voltage purposes, η adjacent presampler modules are connected in
pairs, forming high voltage sectors. There are thus four high voltage sectors in one
presampler sector. Each high voltage sector thus extends over an area of ∆η×∆φ =
0.4× 2π/32 (sector 1–3) or ∆η×∆φ = 0.32× 2π/32 (sector 4). In sectors 1–3, this
corresponds to 160 × 2 readout cells.

Each high voltage sector has two high voltage buses, each feeding the high-η or
low-η side of the anodes, respectively. A schematic diagram of this arrangement is
in figure 4.9. 2 kV applied over a liquid argon gap of ∼ 2 mm gives an electric field
of ∼ 10 kV/cm.

As mentioned, due to this arrangement, if one high voltage line fail in a high
voltage sector, readout will still be available from half of the cells.
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Figure 4.9: Schematic drawing on the high-voltage feeding arrangement in the
barrel presampler. In each high voltage sector – corresponding to two presampler
modules – one high voltage line feeds the low-η side of the anodes, while another
one feeds the high-η side.

Figure 4.10 shows an anode electrode in detail. The outer copper layer is divided
in two, creating two different signal readout regions, giving the desired ∆η = 2π/64
granularity. The height of the electrode is 13 mm, of which 11 mm form the con-
ducting layer. The two high voltage lines, supplying each side of the electrode, are
clearly visible. The high voltage is supplied in series with surface-mounted 1 MΩ
resistors.

4.10 Method

The thin copper strips between the resistor and the electrode proper can act as a
fuse and be burned away using a larger capacitance, if the short circuit itself cannot
be disintegrated, however this turned out not to be necessary.

The high voltage lines are accessed through the high voltage feedthrough at the
top of the barrel cryostat (figure 4.11). To protect the electronics, the corresponding
front end boards (FECs) are removed from their respective crates.
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Figure 4.10: Close-up on a presampler anode. The two high voltage lines are visible
near the top, as are 1 MΩ surface mounted resistors connected in series with the
conducting layers. The thin copper strips between the resistors and the electrodes
proper can act as fuses.

Figure 4.11: Accessing the high-voltage feedthrough at the top of the cryostat. The
connectors are located close to the Tile fingers. To the far left the end-cap cryostat
can be seen. Picture is taken with an 8 mm fisheye lens.
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Figure 4.12: Photograph of oscilloscope showing the time evolution of the voltage
on the high voltage line. The horizontal scale is 20 ms per division, and the vertical
scale is 500 V per division.

The resistance to ground for the short-circuited high voltage line is measured.
A typical resistance is 1 MΩ due to the injection resistor.

A 7 µF capacitance is charged to 2 kV and discharged over the high voltage
line. The voltage over the line is monitored with an oscilloscope (figure 4.12). A
relay closes the circuit at t = 20 ms. In the beginning the voltage decays weakly
exponentially as the main voltage drop in the circuit is over the 1 MΩ resistor on
the electrode. Meanwhile, corona effects start forming a plasma parallel to the
resistor. After some time (order of 100 ms) the plasma becomes conducting and
by-passes the resistor. There is now enough power dissipated in the short circuit
to burn it away.

The resistance over the circuit is checked once again to verify that it is infinite.

4.11 Results

A burning campaign was carried out between November 22 and November 24 2006.
In total, 17 short circuits (figure 4.13) were successfully burned away, although,
since 2006, a number of short circuits have reappeared.

To confirm that the short circuit was burned away, and not the 1 MΩ resistor,
a sinusoidal signal can be injected on the high-voltage lines and read out on the
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Figure 4.13: Overview of the high voltage sectors that had short circuits before the
2006 campaign. All were successfully burned away. Since 2006, five of the short
circuits have reappeared.

regular signal lines, to which the signal couples capacitively. The signal can be
read out either through the regular ATLAS DAQ system, or thought a dedicated
KTH-developed oscilloscope-based system. The latter is labor-intensive, since it
involved completely removing the FEBs to access the FEC backplanes.

During the burning campaign in the fall of 2006, the full ATLAS DAQ was
not yet available. In the June of the same year, a small number of short circuits
were evaporated in a test session. Afterwards, the KTH signal injection system
was run. A 10 kHz signal was injected on the high voltage lines. Figure 4.14 shows
the amplitude of the signal seen on the signal lines for the one presampler sectors
corresponding to feedthroughs 23 and 24, side A. With rising η, the capacitance
increases due to the increased number of electrodes in each presampler module. For
one cell (channel 81 in feedthrough 24, first high voltage line) has a signal response
higher than the others in the same module. The corresponding high voltage line
was burned with a larger capacitance than the usual 7 µF. The anomalous response
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(a) (b)

Figure 4.14: Measured peak-to-peak signal level when injecting a 10 kHz sinusoidal
signal on the high voltage lines. Shown are measurements for the presampler sectors
corresponding to feedthroughs 23 (a) and 24 (b), side A. η increases with channel
number. HV1 and HV2 are the two different high voltage lines that are connected
to pairs of presampler modules. The steps in response occurs at module boundaries.

indicated that a 1 MΩ resistor had been damaged. This does not affect normal
presampler operation.



Chapter 5

Simulation studies of hadronic

showers

5.1 Introduction

Monte Carlo simulations are an important tool for the understanding and calibra-
tion of a calorimeter system, allowing microscopic interaction models to be used
to describe macroscopic observables. They make it possible to follow the shower
development in detail, extracting information that is not available from data. For
instance, invisible energy depositions that do not give rise to a signal in the real
calorimeter can be tracked.

The simulations are important in most physics analyses. They allow the devel-
oping and testing of analysis code even before real physics data is available and
make it possible to study how final states from expected new physics interact with
the detector. They make it possible to develop off-line hadronic compensation and
calibration schemes for the calorimeters, including dead-material corrections.

Essential is that the simulation is able to reproduce real data. All known physics
processes and effects that may affect the result must be included.

This chapter will detail two investigations into improving the ATLAS Monte
Carlo code. Both concern hadronic showers in the calorimeters. The first one con-
cerns the implementation of saturation effects depending on the ionization density
in the liquid argon barrel calorimeter and the second one is a study on how the code
reproduces the timing profile of hadronic showers. First, there is a brief explanation
of the ATLAS Geant4-based simulation code and the Geant physics models. The
work described here concerns simulations of beam test data.
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5.2 Monte Carlo simulation – Geant4

The general principle of a particle Monte Carlo1 simulation of the detector response
is to track individual particles as they traverse the detector geometry and inter-
act with matter, possibly creating new secondary particles. It has knowledge of
interaction cross sections and models for the production of secondary particles. In-
teractions can be continuous, e.g. the ionization caused by a charged particle, or
discrete e.g. the photoelectric effect.

The primary simulation code used for the LHC experiments is Geant4 [27, 30].
Developed by an international collaboration using modern software design princi-
ples [76], it is a flexible and extensible framework written in object-oriented C++.
It replaces the FORTRAN-based GEANT version 3.21 [36], and is distributed under
an open-source software license.

Geant4 has classes [75] to handle all aspects of simulation, including definition
of detector geometry and materials, tracking of particles traversing material and
magnetic fields, and physics models for the generation of secondary particles.

The life-span of a single particle is associated with a track, which is pushed
by a stepping manager through the geometry in many steps. The step length
is determined by querying the physics processes associated with the particle in
question, choosing the shortest one [76, chapter 2.4]. In ATLAS, particles with a
range larger than 1 mm are tracked.

The geometry can either be defined as hard-coded C++ code or loaded at run-
time. ATLAS uses its own geometry description package called GeoModel [80].
Geant4 is completely integrated with the ATLAS Athena software, from which it
is run.

5.2.1 Hadronic physics models

Physics models are implemented to simulate purely electromagnetic interactions,
photonuclear interactions and hadronic interactions. For hadronic physics, Geant4
offers a range of different models, valid in different energy ranges and for differ-
ent particles and materials. A specific choice of physics models and cross sections,
and their respective energy ranges of validity, are collected into a physics list. Dif-
ferent ranges may apply for different kinds of particles. To make the transition
between different models smooth, there may be energy ranges where several models
apply. The decision which one to use is then made stochastically, using a contin-
uous probability distribution that in the transition interval goes from exclusively
using the lower-energy model to exclusively using the higher-energy one. Both
data/parameterization-driven models and theory-driven models are available.

Parameterization-driven models are used by the LHEP physics list. It is a C++
reimplementation of the GHEISHA model in GEANT 3.21. LHEP uses a Low
Energy Parameterized (LEP) and a High Energy Parameterized (HEP) model [77,

1Named after the casino, since it is based on random numbers and probabilities.
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chapter 21]. LEP is used below 25 GeV, while HEP is used above 55 GeV [78].
In the intermediate range, a linear probability function is used in deciding which
model to employ. Both models use measured and extrapolated cross sections, par-
ticle spectra, and multiplicities for the final state. Several parameters have been
tuned in a global fit to describe hadron–hadron scattering data. LHEP provides fast
simulation, but baryon and meson resonances are not produced. In addition, sec-
ondary angular distributions for low-energy reactions of the order 100 MeV cannot
be described in detail.

QGSP [73] (Quark–Gluon String Precompound) is a commonly used parton–
string model. It uses a phenomenological model describing the hadron-nucleus
interaction by the formation and fragmentation of excited strings together with the
de-excitation of an excited nucleus. At energies below 12 GeV, QGSP is not appli-
cable and LEP is used instead, with an overlap between QGSP and LEP extending
up to 25 GeV [78]. An alternative to QGSP is the Fritiof model (FTF) [101].

Both the QGSP and LHEP models can be used in conjunction with the Bertini
cascade model [77, chapter 25]2. Added is then the Bertini description of the intra-
nuclear hadronic cascade [83, 46, 111], which is used to describe nuclear interactions
at low energies. This model treats the particles in the cascade as classical and
propagates them through the nucleus, which is modeled as a medium with a density
averaged in concentric spheres. Excited states are collected and the nucleus decays
in a slower phase following the fast intra-nuclear cascade.

The Bertini model is applied up to an energy of 9.9 GeV, while the QGSP
model applies from 12 GeV and upward. In an intermediate range of 9.5 GeV to
25 GeV, the low-energy parameterized LEP model [77] is used. In the energy ranges
where models overlap the decision which one to use is made stochastically using a
continuous linear probability distribution that goes from exclusively using the low-
energy model at the lower end of the region to exclusively using the high-energy
model at the upper end.

The Bertini cascade may be replaced by the Binary cascade [77, chapter 26].
High-precision neutron tracking [77, chapter 37] – at the cost of higher CPU usage
– is available3. The neutron tracking is then used up to 20 MeV [78].

It uses the QGSP [73] (Quark Gluon String Pre-compound) phenomenological
model describing the hadron–nucleus interaction by the formation and fragmenta-
tion of excited strings together with the de-excitation of an excited nucleus.

5.2.2 Monte Carlo in the ATLAS calorimeters

In ATLAS Monte Carlo simulation is made in three steps, that are explained in the
following:

2The corresponding physics lists are called QGSP BERT and LHEP BERT.
3The corresponding physics list have the suffix “HP”, e.g. QGSP BERT HP.



56 CHAPTER 5. SIMULATION STUDIES OF HADRONIC SHOWERS

Simulation

In the first one, simulation, the passages of particles through the detector, and the
resulting showers are simulated using the Geant4 toolkit. The resulting cell energy
deposits, hits, are recorded.

Various charge collection and detector efficiency effects are implemented at this
stage. In the liquid argon calorimeters, this includes charge collection in the ion-
ization gaps.

The simulation of the Tile calorimeter scintillators includes saturation effects
modeled according to Birks’ law [47, 48]. However, no attempt is made to describe
the detailed optical properties of the scintillating tiles and the readout fibers.

Through a callback mechanism, a user supplied class can be called whenever
energy depositions occur in the sensitive detector material. This creates hits, which
are collections of energy deposits with a certain granularity in time and space.

There are two kinds of hits, regular hits and calibration hits:

� Regular hits are used in digitization (see below) when simulating the whole
electronics chain response. Here physical detector effects, such as saturation,
drift time and recombination are included. They only exist for active material
in the detector.

� Calibration hits reflect the true energy deposited in the calorimeter and are
used for calibration purposes and estimating the shower development and
energy loss in dead and passive material.

Calibration hits are put into different hit collections depending on the role of
the material where the deposition was made in the calorimeter:

� Active hits occur in the active material in the calorimeters, from which signal
is read out, i.e liquid argon or scintillator tiles in the LAr or Tile calorimeters,
respectively. This corresponds to the same energy depositions as the regular
hits, although detector effects are not included.

� Passive hits occur in the passive material of the sampling calorimeters, e.g.
lead absorbers in LAr–barrel and steel in the Tile calorimeter.

� Finally, dead material hits occur for depositions in material which isn’t re-
garded as either active or passive calorimeter material. Examples of this
category are the whole inner detector, the walls of the liquid argon cryostats,
the liquid argon and electronics between the barrel presampler and the barrel
calorimeter, and leakage beyond the Tile calorimeter.

The hits in each of the three categories above are divided into four different
components, corresponding to the physics of the deposition:

� Electromagnetic energy comes from ionization of the active calorimeter mate-
rial from the purely electromagnetic part of a shower, i.e. electrons, positrons,
and photons.
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� Non-electromagnetic energy is other depositions from ionization than those
included in the last point, e.g. ionizing charged pions and protons.

� Invisible energy is not showing up as measurable in the calorimeter, e.g.
breakup energy in nuclear interactions.

� Finally escaped energy is the energy of particles leaving the world volume of
the simulation, e.g. neutrinos and high-energy muons, and, possibly, neutrons
and low energy photons escaping the calorimeters. It is accounted for at the
point of creation of the escaping particle.

The first two components collectively form the visible energy component.

Digitization

The aim of the digitization step is to convert the (regular) simulation hits into a
simulated signal (measurable in ADC counts) that is suitable for use as input to
the reconstruction algorithms. Here, various effects due to electronic readout are
implemented.

Hits in 1 ns bins are convoluted with the electronics pulse shape. The output is
a collection of digits, i.e simulated ADC samples, which are then fed to the regular
reconstruction algorithms.

In the liquid argon calorimeters [92], this includes simulating electronic noise
and pile-up noise, if present. Also, cross-talk between adjacent cells in the first
sampling (strips) and between the second (middle) and third (back) samplings is
taken into account.

In the Tile calorimeter, the effect of photo statistics in the PMTs is included.
The electronic noise was extracted from experimental data using randomly triggered
events and added incoherently to the energy of each PMT in the MC samples.
Coherent noise is not simulated, but known to be relatively small.

Reconstruction

Finally, in the third step, reconstruction, the simulated ADC samples are fed to the
same Athena energy reconstruction algorithms as for real data.

5.3 Saturation effects in liquid argon – Birks’ law

5.3.1 Introduction

When charged particles pass through the drift gaps in the liquid argon calorimeters,
they ionize the medium. The resulting electrons and ions drift in the ∼ 10 kV/cm
electric field between the electrodes. The resulting ionization current comes pri-
marily from drifting electrons, since the ion drift is much slower and the resulting
current can be neglected.
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Ideally, the signal being read out should be proportional to the amount of initial
ionization created. The connection between the amount of charge created and the
energy lost by the ionizing particles is in turn well-understood [98].

One of the compelling reasons to use liquid argon as the active medium of a
calorimeter is its extraordinarily linear response in converting energy deposited as
ionization to electric charge. This is especially true for electromagnetic showers,
where the particles depositing energy can be assumed to be relativistic and thereby
minimum-ionizing [115]. However, small deviations from linear behavior do exist.
These are due to the fact that ions and ionization electrons may recombine before
giving rise to a signal. This effect may potentially depend on two things, namely:

1. The strength of the applied electric field, where a weaker field can be expected
to lead to more recombination of ion–electron pairs, and thus less signal. In
the LAr–barrel calorimeter a voltage of 2 kV is applied over electrode gaps of
2.1 mm, resulting in an electric field of about 10 kV/cm. However, close to
the folds of the accordion structure the field will be weaker.

2. The linear ionization density dE/dx. The track from a strongly ionizing
particle can be expected to have a higher probability of recombination due
to the higher spatial density of ionization electrons and ions. This effect is
naturally more important in hadronic showers compared to electromagnetic
ones, since the former contain more strongly ionizing particles such as low-
energy protons and charged pions.

5.3.2 Review of literature – theory

Jaffé theory

The first theory of the recombination of ions and electrons created by the passage
of an ionizing particle through a fluid was published by Jaffé in 1913 [86]. This
so-called “columnar theory” considers the columns of ionization created close to
the track of the charged particle, which is assumed to be a straight line.

Assuming the density of negative and positive charges initially having a Gaus-
sian distribution transverse to the ionization track with a characteristic width b, the
charge density is modeled using a pair of partial differential equations each having
a drift term, a diffusion term, and a recombination term:

∂n±
∂t

= ∓u (∇ ·F) +D∇2 n± − αn+ n−, (5.1)

where n+ (n−) is the density of positive (negative) charges, F is the applied electric
field, u is the mobility constant of the charge carriers in the electric field, D is the
diffusion constant, and α is the recombination constant. The diffusion and mobility
constants are assumed to be equal for positive and negative charges.

Due to the recombination term being proportional to the product of the positive
and negative charge densities, the equations are non-linear and cannot be solved
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analytically. Instead, recombination is neglected and the familiar solution to the
diffusion equation as a spreading Gaussian function is found. Recombination is
then accounted for by substituting this solution back into the original equation,
while making the normalization factor of the Gaussian function time dependent.

This gives for the fraction of surviving charge carrier pairs at infinite time,

R(F) =
2uF cos(ϕ)

d

∫ T

0

dt

1 + αN0

2π

∫ t

0
e
−

2u2F2 sin2(ϕ)t2

4Dt+b2

2Dt+b2 dt

(5.2)

Making the further assumption of the electric field F and the angle ϕ between the
ionization column and the electric field being not too small, the following expression
is derived for the fraction of surviving charge carriers at infinite time:

R(F) =
1

1 + αN0

8πD

√

π
z′
S(z′)

, z′ =
b2u2F 2 sin2(ϕ)

2D2
, (5.3)

whereN0 is the initial ionization density per unit length, b is the characteristic width
of the initial Gaussian distribution of charge carriers, with b → 0 representing the
case of an initial delta function distribution. The function S(x) is defined as

S(x) =
1√
π

∫ ∞

0

e−sds
√

s
(

1 + s
x

)

. (5.4)

At large enough electric field, S(z′) will be proportional to 1/F and equation
(5.4) reduces to

R(F ) =
1

1 + k′N0

F

, (5.5)

with k′ being a constant, or, since N0 is proportional to dE/dx,

R(F ) =
1

1 + k dE/dx
F

. (5.6)

This relation is often referred to as “Birks’ law” in analogy to Birks’ law for scin-
tillators [47, 48]. At fixed electric field, one can define

kQ(F ) =
k

F
(5.7)

Onsager theory

Onsager [102], on the other hand, considers “initial recombination”, in which the
original electron–ion pair recombines. The one-particle equation of Brownian mo-
tion is considered, with a two-term potential consisting of an external applied field
and the Coulomb attraction between the electron and the ion.
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The theory takes into account the dependence on an external electric field, but
has no dependence on the ionization density, since only a single electron–ion pair
is considered, and thus cannot account for increased recombination due to a high
ionization density.

The predicted recombination factor at low electric field is

R = e−rkT /r0(1 + E/EkT ), (5.8)

valid when the electric field E << EkT . rkT = e2/(ǫkT ) is the Onsager length,
r0 is the thermalization length, and EkT = 2ǫk2T 2/e3. In liquid argon EkT ≈
1.3 kV/cm [108, 32].

Kramers theory

Kramers [91] developed a modification of Jaffé’s theory. Starting from the same
equations as Jaffé (5.1) and the same initial assumption of a cylindrically symmetric
Gaussian distribution of ions, it is argued that the recombination term will dominate
over the other two, thus bringing Jaffé’s solution into doubt. Instead, the equation
is solved in a manner complementary to Jaffé’s approach, keeping only the drift
and recombination terms, while neglecting the diffusion term. Diffusion is then
accounted for though an approximation.

The resulting recombination factor is

R(F) = f
1√
π

∫ ∞

0

√
ζdζ

f∗eζ + 1
, (5.9)

where

f∗ = f/
2√
π

∫ cf

0

e−ξ2

dξ, f = F/
4
√
πeN0

b
, c = 8θ

√
π
e2N0

kBT
,

and θ is a numerical factor of order unity.
A drawback of the Kramers theory is that it offers no analytic form for the

result. At high electric fields it has the same 1 − kN0/F behavior as the Jaffé
theory.

Thomas and Imel box model

Thomas and Imel [113] again start from the same equations as Jaffé, but note that
in liquid argon and liquid xenon, the diffusion term is very small. Also, the ion drift
velocity is three to five orders of magnitude smaller than the electron drift velocity.
Consequently, the diffusion terms and ion drift terms can be dropped, reducing the
Jaffé equations (5.1) to

∂n+

∂t
= −αn+ n− (5.10)

∂n−
∂t

= u (∇ ·F) − αn+ n− (5.11)
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Using the initial condition that the charges are uniformly distributed inside a box
of side a, the fraction of charge collected is calculated to be

Q

Q0

=
1

ξ
ln(1 + ξ), (5.12)

with

ξ =
N0α

4a2uF
.

Taylor expanding as a function of ξ, one sees that the box model again has the
same 1 − kN0/F high-field behavior as the Jaffé and Kramers models.

5.3.3 Review of literature – experiment

Only a few experiments have measured the dE/dx dependence of recombination
have been found.

The ICARUS project has made an extensive review [32] of theory and experi-
ment and also their own measurements.

Using a liquid argon TPC (Time Projection Chamber), it was possible for
ICARUS to study how the recombination depends on both the applied electric
field and the ionization density, since the TPC makes it possible to measure dE/dx
along individual particle tracks. This experiment was able to verify the functional
form of Birks’ law for the first time. Data was taken using stopping cosmic muons
and protons at electric fields of 200, 350, and 500 V/cm.

A Birks’ law fit using an overall normalization constant

R(F ) =
A

1 + k dE/dx
F

, (5.13)

gave the result

A = 0.800 ± 0.003 and k = (0.0486 ± 0.0006) kV/cm
g/cm2

MeV

The authors do not expect that the fit can be extended to higher fields. Never-
theless, the ICARUS data is significant, since it is the only recombination experi-
ment found that actually measures dE/dx.

The RD-4 project at CERN [60, 114] investigated in the early nineties the
feasibility of making a partly-compensating calorimeter using liquid argon doped
with ethylene. The photo-sensitive ethylene would convert UV scintillation light
to detectable charge. The larger recombination of hadronic shower particles would
then push up the hadronic response.

Charge collection from both an 241Am α source and a 207Bi β source was mea-
sured in electric fields ranging from about 0.5 kV/cm to about 8.0 kV/cm for a
variety of ethylene concentrations, and also for pure liquid argon. The collected
charge was found to be heavily dependent on ethylene concentration.
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Figure 5.1: Power-law (k = p0 ·F
p1) fit of RD-4 Birks parameter data, digitized

from [60, figure 4]. The Birks parameter measurement errors have been estimated
to 0.0002 g MeV−1 cm−2. Using the fit parameters and errors thus obtained, an
extrapolation of the Birks parameter value at 10 kV/cm gives a Birks parameter of
(0.0057 ± 0.0001) g MeV−1 cm−2.

Calculating dE/dx from the energy of the particles emitted by each of the
sources, one can determine the Birks parameter, assuming that Birks’ law holds.
A major disadvantage with these measurements are of course that there are only
two data points in dE/dx.

Figure 5.1 shows the Birks parameter in pure liquid argon as a function of the
electric field. Fitting the values with a power-law and extrapolating to an electric
field of 10 kV/cm, the Birks parameter is kQ = (0.0057 ± 0.0001) g MeV−1 cm−2.

5.3.4 Complications

δ rays

As the authors of the ICARUS paper [32] point out, there is a difference in how
delta rays are handled in Monte Carlo simulations and in real experiments. In the
latter the delta rays are part of the measured ionization track and contribute to the
measured dE/dx. In the simulation, however, there is a cut energy under which
ionization is treated as continuous and above which δ electrons are individually
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tracked.

Measuring current, not charge

All measurements cited above concern the total charge collected on the electrodes
towards which the electrons and ions drift. But the ATLAS liquid argon calorime-
ters effectively measure current, and not charge, in order to accommodate for the
short time between collisions at the LHC. However, an electron drift velocity in the
order thousands of meters per second and an ionization column width in the order
of 10 nm [32, 86, 91] gives a timescale for recombination to occur in the order of
picoseconds. This is much faster than the electronics shaping time, which in the
order of ten nanoseconds. Current and charge measurements should therefore yield
the same results.

5.3.5 Implementation in ATLAS

It can be considered a well-established experimental fact that ionization-density-
dependent recombination effects exist in liquid argon, which should be implemented
in the ATLAS Monte Carlo code. However, as has been seen from literature there
exists some uncertainty on how the effect should best be modeled. All models
depend on more or less realistic approximations, as no model offers completely re-
alistic assumptions. Accuracy in the simulation is limited by this model uncertainty
and the goal must be to use the current best knowledge.

Amoruso et al [32] point out that all models are based on the assumption that
drift velocity is proportional to the applied electric field, an assumption that fails
in liquid argon above a few hundred volts per centimeter. The Onsager model can
be ruled out, since it doesn’t take ionization density into account. The Kramers
model is hard to implement, since it doesn’t offer an analytic formula. The box
model – although being based on more realistic assumptions than the Jaffé model
– has not had its dE/dx dependence fitted to experimental data.

Remaining is the Birks formula (5.13) stemming from the Jaffé model. Although
it is based on some unrealistic assumptions, it is the only model found having some
experimental verification, in the form of the ICARUS and RD-4 data. It was thus
chosen.

The ICARUS data is the only measurement with access to more than two data
points in dE/dx. On the other hand, data was taken at a much lower electric field
(≤500 V/cm) that the case of ATLAS LAr–barrel (10 kV/cm). However, the Birks
parameter calculated from the RD-4 data is of a similar magnitude.

The H1 experiment at the HERA collider at DESY [34] used a Birks constant of
0.005 g MeV−1 cm−2, quoting Fabjan et al. [72] and Brau et al. [50]. Reference [50],
a Monte Carlo study, uses k = 0.0045 g MeV−1 cm−2 on the basis that a 5 MeV
alpha particle gives the same signal as a 1.25 MeV electron. This is based on [72]
quoting an alpha-to-electron ratio of 0.25 to 0.05 depending on the electric field.
This in turn is based on an earlier paper by some of the same authors, [116].
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The Birks parameter was chosen to be

k = 0.0486 kV/cm
g/cm2

MeV
(5.14)

from the ICARUS data. This gives

kQ = 0.00486
g/cm2

MeV
(5.15)

for the 10 kV/cm electric field in LAr–barrel, which was assumed to be constant.
The overall normalization factor A was adjusted so that the calorimeter re-

sponse for electromagnetic showers remains unchanged. In liquid argon, dE/dx
for a minimum-ionizing particle is [100] 1.51 MeV/g cm2. For the energy to be
unchanged, A should then be chosen as

A = 1 + k
dE/dx

F
= 1.0072, (5.16)

which is in a per mil-level agreement with the value A = 1.0085 found by running
the simulation ensuring that the response to electron showers is unchanged.

Recombination dependent on the electric fields occur due to diminished electric
field in the accordion fold of the calorimeter. It is implemented through current
maps, which gives the fraction of charge reaching the electrodes as a function of
the position of the energy deposition, and also takes the drift time into account.
Factorizing these two effects (electric field and ionization density) is thought to
be reasonable, since the former is expected to dominate for electromagnetic show-
ers and the latter for hadronic showers. Electromagnetic showers primarily have
relativistic minimum-ionizing particles, for which recombination effects due to ion-
ization density will be small. dE/dx effects on recombination will therefore be
small. For hadronic showers, those effect will instead dominate. Since they are
much wider, a detailed modeling of the charge collection due to the electric field is
less important.

Birks’ law was first implemented in the LAr–barrel subsystem. It was then com-
pared with 2004 Combined Beam Test data, and was found to improve the match
between data and Monte Carlo. The effect was also studied in the context of an
hadronic end-cap beam test, also with encouraging results in improving the match
between data and Monte Carlo in terms of calorimeter response and resolution.
Following these initial investigations, the effect was implemented in a consistent
way in all LAr subsystems, starting from Athena release 14.

5.3.6 Results

Figure 5.2 shows how the response in the liquid argon calorimeter changes with the
Birks parameter. This demonstrates this effect separately, by applying the Birks
correction on the Geant4 simulation steps in the active medium, with no other
corrections or reconstruction applied.
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Figure 5.2: Response as a function of Birks parameter. 100 simulated events using
Geant 4.9 and Athena release 12.0.5. Errors are smaller than the markers.

Figures 5.3(a)–5.3(d) show the effect on turning on the Birks correction for
the final reconstructed calorimeter energy. For 20 GeV impinging pions, the shift
of the measured average energy in the LAr calorimeter is 3%, only taking into
account events which deposit more than 3 GeV in the LAr calorimeter. For 100 GeV
impinging pions, the energy shift in the LAr calorimeter is 1.6%, only taking into
account events which deposit more than 10 GeV in the LAr calorimeter. This
is consistent with the results in figure 5.2. The decreased shift at higher beam
energy is consistent with a larger electromagnetic content in the shower, having
less heavily-ionizing particles.

5.4 Timing studies of Geant4 hadronic Monte Carlo

5.4.1 Introduction

As noted in chapter 3, the ATLAS calorimeters use shaping electronics in order to
provide a fast enough readout to match the fbunch = 40 MHz LHC bunch crossing
frequency. The shaping time is selected such that contributions from electronic
noise and pile-up events are equal.

In the digitization step of the simulation, the timing of the energy deposits in
the calorimeters is convoluted with the electronics pulse shape. In order to achieve
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Figure 5.3: Effect of applying Birks’ law for 20 and 100 GeV pions.
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a good match between data and Monte Carlo for beam tests and collision data, it
is thus important to verify that the Geant4 Monte Carlo code is able to reproduce
the correct time development of hadronic showers.

A hadronic shower [115, 51] can be expected to consist of a prompt delta-
function-like energy deposition and one or several delayed ones. The former consists
of the electromagnetic part of the shower, and the fast components of the hadronic
part, such as ionization from pions.

The delayed energy depositions will essentially be due to neutrons created in
the nuclear interactions of the initial shower. Those neutrons will be created in
the MeV range. At those energies, the neutron absorption cross section is low
for most materials, and the neutrons will scatter elastically against the nuclei of
the calorimeter material. In hydrogen-rich materials, such as organic scintillators,
protons will recoil and contribute to the visible signal. This effect can thus be
expected to be seen in the ATLAS Tile calorimeter.

In some materials, neutrons may also induce fission of nuclei.
Eventually, the neutrons will have lost enough energy for the capture cross

section to be non-negligible. In (n, γ) processes, excited nuclei may emit gamma
rays after neutron capture, giving rise to a late electromagnetic component of the
shower.

5.4.2 Review of literature

Most of the studies found in the literature were done in the context of using depleted
uranium calorimeters in order to achieve compensation, i.e. an equal response to
electromagnetic and hadronic showers.

The general physics of hadronic showers in Monte Carlo simulation was studied
by Brückmann et al. [51] in 1988. They used the HERMES Monte Carlo frame-
work which incorporated several Monte Carlo codes available at the time. Time-
dependent energy spectra for particles were calculated on an average basis, with
event-by-event fluctuations only being taken into account when coupled to a three-
dimensional geometry in a final step.

The time structure of visible energy depositions were studied for two depleted
uranium calorimeters: one using scintillators as the active material and another us-
ing liquid argon. The scintillator calorimeter shows three different late components
corresponding to three different physics effects:

� The dominating component is recoil protons from the scintillator material,
stemming from elastic interactions with neutrons, peaking at a time of ∼ 9 ns.

� Gammas from secondary nuclear fission deposit energy on a similar timescale,
but the effect is much smaller in magnitude.

� Gammas emitted after nuclear neutron capture is the second-largest effect.
The effect is much slower than the other components, peaking at a time
between 200 and 300 ns.
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The liquid argon calorimeter shows similar effects, timescales and magnitudes for
the secondary fission and neutron capture components. However, the proton recoil
component is absent, consistent with the absence of the proton-rich scintillator
material.

Caldwell et al [57] used the compensating depleted uranium–scintillator calorime-
ter of the ZEUS experiment to measure the time development of hadronic showers in
real experimental data. During a beam test using a secondary negatively charged
hadron beam at Fermilab, charge-integrating electronics was used to record the
time development. Scintillator and electronics effects were de-convoluted from the
physical shower development using an electron-induced electromagnetic shower as
reference. The time response was modeled as the sum of a delta-function component
– corresponding to the prompt component of the showers – and three exponentially
decaying components with different time constants:

h(t) = A0δ(t) +

3
∑

i=1

Ai

τi
e−t/τi . (5.17)

In a combined fit at beam momenta of 20, 50, and 100 GeV/c, the values
τ1 = 9 ± 1 ns, τ2 = 120 ± 20 ns, and τ3 = 1160 ± 100 ns were found. The rel-
ative contribution to the total deposited energy were A0 = 57.5%, A1 = 35.4%,
A2 = 1.6%, and A3 = 4.5% at a beam momentum of 50 GeV/c, giving a total non-
instantaneous contribution in the order of 40%.

When the beam energy momentum increases from 20 GeV/c to 100 GeV/c, A0

increases from 50.0% to 59.6%, consistent with the expectation that the electro-
magnetic fraction of the shower increases with increasing beam energy.

The degree of compensation as a function of integration time was measured, with
the conclusion that an integration time of 100 ns was needed to achieve compen-
sation on a per cent level. Larger integration times resulted in over-compensation.

Borer et al [49] did time-of-flight measurements with hodoscope scintillator lay-
ers inside a ZEUS calorimeter prototype. They found an exponentially decaying
delayed shower component with a time constant of 3.5 ns or 6 ns, depending on
cuts.

In the uranium calorimeters studies above, the late contributions from fission
fragments and neutron capture gammas can be expected to be large. In ATLAS,
there is no fissile material or material prone to neutron capture in the calorimeters.
However, some of the effects, such as protons from the elastic scattering of neutrons
should be visible. In, addition, the general timescales should be similar.

Experimental measurements in calorimeters using other absorber materials than
uranium are rarer. The SPACAL collaboration [22] used a lead–scintillating fiber
calorimeter. Data was taken in the H2 beam of the CERN SPS accelerator in
1989-1990. The main purpose of the study was to discriminate between pions
and electrons using lateral shower information. The pulse shapes for pions and
protons were studied. The electron pulse shape showed the typical scintillator
response, while the pions pulses showed evidence of delayed components, both in
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terms of double peaks and as longer tails. An analog filter was designed with the
purpose of deconvoluting detector effects. The output of the filter was fitted on an
event-by-event basis. The filter output for 150 GeV electrons was well fitted with
a gaussian function, having an average full width at half maximum (FWHM) of
4.03 ns with a standard deviation of 0.09 ns. For pions, the gaussian component
was considerably wider, with a FWHM of 6.4 ns and a standard deviation of 0.8 ns,
reflecting the larger longitudinal fluctuations in hadronic showers. The pion showers
also contained an exponentially decaying signal component, having an average time
constant of 9.9 ns, with a standard deviation of 1.7 ns.

The expectation from theory and experiment is thus a prompt component from
the initial shower, followed by a neutron-related delayed component on a timescale
in the order of 10 ns. Finally there may be a component resulting from neutron
capture gammas. The question is now whether the Geant4-based ATLAS Monte
Carlo can reproduce these general features.

5.4.3 Method

Since c/fbunch = 7.5 m, new collisions will already have occurred before a signal
traveling at the speed of light has reached even the outer parts of the detector. To
correlate the read out signal with the right bunch crossing, the local timing used
for readout at a certain detector cell is shifted with respect to the global time:

tlocal = tglobal −R/c, (5.18)

where R is the distance from the point in question to the interaction point4.

As explained in section 5.2, Geant4 tracks simulation particles through the
concepts of tracks and steps. A track is associated with the whole life of a particle,
while a step corresponds to a single iteration of the simulation, possible making an
energy deposit.

By saving information about every simulation step depositing energy in the
active part of the calorimeter, the time structure and genealogy of the particles
making the deposits can be traced.

In parallel a Geant4 tracking action stores information about each track created.

Events were simulated using the ATLAS 2004 combined beam test geometry.
50 GeV pions and protons were simulated using each of the physics lists QGSP,
QGSP BERT, and QGSP BERT HP (see section 5.2.1). 100 events were used for
the Tile calorimeter and about 80 for the liquid argon calorimeter. The simulations
were run using Athena 12.0.5 patched to use Geant version 4.9.

4In the Combined Beam Test geometry, the same formula can be used if care is taken to set
up the simulation so that the initial particle passes the origin of the coordinate system when
tglobal = 0
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5.4.4 Results

All the following plots shows visible ionization energy deposited in the active ma-
terial of the calorimeters (liquid argon and tile organic scintillators, in the LAr and
Tile calorimeters respectively).

Figures 5.4 and 5.5 shows cumulative and non-cumulative plots of the timing of
the energy deposits in LAr and Tile and for the different physics models. For the
LAr calorimeter, the onset of deposits occurs at a time several orders of magnitude
smaller than one nanosecond, meaning that the timing as defined in equation 5.18
is correct. The slightly higher time of flight of protons compared to pions – due to
their higher mass – can be seen.

For the Tile calorimeter, the onset is slightly later, peaking at about 2 ns. For
practical purposes, this is of no importance, since it is of the same order as the 1 ns
time bins used used when convoluting with the electronics pulse shape.

All the models have a similar time profile. QGSP BERT has the largest fraction
of late deposits, with more than ten per cent of the total energy not deposited after
the first few tens of nanoseconds.

For the non-HP physics lists, neutrons are tracked for 10 µs, after which time
their energy is accounted for as a point-like deposition. This can be seen in figures
5.4(a) and 5.5(a) for LAr and Tile, respectively, where deposits are seen to abruptly
stop at a time of approximately 10 µs.

Energy deposition separated by particle type

Figures 5.6–5.11 again show the cumulative energy deposition, but now separated
according to the kind of particle making the deposition: pions, electrons/positrons,
neutrons, or protons. The “others” category includes deuterons, alphas, and heavier
nuclei.

The shower development shows three periods

1. First nanoseconds. The initial shower develops with hadronic and electro-
magnetic components. Close to all the energy from electrons and charged
pions is deposited now.

2. Up to about 100 ns. Deposition is mainly by protons. This component is
largest for the Tile calorimeter and for the physics lists using the Bertini
cascade.

3. After about 1 µs there is a third component, with energy deposited by elec-
trons. This effect is largest for the Tile calorimeter and the QGSP BERT
physics list.

The fact that neutrons are seen depositing energy directly in the non-HP physics
lists is due to elastic scattering of neutrons off protons in the organic scintillators.
If the energy of the recoil proton is too low for it to be tracked individually, the
energy deposition is assigned to the neutron. That this effect is more prevalent with



5.4. MC TIMING STUDIES 71

t / ns
-410 -310 -210 -110 1 10 210 310 410 510 610 710

 (
1 

/ n
s)

be
am

dE
/d

t /
 E

-610

-510

-410

-310

-210

-110

1
10

210

310

410

510

Energy deposited vs. timeEnergy deposited vs. timeEnergy deposited vs. timeEnergy deposited vs. timeEnergy deposited vs. timeEnergy deposited vs. time

QGSP_50_GeV pions

QGSP_50_GeV protons

QGSP_BERT_50_GeV pions

QGSP_BERT_50_GeV protons

QGSP_BERT_HP_50_GeV pions

QGSP_BERT_HP_50_GeV protons

(a) Non-cumulative distribution

Cumulative fraction of energy deposited

t / ns
-310 -210 -110 1 10 210 310 410 510 610 710

be
am

E
 / 

E

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

QGSP_50_GeV pions

QGSP_50_GeV protons

QGSP_BERT_50_GeV pions

QGSP_BERT_50_GeV protons

QGSP_BERT_HP_50_GeV pions

QGSP_BERT_HP_50_GeV protons

(b) Cumulative distribution

Figure 5.4: Time structure of energy deposits, liquid argon calorimeter. Only
energy deposits made in the active material are considered.
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Figure 5.5: Time structure of energy deposits, Tile calorimeter. Only energy de-
posits made in the active material are considered.
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Figure 5.6: Cumulative energy distribution separated by particle type in the LAr–
barrel calorimeter. QGSP physics list.
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Figure 5.8: Cumulative energy distribution separated by particle type in the LAr–
barrel calorimeter. QGSP BERT HP physics list.
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Figure 5.9: Cumulative energy distribution separated by particle type in the Tile–
Barrel calorimeter. QGSP physics list
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Figure 5.10: Cumulative energy distribution separated by particle type in the Tile–
Barrel calorimeter. QGSP BERT physics list.
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QGSP BERT compared to QGSP can be explained by the fact that the QGSP with
the Bertini cascade is known to produce more neutrons compared to plain QGSP.

The corresponding plots for protons as projectiles look very similar, although
with a slightly higher fraction of the energy deposited by protons.

Origin of late protons

Figures 5.12–5.14 trace the origin of the late protons in the Tile calorimeter.
Specifically, figure 5.12 shows the process that created the protons. Three dif-

ferent regions can be observed:

1. First, protons created in the inelastic nuclear reactions of π+, π−, protons and
neutrons in the prompt shower deposit their energy within the first couple of
nanoseconds.

2. Secondly, protons produced in inelastic nuclear reactions of neutrons deposit
their energy in an intermediate region, approximately 2 ns < t < 10 ns.

3. Finally, protons stemming from elastic hadronic reactions deposit energy up
to a time of about 100 ns.

Figure 5.13 shows the parent particles of the protons making deposits in the Tile
calorimeter. The parents of the prompt protons are seen to be pions, protons, and
neutrons. The parents of later protons are neutrons, consistent with the processes
seen in figure 5.12.

Aditionally, figure 5.14 shows the material where the protons making deposits
were created, also for the Tile calorimeter. It can be seen that the prompt pro-
tons are created in the iron absorber. For the intermediate time region, both
the iron absorbers and the organic scintillator contribute protons, while for the
final region, only the scintillators contribute. Elastic scattering of neutrons in the
proton-rich organic scintillators explain why protons are much more numerous in
the Tile calorimeter compared to the liquid argon calorimeter. That the effect is
much more visible for QGSP BERT compared to QGSP is due to the fact that the
Bertini cascade is known to produce neutrons in larger numbers.

Origin of very late electrons

The origin of the very late (> 100 ns) electrons seen primarily in the Tile calorimeter
for the QGSP BERT physics list can also be traced. Figure 5.15 shows the parent
partiles of the electrons making deposits. The parents of the very late electrons
are photons. Figure 5.16 shows the process in which these parent photons were
created, which is hadron capture by nuclei. Figure 5.17 shows the material in
which the parent partiles were created. For the photon parents of the very late
electrons, the material is the iron absorber plates. Finally, figure 5.18 shows electron
grandparents. The grandparents of the very late electrons are seen to be neutrons,
confirming their origin in nuclear neutron capture.
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Figure 5.12: Cumulative energy plots of creation process of protons making deposi-
tions in the Tile calorimeter. 50 GeV π+ simulated with the QGSP BERT physics
list.
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Figure 5.13: Cumulative energy plots of the parent particles of protons making
depositions in the Tile calorimeter. 50 GeV π+ simulated with the QGSP BERT
physics list.
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Figure 5.14: Cumulative energy plots of the creation material of protons making
depositions in the Tile calorimeter. 50 GeV π+ simulated with the QGSP BERT
physics list.

The physics lists without the high-precision neutron tracking are known [84] to
have an inaccurate neutron absorption model. Cross-sections are extrapolated from
hydrogen nuclei and gamma energies are not accurately modeled. Thus, the very
late depositions seen for QGSP BERT are just an artifact of an inaccurate physics
model. Again, the effect is much more visible for QGSP BERT due to the larger
number of neutrons produced.

5.4.5 Conclusions

In conclusion, the Geant4 simulation is capable of reproducing the expected time
structure of hadronic showers. Care must be taken not to count unphysical neutron
capture gammas produced when using the QGSP BERT physics list.
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Figure 5.15: Cumulative energy plots of the parent particles of electrons making
depositions in the Tile calorimeter. 50 GeV π+ simulated with the QGSP BERT
physics list.
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Figure 5.16: Cumulative energy plots of the creation process of the parent particles
of electrons making depositions in the Tile calorimeter. 50 GeV π+ simulated with
the QGSP BERT physics list.
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Figure 5.17: Cumulative energy plots of the creation material of electrons making
depositions in the Tile calorimeter. 50 GeV π+ simulated with the QGSP BERT
physics list.
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Figure 5.18: Cumulative energy plots of the grandparent particles of electrons mak-
ing depositions in the Tile calorimeter. 50 GeV π+ simulated with the QGSP BERT
physics list.



Chapter 6

A Layer Correlation technique for

pion energy calibration

6.1 Introduction

In the general case of non-compensating calorimeters, the response to hadrons will
be lower than the response to particles which only interact electromagnetically,
such as electrons and photons. This is due to energy lost in hadronic showers
in forms not measurable as an ionization signal, i.e. nuclear break-up, spallation
and excitation, energy deposits arriving out of the sensitive time window (such as
delayed photons), soft neutrons, and particles escaping the detector [94, 71, 115].

Moreover, the calorimeter response will be non-linear, since a hadronic shower
has both an electromagnetic and a hadronic component, with the size of the former
increasing with shower energy [82]. In addition, the large phase space of hadronic in-
teractions leads to substantial fluctuations in the size of the electromagnetic shower
component from event to event, degrading the measured energy resolution.

Many measurements to be performed by the ATLAS rely on a correct and
accurate energy reconstruction of hadronic final state particles.

Both the LAr (see section 3.3.1) and Tile (see section 3.3.2) calorimeters of
ATLAS are intrinsically non-compensating. Various techniques for equalizing the
electromagnetic and hadronic shower response, i.e. achieving compensation, have
been proposed1. Software-based offline calibration techniques can use the topology
of the visible deposited energy to exploit spatial event-by-event information on
shower fluctuations and derive energy corrections aimed at restoring linearity in
the response and improving the energy resolution. For example, the calorimeter
cell energy density has been used for the calorimeter in the H1 experiment [62] and
is one of the calibration schemes planned to be used in ATLAS [43].

In this study, a calibration technique based on Monte Carlo simulation is de-
veloped to deal with both compensating the response of a segmented calorimeter

1For a review, see [115], chapter 3.
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to hadrons and to correct for energy lost in dead material between two calorimeter
systems. The correlations between longitudinal energy deposits of the shower have
been shown [99] to contain information on the electromagnetic and hadronic na-
ture of the shower. This information is utilized by making a principal component
analysis of the energies deposited in the different calorimeter layers.

The calibration is applied to pion beam test data, taken at the 2004 ATLAS
Barrel Combined Beam Test [14, 89, 15, 28, 68]. The method presented here is
an alternative to the standard ATLAS calibration schemes. The application is
quite specific to ATLAS, but the framework is general and it can be tested on any
segmented calorimeter.

The following section explains the basic principles of the method. Section 6.3
details the ATLAS Barrel Combined Beam Test, while sections 6.4 and 6.5 dis-
cuss calibration to the electromagnetic scale and event selection, respectively. The
Geant4 Monte Carlo simulation used is described in section 6.6. Then, section 6.7
gives the details of the implementation of the calibration method. In section 6.8,
the method is validated based on Monte Carlo simulations of pions only. In the
MC simulation, the effect of the compensation weights and the dead material cor-
rections are evaluated separately. Lastly, the linearity and resolution of the final
calibrated energy is considered. Section 6.9 discusses systematic uncertainties. Re-
sults of applying the method to real beam test data are presented in section 6.10.
Finally, conclusions are drawn in section 6.11.

6.2 The Layer Correlation method

The Layer Correlation calibration method (LC in the following) is aimed at cali-
brating the response of a non-compensating longitudinally segmented calorimeter
to hadrons. Exploiting the properties of hadronic showers to characterize fluctua-
tions in the deposited invisible energy, it uses a principal component analysis [85]
of the energy deposited in the calorimeter layers. Observables that describe the
shower fluctuations should be able to discriminate between different corrections to
be applied to recover invisible losses due to hadronic interactions. Through the
principal component analysis, it is possible to reduce the number of dimensions
that the corrections depend on, while still capturing a large amount of event fluctu-
ation information and maintaining a good separation between events with different
content of invisible energy.

To derive the corrections, the interaction of the shower particles with the detec-
tor material is simulated with the Geant4 Monte Carlo simulation toolkit. In the
simulation the true energy deposited in the calorimeters and the non-instrumented
material is known.

The covariance matrix between the calorimeter layer energy depositions is calcu-
lated. Diagonalizing it, a new orthogonal basis in the space of layer energy deposits
is derived. It consists of the eigenvectors of the covariance matrix. By sorting
the eigenvectors in descending eigenvalue order, the projection of the layer energy
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deposits along the first few eigenvectors are made to describe the most important
fluctuations in the longitudinal shower development.

Using this information, compensation weights – correcting for the non-compensation
of the calorimeters – are derived in the form of two-dimensional look-up tables in
the projections along the first two eigenvectors of the covariance matrix. One table
is used for each calorimeter layer. The tables are thus functions of two different
linear combinations of the observed layer energy deposits.

In addition, energy losses in non-instrumented material (so-called “dead mate-
rial”) will vary depending on the shower development. In the ATLAS barrel region,
these losses are primarily in the region between the LAr and Tile calorimeters. The
eigenvectors of the covariance matrix considered above can also be used to cor-
rect for this, resulting in a unified treatment for compensation and dead material
correction by deriving both corrections from the same set of observables. In this
implementation, the dead material corrections have an inherent dependence on the
beam energy. This dependence is removed by employing an iteration scheme, where
at each step the estimated energy of the former step is used, until the returned value
is stable.

6.3 The 2004 ATLAS Barrel Combined Beam Test

The energy calibration procedure is applied to data gathered in the fall of 2004 dur-
ing the ATLAS Barrel Combined Beam Test at the H8 beam line of the CERN SPS
accelerator. A full slice of the ATLAS barrel region was installed (see figure 6.1).
This included, firstly, the inner tracker with the pixel detector, the silicon strip semi-
conductor tracker (SCT), and the straw tube transition radiation tracker (TRT);
secondly, the LAr and Tile calorimeters; and thirdly, the muon spectrometer. The
pixel and SCT detectors were surrounded by a magnet capable of producing a field
of 2 T, although no magnetic field was applied in the runs used for this study.

In the beam test one LAr calorimeter module was used. The module was placed
in a cryostat containing liquid argon. In front of this accordion module a thin
presampler module was mounted.

The LAr and Tile calorimeters were placed so that the beam impact angle
corresponded to a pseudo-rapidity of η = 0.45 in the ATLAS detector. At this
angle, the expected amount of material in front of the calorimeters was about
0.44 λI , where λI is the nuclear interaction length [115, 100]. This includes the
LAr presampler. The LAr calorimeter proper is longitudinally segmented in three
layers that extend in total for 1.35 λI . The dead material between the LAr and
Tile calorimeters spans about 0.63 λI . Finally the three longitudinal segments of
the Tile calorimeter covered in total about 8.18 λI . A sketch of this setup is shown
in figure 6.2.

In total there are seven longitudinal calorimeter layers (the LAr presampler; the
front, middle, and back layers of the LAr calorimeter; and the A, BC, and D layers
of the Tile calorimeter). The length of the individual calorimeter layers was 0.32,
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Figure 6.1: The layout of the 2004 Combined Beam Test.
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Figure 6.2: The layout of the 2004 Combined Beam Test.

0.96, and 0.07 λI in the LAr calorimeter and 1.61, 4.53, and 2.04 λI in the Tile
calorimeter.

In addition, special beam-line detectors were installed to monitor the beam
position and reject background events. Those include beam chambers monitoring
the beam position and trigger scintillators.

Beams consisting of electrons, photons, pions, protons, and muons were studied.
In this analysis, pion beams with nominal momenta of 20, 50, 100, and 180 GeV
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were used (see table 6.1). Data belong to the fully combined run period, where all
detector sub-systems were present and operational. No magnetic field was applied
around the pixel and silicon strip detectors. The run at 180 GeV is nominally an
e+ run where π+ are selected.

6.4 Calorimeter calibration to the electromagnetic scale

6.4.1 Cell energy reconstruction

The individual cells of the calorimeter are calibrated to the electromagnetic scale,
i.e. with the aim to correctly measure the energy deposited in the cell by a purely
electromagnetic shower.

The calibration of electronics of the LAr calorimeter is described in detail in [29].
The method of optimal filtering [63] is used to reconstruct the amplitude of the
shaped signal, which is sampled by an ADC at 40 MHz. The amplitude is calculated
as weighted sum of the samples, after a pedestal level measured using random
triggers is subtracted. FµA→MeV/fsamp, a constant factor, converts the measured
current to an energy measured in MeV. The energy deposited in the lead absorbers
is taken into account by the sampling fraction fsamp. The shaping electronics is
calibrated by inserting calibration pulses of known amplitude.

In the Tile calorimeter, for the beam test analysis, a parameterized pulse shape
is fitted to the samples. A charge injection system is used to calibrate the readout
electronics, while a Cesium source is used to equalize the cell response, including
the response of the PMTs (see, for example [24]).

6.4.2 Topological clustering

Calorimeter cells calibrated to the electromagnetic scale are combined by adding
up the energy in neighboring cells using a topological cluster algorithm [93]. The
algorithm has three adjustable thresholds: Seed (S), Neighbor (N), and Boundary
(B). First, seed cells having an energy above the S threshold are found and a
cluster is formed starting with this cell. Then, neighboring cells having an energy
above the N threshold are added to the cluster. This process is repeated until
the cluster has no neighbors with an energy above the N threshold. Finally, all
neighboring cells having an energy above the B threshold are added to the cluster.
To avoid bias, the absolute values of the cell energies are used. The S, N , and
B thresholds are set to, respectively, four, two, and zero times the expected noise
standard deviation in the cell considered.

6.4.3 Pion energy reconstruction

The reconstructed energy in a calorimeter layer L is obtained by considering all the
topological clusters in the event and summing up the parts of the clusters that are
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part of that calorimeter layer. The total reconstructed energy is then derived by
summing over the Nlay longitudinal layers in the calorimeter.

6.5 Event selection and particle identification

6.5.1 Event selection

A signal in the trigger scintillator and a measurement in adjacent beam chambers
that is compatible with one particle passing close to the nominal beam line are
required. In addition, exactly one track, where the sum of the number of hits in
the Pixel detector and the SCT is more than six, is asked for, as well as at least 20
hits in the TRT. The track in the TRT must be compatible with a pion track, i.e.
no more than two hits passing the high threshold must be present. Events with a
second track in the TRT are rejected: this ensures that the pion does not interact
through the strong interaction before the TRT.

Furthermore, there must be at least one topological cluster (see section 6.4.2)
with at least 5 GeV in the calorimeter. This cut rejects muons contained in the
beam and does not influence the pion energy measurement. To reject some resid-
ual electron background, events with more than 99% of their energy in the LAr
calorimeter are rejected.

The same selection is applied on simulated Monte Carlo events as on data, with
the exception of cuts related to the beam chambers and scintillators.

6.5.2 Proton contamination

The beams of pions used have a positive electric charge and are known to have a
sizable proton contamination, fprot, defined as the fraction of events in a sample
that result from protons impinging on the calorimeters. It varies between different
beam energies.

The TRT makes it possible to measure the average proton contamination of the
test beam for each beam energy, due to the different probabilities between pions and
protons of emitting transition radiation, although it is not possible to discriminate
between the particles on an event-by-event basis. The measured [14] contamination
is reported in table 6.1.2 Agreement with measurements performed by a Čerenkov
counter at a 2002 beam test [25] conducted in the same beam line is found.

6.6 Monte Carlo simulation

6.6.1 Hadronic shower simulation

All calibration corrections are extracted from a Geant4.7 [27, 30] Monte Carlo
simulation, with an accurate description of the Combined Beam Test geometry.

2For the 20 GeV beam energy, a one-sided confidence interval is given. In the analysis, a
proton contamination of 0% was used.
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Enom
beam (GeV) Emeas (GeV) Bef. cuts After cuts fprot

20 20.16 49871 8957 < 17% (84% CL)

50 50.29 109198 29578 ( 45 ± 12)%

100 99.89 67220 5843 ( 61 ± 6)%

180 179.68 105082 11780 ( 76 ± 4)%

Table 6.1: Data samples taken in the CBT04 used in the present analysis.

The physics list – i.e. set of models – QGSP BERT was used as described in
section 5.2.1.

6.6.2 Detector simulation

The simulation (see chapter 5) provides not only reconstructed calorimeter cell
energies at the electromagnetic scale – including the effects of the readout electron-
ics – but also the true deposited energy, which is divided into four components:
electromagnetic visible, hadronic visible, invisible, and escaped. Visible energy re-
sults from ionization of the calorimeter material. Invisible energy is energy not
directly measurable in the detector, such as break-up energy in nuclear interac-
tions. The escaped energy represents the small contribution from neutrinos, high
energy muons and, possibly, neutrons and low-energy photons escaping the total
simulated volume.

6.6.3 Event samples

Monte Carlo samples were produced by simulating both pions and protons im-
pinging on the detector setup. Two statistically independent event samples were
produced by dividing the available sample into two approximately equal parts: one
set (“correction” samples in the following) was used to derive compensation weights
and dead material corrections, while the other set (“signal” samples in the following)
was used to validate the weighting procedure and find the expected performance
. Pions and protons were simulated at 25 different beam energies, ranging from
15 to 230 GeV. In total, about 800000 events per sample and particle type were
available after event selection. The energy spacing was 2, 3, or 5 GeV up to 70 GeV
and 10 or 20 GeV above 70 GeV. This spacing was found to give satisfactory per-
formance (see sections 6.8 and 6.10). Further studies of different spacings can be
pursued when applying this technique to different calorimeters to explore possible
improvement in performance.

Taking the proton beam contamination mentioned in section 6.5.2 into account,
all the available “correction” Monte Carlo samples were used to build a “mixed”
pion–proton sample, one for each energy available in the data (see table 6.1). Each
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of these samples is used as input when deriving the corrections used for that proton
fraction. In this way the corrections were tuned to the studied proton fraction.

If the samples had different numbers of events, a sample-dependent weight first
applied to give them equal weight before selection cuts. Then, given the proton
contamination fprot at a given energy, pion and proton events for each same-energy
pair of samples were assigned a weight of 1 - fprot and fprot, respectively.

6.7 Implementation of the Layer Correlation method

6.7.1 Calculation of the eigenvectors of the covariance matrix

Each event is associated with a set of Nlay layer energy deposits (Erec
1 , ... , Erec

Nlay
),

one per calorimeter layer, representing a point in an N -dimensional vector space,
referred to in the following as the space of layer energy deposits. They are recon-
structed energies at the electromagnetic scale, formed as calorimeter layer sums of
topological clusters as described in section 6.4.1.

TheNlay-dimensional covariance matrix of the layer energy deposits is calculated
as

Cov(M,L) = 〈Erec
M Erec

L 〉 − 〈Erec
M 〉 〈Erec

L 〉 , (6.1)

where M and L denote calorimeter layers and Erec
M is the energy reconstructed at

the electromagnetic scale in calorimeter layer M . The averages are defined as

< Erec
M Erec

L > =

∑

iE
rec
M,iE

rec
L,i

Nev

and < Erec
M > =

∑

iE
rec
M,i

Nev

. (6.2)

The sums are performed over all the Nev events in the sample.
The eigenvectors of the covariance matrix form a new orthogonal basis in the

space of layer energy deposits. The coordinates of the point in the Nlay-dimensional
vector space corresponding to an event i can be expressed in this new eigenvector
basis as:

Erec
eig =

∑

M

αrec
eig,MErec

M , (6.3)

where αrec
eig,M is the matrix that performs the “rotation” to the new basis.

Projections of events along the covariance matrix eigenvectors represent inde-
pendent fluctuations. The variances of those fluctuations are given by the corre-
sponding eigenvalues. The eigenvectors are sorted in descending order according
to their eigenvalues, meaning that the first eigenvectors determine the directions
along which most of the event fluctuations take place.

The layer energy covariance matrix Cov(M,L) (equations 6.1 and 6.2) is calcu-
lated using events from the “mixed” sample. The full seven-dimensional covariance
matrix is used i.e. N = Nlay = 7 (see section 6.7.2.)
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Calorimeter layer Threshold (GeV)

0 0.032

1 0.108

2 0.030

3 0.150

4 0.039

5 0.070

6 0.042

Table 6.2: Energy thresholds per calorimeter layer.

In any given event a symmetric energy cut is applied on each layer energy such
that the energy for that layer is re-defined as Erec

M , if |Erec
M | > Ethr

M , zero otherwise.
The goal of such cuts is to eliminate the contribution of noise-dominated layers.
The energy threshold values for each calorimeter layer can be found in table 6.2.
The cuts were optimized to obtain the best expected compensation performance on
Monte Carlo samples at 50 GeV.

A physical interpretation of the eigenvalues and normalized eigenvectors can be
obtained from figure 6.3, which shows the components of the first three eigenvectors
expressed in the original basis of calorimeter layer energy deposits.

We find that

Erec
eig0 ≈ 1√

6
(−2ELAr,middle + ETile,A + ETile,BC),

Erec
eig1 ≈ 1√

2
(−ETile,A + ETile,BC), and

Erec
eig2 ≈ 1√

3
(ELAr,middle + ETile,A + ETile,BC).

So in a qualitative but suggestive way, we can make the interpretation that
Erec

eig0 corresponds to the difference between Tile and LAr, Erec
eig1 corresponds to the

difference between the second and first layer of Tile, Erec
eig2 corresponds to most

of the energy of the event. The other eigenvectors are just individual calorimeter
layers. These layers are rather thin and appear to be uncorrelated to the other
layers.

6.7.2 Compensation weights

The compensation weights account for the non-linear response of the calorimeters to
hadrons. They are implemented as two-dimensional 128x128-bin lookup tables and
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Figure 6.3: Eigenvector components for the first three eigenvectors expressed in the
basis the seven layers of the ATLAS calorimeters in the Combined Beam Test for
a simulated mix of protons and pions with 45% proton contamination.

are functions of the projections along the first two (zeroth and first) eigenvectors
of the covariance matrix. There is one weight table for each calorimeter layer,
three for LAr and three for Tile. The LAr presampler is not weighted. The total
reconstructed energy is the sum of the weighted energies in each calorimeter layer:

Eweighted
L = wLE

rec
L (6.4)

Eweighted
tot =

∑

L

Eweighted
L . (6.5)

For each event i, there is an ideal set of Nlay coefficients that would re-weight
each reconstructed energy deposit in layer L to the true deposited energy:

wideal
L,i = Etrue

L,i /E
rec
L,i. (6.6)

The symbol Erec
L,i (Etrue

L,i ) denotes the reconstructed (true) energy deposited in the

Lth layer in the ith event.
The task is to find a set of weights wL that approximate the ideal weights. In

general, for each layer L, the weight is an Nlay-dimensional function of the layer
energy deposits.
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Exploiting the fluctuation-capturing properties of the eigenvector projections,
the weights can in general be derived as a function of an N -dimensional subspace
of the Nlay-dimensional space of layer energy deposits, spanned by the first N
eigenvectors.

In the absence of an analytic formulation, the layer weights wL are estimated
by Monte Carlo sampling: multi-dimensional cells are built, which partition the N -
dimensional vector space along the directions of the base eigenvectors. In general,
these cells are multi-dimensional hyper-cubes. They are below referred to as bins.

For each bin k one defines the weight as the average of the ideal weights of
equation 6.6:

wk,L = < Etrue
L,i /E

rec
L,i >k =

1

Nev,k

∑

i

Etrue
L,i /E

rec
L,i, (6.7)

where the summation is performed for the Nev,k events in the bin.
If each event has a weight3 pi, the average is modified accordingly:

wk,L = < Etrue
L,i /E

rec
L,i >k =

∑

i piE
true
L,i /E

rec
L,i

∑

i pi
. (6.8)

Here, the wk,L functions defined in equation 6.8 are estimated in bins of the two-
dimensional space spanned by the eigenvectors corresponding to the two highest
eigenvalues i.e. N = 2. Thus, each layer is associated with a two-dimensional look-
up table. For a given layer the average weights in each two-dimensional bin are
calculated using only the energy values that passed the cuts defined in section 6.7.1.
The table has the same number of equally spaced bins along the two dimensions:
128 × 128. Bi-linear interpolation is performed between the bins. Weights for the
presampler layer of the LAr are not calculated, even if the presampler is kept in the
covariance matrix. No weights are applied to the energy deposited in the presampler
layer, and energy deposited in the presampler itself is taken as part of the upstream
dead material losses.

In addition the compensation weights and corrections derived from the proton
sample are corrected by the factor

Ebeam

Ebeam −mproton

(6.9)

to account for the fact that, for a proton, the sum of the total true deposited energy
in the calorimeter is Ebeam - mproton.

Typical compensation weight tables are shown in figure 6.4: they illustrate the
look-up tables for the second (middle) layer of the LAr calorimeter and for the first
and second layer of the Tile calorimeter for a pion–proton mixed sample with 45%
contamination.

3For instance, to equalize the number of events for all data sets.
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Figure 6.4: Compensation weights as a function of the first two eigenvector projec-
tions for simulated pion–proton mixed events (45% proton contamination) in LAr
second layer (a), Tile first layer (b), and Tile second layer (c).
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6.7.3 Dead material corrections

Regions of dead material constitute those parts of the experiment that are nei-
ther active calorimeter readout material (liquid argon or scintillator), nor sampling
calorimeter absorbers (mostly lead or steel).

The LC technique is used for the dead material between the LAr and the Tile
calorimeters, while a simple parameterized model utilized for other losses.

Dead material between LAr and Tile

Most of the dead material is in the LAr cryostat wall between the LAr and Tile
calorimeters. In this 0.6λI region, pion showers are often fully developed, giving
rise to large energy loss.

Each event i is associated with a point in the layer energy deposit vector space
as explained in section 6.7.1. It also has a true total energy lost in the dead material
between LAr and Tile: EDM,true

LArTile (i).

The dead material correction, EDM
LArTile, for each event i, can be derived as a

T -dimensional function of the layer energy deposits. In general, the subspace cho-
sen for deriving the dead material correction and its dimension T can be different
from the one chosen for compensation, both in content (spanned by different eigen-
vectors) and in dimension (T can be different from N). The value of EDM

LArTile is
estimated by Monte Carlo sampling with the same bin definition as in section 6.7.2.
For any T -dimensional bin k one defines:

EDM
LArTile,k = < EDM,true

LArTile,i >k, (6.10)

where the average is performed for the events in that bin.

Here, the correction defined in equation 6.10 is calculated in bins of the two-
dimensional space spanned by the eigenvectors corresponding to the first and third
eigenvalues i.e. T = 2. This was the combination of eigenvectors that was found to
give the best performance. As for the compensation weights, correction tables are
derived from a 128×128 bins look-up table and bi-linear interpolation is performed
between the bins.

The three dimensions of the look-up table are all shown to scale with the beam
energy, i.e. a table determined at a given beam energy can be turned into one at
a different beam energy by scaling all the dimensions with the ratio of the two
energies. Consequently, all dimensions in the table – the eigenvector projections
and the average dead material losses – are divided by the beam energy when filling
the table.

That is, the event coordinates in the space of layer energy deposits are expressed
as

Erec,norm
eig = Erec

eig /E =
∑

M

αrec
eig,MErec

M /E, (6.11)
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Figure 6.5: Look-up table for LAr–Tile dead material corrections as a function
of the first and third eigenvector projections normalized to beam energy for 45%
proton contamination

where the variables have the same meaning as in equation 6.3 and E is the best
estimate of the beam energy of the simulated pion in that event (see below).

The dead material look-up table is shown in figure 6.5 for a pion–proton mixed
sample with 45% contamination. The figure shows the distribution of the rescaled
dead material energy as a function of the rescaled event coordinates. The different
dead material fractions are clearly separated and range between 0 and more then
30% of beam energy. In addition, the samples at different energies behave very
similarly as a function of the re-scaled variables.

Other dead material corrections

While the energy losses between the LAr and Tile calorimeters dominate, there are
still other regions where dead material losses can occur. These are losses located
in the material upstream of the LAr calorimeter, between the LAr presampler and
the first LAr calorimeter layer and energy leakage beyond the Tile Calorimeter.

To compensate for these losses the mean energy loss was determined as a func-
tion of beam energy and the resulting data points were fitted using a suitable
functional form:

EDM
other(Ebeam) =

{

C1 + C2

√
Ebeam if Ebeam < E0

C3 + C4 (Ebeam − E0) otherwise,
(6.12)

where E0 = 30000 MeV. The fit for a proton fraction of 45% can be seen in figure
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Figure 6.6: Mean dead material losses other than those between the LAr and Tile
calorimeters as a function of the beam energy. Filled circles indicate the mean loss
obtained from Monte Carlo simulation. The line indicates a parameterization to
interpolate between the beam energies.

6.6. The resulting fitted parameters are

C1 = (−353 ± 23) MeV (6.13)

C2 = (8.47 ± 0.17)
√

MeV (6.14)

C3 = (1102 ± 3) MeV (6.15)

C4 = 0.01392 ± 0.0001 (6.16)

6.7.4 Applying the calibration

The final energy after calibration consists of the sum of the weighted calorimeter
layer energies and the dead material corrections:

Ecorr
tot = Eweighted

tot + EDM
tot . (6.17)

The total dead material correction is derived from summing the two contribu-
tions derived in sections 6.7.3 and 6.7.3

EDM
tot,k(E) = EDM

LArTile,k + EDM
other(E), (6.18)

where
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� k is the bin in the appropriate T -dimensional space of layer energy deposits
used to build the LC estimate for the energy loss in the dead material between
LAr and Tile obtained from equation 6.10 and

� E is the best estimate for the total deposited pion energy used to estimate
Ebeam in equation 6.12.

The events in a Monte Carlo sample are usually generated at a fixed beam energy
in order to test the calorimeter response. Corrections derived from a fixed beam
energy sample are, in principle, dependent on that information, i.e. they depend
on the same quantity (pion energy) for the reconstruction of which they should be
used.

For the compensation weights, this dependence is overcome by superposing
events from all the available energies. The eigenvector projections scale approx-
imately with the energy of the incoming particle, meaning that regions in the table
that come in use for a certain particle energy will be dominated by samples close
to that energy.

On the other hand, the look-up-table-based LAr–Tile dead material correction
and the parameterized model for the other dead material losses have an inherent de-
pendence on an assumed beam energy when applying the corrections (see equations
6.11 and 6.18). This dependence is overcome using an iteration technique, giving
the end result of only depending on the energy in the calorimeters. At each step
the best estimate of the reconstructed energy, Ecorr

tot , after all corrections, is used
to set both the scaling factor 1/E (equation 6.11) for the LAr–Tile correction and
the best pion energy estimate in the parameterization for the other dead material
corrections. Each new estimate of the energy is used to pick up a new correction
from the look-up table until the returned value is stable. In the initial step Ecorr

tot is
just the pion energy after compensation weights are applied. The iteration cut-off
is a tunable parameter.

The process of applying the calibration is thus:

� Associate each event to a bin in both the N -dimensional compensation weight
and T -dimensional dead material correction spaces defined in sections 6.7.2
and 6.7.3 by expressing its electromagnetic scale energy deposition vector in
the new eigenvector basis derived from the simulated events.

� Extract compensation corrections for the energy of each given layer and the
LAr–Tile dead material correction from the look-up tables. Apply all correc-
tions according to equations 6.17 and 6.18.

� Use the iteration for dead material corrections.

6.8 Method validation on Monte Carlo simulation

Before applying it to beam test data, the calibration is validated on a Monte Carlo
sample statistically independent of the one used for extracting the corrections.
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First, the performance of the compensation weights is evaluated, then the linearity
and resolution of the method as a whole. The weighting technique is validated on
Monte Carlo simulation samples in separate steps:

� Reconstruct the true deposited energy in the calorimeters (compensation val-
idation).

� Reconstruct the full energy of the incoming particles, including dead material
corrections, and quantify the performance in terms of linearity and resolution.

The performance is evaluated in terms of bias and resolution. The weights and
dead material corrections are derived from the “correction samples” and applied
on the statistically independent “signal samples” (see section 6.6.3). The results in
this section are derived for pions only.

6.8.1 Compensation validation

The reconstructed pion energy after compensation correction is compared to the
true deposited energy in the calorimeter. The event-by-event difference Eweighted

tot −
Etrue

tot (calo) is considered, where Etrue
tot (calo) is the true total energy deposited in

the calorimeter. The bias in the energy reconstruction is defined as the average
value < Eweighted

tot −Etrue
tot (calo) > and the resolution is obtained by calculating the

standard deviation σ(Eweighted
tot −Etrue

tot (calo)).
The performance of the LC technique is compared to a simple calibration scheme

(called fcomp in the following) which uses beam energy information: each event in
the sample is weighted with the same factor fcomp = < Etrue

tot >/< Ereco
tot >, where

< Etrue
tot > (< Ereco

tot >) is the average true total (reconstructed) energy deposited
in the given sample in the whole calorimeter, but not in the dead material. The
fcomp calibration scheme provides a reference scale to which the improvement in
resolution of the LC weighting can be compared.

The results of the validation procedure are shown in figure 6.7. By construction,
there is no bias in the energy reconstruction for the calibration procedure using
a simple factor. The LC weighting mostly gives a slight positive bias of about
0.6%. At the lower edge of the energy range studied, the bias instead turns slightly
negative.

The resolution improvement increases with beam energy. It is about 10% at
50 GeV and about 20% at 180 GeV.

6.8.2 Dead material corrections

Figure 6.8 shows the bias of the weighted energy, and also the bias of the dead
material corrections. For most energies, the LAr–Tile dead material correction has
a slight negative bias, while at low energies the bias is positive. The bias is 0.5%
maximally. This cancels out most of the bias from the weighting. The final energy
is reconstructed correctly within a few per mill.
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Figure 6.7: Bias (a) and resolution (b) of the reconstructed energy after com-
pensation correction minus the true deposited energy for energy deposited in the
calorimeters in simulated samples for the calibration procedure using a simple factor
and LC weighting.
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Figure 6.8: Bias (reconstructed energy minus true deposited energy, divided by
beam energy) for the three individual corrections: Weighted calorimeter energy,
correction for dead material between the LAr and Tile calorimeters, and other
dead material corrections. Lastly, the bias of the final reconstructed energy, which
is the sum of the three.

6.8.3 Linearity and resolution in the Monte Carlo sample

The performance for the fully corrected energy reconstruction is finally assessed in
terms of linearity with respect to the beam energy and relative resolution.

The reconstructed energy distribution is fitted with a Gaussian distribution in
the interval (µ - 2σ, µ + 2σ), where µ and σ are the mean value and the standard
deviation, respectively. This interval is found iteratively.

The mean value Efit and the standard deviation σfit of the fitted Gaussian are
used together with the beam energy Ebeam to define the linearity and the relative
resolution.

� The linearity is Efit/Ebeam as a function of Ebeam.

� The relative resolution is σfit/Efit as a function of Ebeam.

Both linearity and relative resolution are derived for the energy distribution at
four stages of the energy reconstruction:

� at the electromagnetic scale,
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� after applying the compensation weights,

� after compensation weights and application of dead material correction for
losses between LAr and Tile, and

� after compensation weighting and all dead material corrections. This last step
aims to reconstruct the pion energy.

This is shown in figure 6.9. At the electromagnetic scale the calorimeter response
is non-linear – as expected – and only about two thirds of the pion energy is
measured. Weighting recovers from 80% to 90% of the incoming pion energy, while
the dead material between LAr and Tile accounts for an additional 8% to 10%.

After all corrections the correct pion energy is reconstructed within 1% for all
beam energies. Each correction step makes the calorimeter response more linear.

The compensation weights give a better improvement of the linearity at high
energies, while the dead material effects play a more significant role at low energies,
in particular at 20 GeV where other corrections than LAr–Tile dead material are
important to get to within 1% of the beam energy.

The relative resolution is improved when applying each of the different correc-
tion steps.4 At high beam energies (above Ebeam = 100 GeV) the contribution of
the compensation weights to the improvement in energy resolution has the same
magnitude as that of the LAr–Tile dead material corrections. At lower beam en-
ergies dead material corrections account for about 70% of the relative resolution
improvement down to about Ebeam ≃ 30 GeV. Below Ebeam ≃ 30 GeV all the
corrections account for a similar fraction of the improvement: other dead mate-
rial corrections than those for LAr–Tile account for about 20% of the resolution
improvement, they are marginal above that threshold.

6.9 Systematic uncertainties

Systematic uncertainties on the calibrated energy can be divided into:

� The uncertainty of the beam energy: 0.7% [28].

� The absolute electromagnetic scale uncertainty, which is estimated to be
0.7% [28] in the LAr calorimeter and 1.0% [24] in the Tile calorimeter. Scal-
ing the cell energies with their corresponding uncertainties gives a combined
electromagnetic scale uncertainty of 0.9%.

� The sensitivity of the results to the proton fraction at each beam energy. It
was estimated by varying the fraction used to calculate the corrections. With

4The apparent discontinuity in resolution between the results at energies below 150 GeV and
those above might be due to a geometry change in the description of the beam test setup: three
cm of aluminum were included in the Inner Detector system for energies larger or equal than 150
GeV.
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Figure 6.9: Linearity (a) and relative resolution (b) for simulated pure pion samples
at the electromagnetic scale, with compensation weights applied, compensation
weights plus LAr–Tile dead material correction applied, and all corrections applied.
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the assumed fraction adjusted up or down one standard deviation of the TRT
measurement, the relative variation in linearity and resolution in data and
Monte Carlo was found to be of the order of 1% for Ebeam = 20 GeV and 50
GeV and less than 0.5% for 100 GeV and 180 GeV.

Adding these contributions in quadrature gives a total systematic uncertainty
of less than 2% for each beam energy.

6.10 Method application to beam test data

Finally, the method is applied to beam test data, which is compared with Monte
Carlo samples with a weighted mixture of pions and protons to match the beam
composition.

6.10.1 Data to Monte Carlo simulation comparison

The pion–proton “mixed signal” samples are used to compare data and Monte
Carlo simulations in terms of the distribution of the first three components of the
layer energy vector along the basis of covariance matrix eigenvectors as defined in
section 6.7.1. Figure 6.10 shows such a comparison for a proton fraction of 45%
and a beam energy of 50 GeV. Good agreement is obtained between data and
simulation.

The shapes of the energy distributions (in unit bins of energy and events) for
data and Monte Carlo are compared in figure 6.11. The corrections are successively
applied. Already at the electromagnetic scale the energy distribution is not well
reproduced. The distribution in the Monte Carlo simulation is narrower and less
skewed than in the data. This effect is even larger at 20 GeV but less pronounced
at higher energies. The quality of the initial description of data by Monte Carlo
is not modified by the application of the compensation weights and dead material
corrections (also see section 6.10.2).

6.10.2 Linearity and resolution on data

The performance of the method, as applied to simulation and real beam test data
is shown in figure 6.12(a).5

5The data at the electromagnetic scale in this analysis and the one presented in references [89,
15] are in reasonable agreement. The largest deviations of about 3% (2%) are are seen at 20 GeV
(180 GeV). At 20 GeV the difference can be explained by the fact that in that study, the energy in
the calorimeters – instead of using topological clustering – was determined by adding the energies
Ecell of those calormeter cells having a pseudo-rapidity within 0.2 of the beam impact point and
for which Ecell is two standard deviations above the expected noise. At 180 GeV, data in that
study were taken with a beam of negatively charged pions, which does not suffer from proton
contamination. In addition, for all beam energies data were taken in an earlier run period with a
different material configuration upstream of the calorimeters.



6.10. METHOD APPLICATION TO BEAM TEST DATA 103

 (GeV)eigE
−40 −30 −20 −10 0 10 20 30 40

 (
1/

G
eV

)
ei

g
1/

N
 d

D
/d

E

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

 (GeV)eigE
−40 −30 −20 −10 0 10 20 30 40

 (
1/

G
eV

)
ei

g
1/

N
 d

D
/d

E

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

−40 −30 −20 −10 0 10 20 30 400

0.02

0.04

0.06

0.08

0.1

0.12

0.14  (MC)eig,0E

 (MC)eig,1E

 (MC)eig,2E

 (data)eig,0E

 (data)eig,1E

 (data)eig,2E

Figure 6.10: Distribution of the first three eigenvector components for data (filled
circles) and Monte Carlo pion–proton “mixed signal” with a proton fraction of 45%
and a beam energy of 50 GeV.

The linearity and relative resolution are extracted at all beam energies for both
data and “mixed signal” Monte Carlo samples. As in section 6.8.3 the reconstructed
energy distribution is fitted with a Gaussian distribution in the interval (µ - 2σ, µ
+ 2σ), where µ and σ are the mean value and the standard deviation, respectively.
Data (simulation) is shown with markers (horizontal lines) at the electromagnetic
scale, with compensation weights applied, with the dead material correction for
energy lost in dead material between the calorimeters applied, and lastly at the
final calibrated stage, including all dead material corrections.

After all calibration corrections, the linearity is recovered within 3% for all beam
energies. The discrepancies between data and Monte Carlo are inherited from the
reconstructed energy at the electromagnetic scale and they are not considerably
changed when the calibration is applied.

Figure 6.12(b) shows that the relative resolution in data is improved by about
11% at low energy (20 GeV) and about 25% at high energy (180 GeV) when moving
from the electromagnetic scale to the fully corrected energy scale. A similar relative
improvement is obtained in the Monte Carlo simulation: 14% at low energy and
24% at high energy.

The relative resolution is, however, smaller in the Monte Carlo simulation than
in data: the discrepancies, at each correction stage, vary between 10% and 21%
depending on the energy. The relative resolution is smaller in Monte Carlo sim-
ulation than in data already at the electromagnetic scale, by about 10 to 16%,
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Figure 6.11: Normalized energy distribution for Ebeam = 50 GeV after applying
subsequent corrections for compensation and dead material effects. Data (markers)
are compared with Monte Carlo simulation (solid lines). For the Monte Carlo
simulation a proton fraction of 45% is used. .

depending on beam energy. The discrepancies in the shape of the total energy
distribution are more pronounced at lower energies and they are already present at
the electromagnetic scale.

The ratio of data to Monte Carlo is unchanged within 1% (4%) for linearity
(resolution) after the corrections are applied. For linearity such changes are of
the same order of magnitude as the discrepancies between data and Monte Carlo
simulation at the electromagnetic scale: the agreement between data and Monte
Carlo simulation is the same for all correction stages. This means that the Monte
Carlo is able to predict the corrections that should be applied on the data.

The ability of the Monte Carlo to reproduce the data at the electromagnetic
scale (i.e. before any correction) seems to be the most critical limiting factor.

For the relative resolution the changes are small, if compared with the discrep-
ancies at the electromagnetic scale: the discrepancies do not get worse when the
corrections are applied to the data. From preliminary studies a newer Geant4 ver-
sion (4.9) is able to provide a better, but still not good, description of the resolution
in the data.
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Figure 6.12: Data and Monte Carlo simulation are compared for linearity (a) and
relative resolution (b) at all stages of the corrections. The markers show data,
while the horizontal lines show (a) from bottom to top and (b) from top to bottom:
electromagnetic scale, compensation weights applied, weight plus LAr–Tile dead
material correction applied, and all corrections applied. See text for details.
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6.11 Conclusions

An energy calibration technique was developed to deal in a coherent manner with
both compensating the hadron response and correcting for the most significant dead
material losses in a segmented calorimeter. The technique is based on the sensitivity
of the correlation between the deposited energies in the different calorimeter layers
to hadronic and electromagnetic deposits.

The calibration technique was successfully applied to the energy reconstruc-
tion of pions impinging on a subset of the central ATLAS calorimeters during the
ATLAS combined beam test in 2004. When taking into account the beam compo-
sition of pions and protons, linearity is recovered within 3% and relative resolution
is improved by 11 to 25%. Consistency with the expectation from Monte Carlo
simulation studies is good for both the linearity and the percentage improvement
in relative resolution. The absolute value of the relative resolution (after all cor-
rections) is larger in data compared to Monte Carlo simulation by 10% to 21%.

The discrepancies between data and Monte Carlo simulation are inherited from
the reconstructed energy at the electromagnetic scale and they are not considerably
altered when applying the calibration. Additional improvement in the data descrip-
tion by Monte Carlo simulation can help to fulfill the expected absolute value for
the relative resolution.



Chapter 7

Jet trigger performance

7.1 Introduction

This chapter gives an overview of the ATLAS trigger system in general and the level-
1 calorimeter jet trigger in particular. The performance of single-jet and multi-jet
triggers is evaluated in terms of their turn-on curves, using data taken in April and
May 2010.

Jet triggers are essential for physics at ATLAS, since they are the primary
means for selecting events with jets having high transverse momenta (pT), which is
a common signature for interesting physics at the LHC (see chapter 1).

As a general-purpose pp collider experiment, ATLAS is designed to perform
measurements on physics processes ranging from the very common to the exceed-
ingly rare. The cross sections of the processes studied vary in a very large range
from minimum-bias collisions with a cross section in the order of one hundred mil-
libarns to rare processes of femtobarns or less. Even for the one specific process of
inclusive jet production via the strong force, cross sections vary considerably as the
spectrum of the transverse energy pT falls very steeply.

The planned 40 MHz collision rate makes it impractical and virtually impossible
with current technology to read out data for each and every collision, as the available
readout, processing and storage facities would be quickly overwhelmed. At the same
time, rare events containing interesting physics must not be lost.

The solution is to use a trigger menu, with a number of different individual
triggers with different thresholds. Triggers with lower threshold can be pre-scaled,
meaning that not all events formally passing the trigger will be accepted for further
processing. For example, a pre-scale factor of 10 will mean that only one tenth of
the events passing the trigger will be saved.

The requirements on a correctly operating trigger system is high. Many aspects
of final state reconstruction can be corrected post hoc in reprocessing of the raw
detector data. However, interesting events not passed on by all of the trigger levels
will be forever lost.

107
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7.2 The ATLAS trigger system

The ATLAS trigger [1] is designed to detect high-pT muons, electrons, photons, jets
and hadronically-decaying taus, as well as large missing transverse energy and large
scalar sum of transverse energy. It consists of three distinct levels: Level 1 (L1),
level 2 (L2), and the event filter (EF). The L2 and EF systems together constitute
the high-level trigger (HLT). Each level has access to more and more fine-grained
data than the previous one, thus being able to apply a more refined selection. L1 is
implemented in custom hardware, while the HLT mostly uses commodity computers
and network equipment.

The L1 trigger makes a decision in 2.5 µs, reducing the event rate to about
75 kHz. L2 a has maximum output rate of 3.5 kHz and a maximum processing
delay of 40 ms, while after EF selection, the maximum event rate is about 200 Hz.
The EF affords a maximum processing time of 2 s.

So-called regions of interest (ROIs) are identified by the L1 trigger. These are
then used by the HLT. The L2 trigger has access to the full detector granularity
for parts of the detector as determined by the ROIs, while the EF has access to
the full detector readout, so that the improved energy resolution can allow sharper
turn-on curves.

In the early data studied here, only the L1 trigger was actively selecting and
thus the HLT will not be discussed further in this chapter.

7.2.1 Level 1 trigger

The ATLAS L1 trigger utilizes all the calorimeters systems (with reduced granular-
ity) and the Resistive Plate Chambers (RPCs) and Thin-Gap Chambers (TGCs)
of the muon spectrometer. However, the inner detector is not used.

The L1 trigger decides whether an event is digitized at all and read out from
the from the front end electronics, where calorimeter data is temporarily stored in
analog pipeline memories. Due to the limited storage capacity there, this decision
needs to be made within 2.5 µs. To achieve this, large parts of the trigger system
are implemented in custom hardware.

The L1 muon trigger looks for hit patterns consistent with high-pT muons orig-
inating from the interaction point. Six different pT thresholds are available.

The L1 calorimeter trigger system (L1Calo) uses information from all calorime-
ters in ATLAS: electromagnetic and hadronic in the barrel, end-cap and forward
regions. Jet triggers work up to |η| = 3.2, while electron, photon and tau triggers
extend to |η| = 2.5.

The trigger signal is brought as an analog signal from the front end crates
situated adjacent to the LAr and Tile calorimeters to the USA15 counting room.

L1Calo uses about 7000 analog trigger towers for its decision. These are formed
by analog summing of calorimeter cell signals, which is done in the on-experiment
electronics. Most of these trigger towers have a granularity in pseudorapidity and
azimuthal angle of ∆η × ∆φ = 0.1 × 0.1, but they are larger at high η.
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Figure 7.1: The three jet sizes of the L1 trigger with 2 × 2, 3 × 3, and 4 × 4 jet
elements, respectively. Shaded areas show jet RoIs. From reference [1].

The analog signal is transmitted from the front end crates situated adjacent
to the LAr and Tile calorimeters on the experiment on twisted-pair cables that
are approximately 30 to 70 meters in length to the USA15 counting room. There,
they are shaped and amplified in a receiver stage before they are digitized in a
pre-processing stage, using 10-bit flash ADCs (FADCs). Hardware-based lookup
tables are used for pedestal subtraction, to implement noise thresholds, and for
final energy calibration. The final trigger tower energies are expressed as 8-bit
integers, with one count nominally corresponding to 1 GeV. For the results with
early data in this study the L1 calibration was kept at the electromagnetic scale,
i.e. no attempt at jet calibration was made. The pre-processor also identifies the
bunch-crossing from which the signal originates.

After the pre-processing stage, the electron, photon, and tau triggers are imple-
mented in the cluster processor (CP) while the jet trigger functionality resides in
the Jet/energy processor (JEP). The latter also handles missing transverse energy
and total energy triggers. For photon, electron, and tau triggers, it is possible to
require isolation from other calorimeter activity.

The JEP – and thus L1 jet triggers – is FPGA (Field Programmable Gate Array)
based and uses ∆η × ∆φ = 0.2 × 0.2 trigger elements digitally summed together
from the trigger towers.

The L1 jet trigger is based on a sliding window algorithm that identifies jet
candidates, which have transverse energy values above a given threshold. There
are three possibilities for the jet size, corresponding to, respectively, 2× 2, 3× 3, or
4×4 trigger elements, giving a jet size of ∆η×∆φ = 0.4×0.4, ∆η×∆φ = 0.6×0.6,
∆η × ∆φ = 0.8 × 0.8. This is illustrated in figure 7.1.

To avoid double counting, the jet window must surround a 2×2 jet element area
that is a local maximum. The rule to determine a local maximum is illustrated in
figure 7.2.

The results from the calorimeter and muon triggers are passed to the central
trigger processor (CTP), which makes the overall accept decision based on the
objects found in the CP and JEP and their multiplicities. The CTP allows 256
different items in the trigger menu.
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Figure 7.2: The local maximum test for jet finding. The symbol R refers to the
2 × 2 jet element area (RoI) being tested. The η axis runs from left to right and
the φ axis from bottom to top. From reference [1].

7.2.2 High level trigger

The L2 jet trigger uses a simplified cone clustering algorithm limited to three itera-
tions, but using the full calorimeter granularity. The EF uses the same information
and algorithm as the offline reconstruction, although limited to a window around
the original L1 jet.

7.3 Jet trigger performance

In this section the jet trigger performance is evaluated in terms of the trigger
efficiency turn-on curve. To avoid bias, any physics measurement needs to account
for the trigger efficiency of the events used for analysis, which preferably should be
close to 100%. Studied here are L1 single-jet and multi-jet triggers.

The single-jet triggers are labeled L1 J5, L1 J10, L1 J15, and L1 J30 and corre-
spond to trigger thresholds of, respectively, 5, 10, 15, and 30 gigaelectronvolts. The
multi-jet triggers studied are L1 3J5, L1 3J10, L1 3J10, and L1 4J10 correspond-
ing to three- and four-jet triggers with thresholds of 5 and 10 gigaelectronvolts.
Multi-jet triggers are inclusive, meaning that an n-jet trigger fires if n or more jets
are encountered. Since for the data in question, the L1 jet trigger was not fully
calibrated, the thresholds should not be strictly interpreted as being in units of
GeV, but the unit is kept in the following for convenience.

Offline jets were calibrated using the same Monte Carlo based scheme of simple
calibration constants as described in chapter 8. Data are compared to Pythia Monte
Carlo samples with 2 → 2 matrix elements and parton showers, also as described
in chapter 8. The anti-kT jet algorithm was used.

Trigger efficiency is defined as the probability of an event with some property
of the final “offline” reconstructed objects to fire a trigger based on the “online”
reconstruction of the trigger. It can be either the event-level, i.e. probability of an
offline event having a certain set of properties to fire the trigger, or an object-level
one, for example the probability of one of the jets in an event firing the trigger. In
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the latter case, the offline objects are matched up to the trigger regions of interest
by a closeness requirement such as ∆R =

√

∆η2 + ∆φ2 < R0, with, e.g., R0 = 0.4.
Those object-level efficiencies can then for example be used to estimate the total
efficiency of a multi-object trigger, such as a multi-jet trigger.

To determine the efficiency of a specific trigger, a sample only containing events
passed by the same trigger naturally cannot be used. Different strategies can be
used to obtain an unbiased measurement of trigger efficiency. One way is the tag-
and-probe method, in which one of the jets in the event passing the trigger is
disregarded, while the others are used to determine the trigger efficiency. Another
method would be so-called bootstrapping, where events triggered using a lower
threshold are used to determine the efficiency of a trigger using a higher one.

A third method – the one used here – is using so-called orthogonal triggers. With
this method another trigger, unbiased with respect to the efficiency determination
of the trigger in question, is used. In this study the ATLAS level 1 minimum bias
trigger (MBTS 1) was used, requiring signal in the minimum bias trigger scintillator
on at least one side of the experiment. In this specific case, for a trigger L1 nJX, the
trigger efficiency as a function of jet transverse momentum, using some appropriate
histogram binning, is

Ptrig(pT,bin) =
Nbin(L1 nJX ∧ L1 MBTS 1)

Nbin(L1 MBTS 1)
, (7.1)

where Ptrig(pT,bin) is the trigger efficiency in a certain pT bin and Nbin(L1 Y) is
the number of events falling into that bin that have been triggered by the trigger
L1 Y.

The orthogonality of the minimum bias trigger with respect to the jet triggers
was checked by comparing the results to those obtained by instead using the ZDC
(Zero Degree Calorimeter), a detector placed in the very forward region just af-
ter the LHC beampipe splits in two. Due to limited statistics in this sample the
assumption cannot be tested with good precision. A systematic uncertainty stem-
ming from this is added to the statistical errors for the trigger efficiencies presented
in this work. This systematic uncertainty is 5% for efficiency points less than 80%
and 1% for points greater than this value. This is based on the maximum difference
between jet trigger efficiencies obtained using the MBTS and ZDC triggers.

The errors in all figures are calculated – as is customary for trigger efficiency
errors – using the Bayesian method assuming binomial statistics and a uniform
prior distribution between 0 and 1 [103]. This ensures that all error bands are
within the allowed range.

The collision data used in this chapter correspond to an integrated luminosity
of 17 nb−1. It is essentially the same data as is used for the physics measurement
in chapter 8. In these data, only the L1 trigger was used to actively select events.
The high level trigger was running, but was not actively selecting.

All triggers studied use a region of interest size of 0.8× 0.8 in ∆η×∆φ, except
those with a threshold of 5 GeV, which use a smaller size of 0.4 × 0.4.
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Figure 7.3: Jet-level trigger efficiency for L1 J5 (5 GeV) versus jet pT. Offline
reconstruction uses the anti-kT algorithm with R = 0.4.

7.4 Results

Figures 7.3, 7.4, 7.5, and 7.6 show trigger turn-on curves as a function of jet pT for,
respectively, triggers with thresholds of 5, 10, 15, and 30 gigaelectronvolts. Results
are integrated over rapidity |y| < 2.8. These are jet-level efficiencies, calculated by
matching on-line and off-line objects as described above.

There is general agreement between results from simulation and data though
the details differ. The slight inefficiencies at high pT are due to offline jets being
split into two by the L1 jet algorithm. Since the size of the jets at L1 is smaller
than the typical offline jet, high pT offline jets can be seen by the trigger as separate
jets, which therefore leads to inefficiencies well above the plateau region.

Figures 7.7, 7.8, 7.9 instead show the trigger efficiency as a function of jet
pseudorapidity η for the L1 trigger with a 5 GeV threshold, for three different pT

intervals (pT > 60 GeV, 40 GeV < pT < 60 GeV, and 20 GeV < pT < 40 GeV).
The last one compares the efficiency for two different offline jet size parameters, 0.4
and 0.6.

The low transverse momentum region exhibits a strong dependence on η, partic-
ularly in the regions around |η| = 1.5, between the barrel and endcap calorimeters.
Better agreement between data and simulation is observed for jets that are re-
constructed with a radius R = 0.6. The inefficiencies and discrepancies between
simulation and data get very small as the jet pT increases. Residual problems
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Figure 7.4: Jet-level trigger efficiency for L1 J10 (10 GeV) versus jet pT. The offline
reconstruction uses the anti-kT algorithm with R = 0.4.
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Figure 7.5: Jet-level trigger efficiency for L1 J15 (15 GeV) versus jet pT. The offline
reconstruction uses the anti-kT algorithm with R = 0.4.
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Figure 7.6: Jet-level trigger efficiency for L1 J30 (30 GeV) versus jet pT. Offline
reconstruction uses the anti-kT algorithm with R = 0.4.

 jetη 

-3 -2 -1 0 1 2 3

 E
ffi

ci
en

cy

0

0.2

0.4

0.6

0.8

1

1.2

>5 GeVEM

T
Level 1 Trigger Jet E

 = 7 TeVs

 < 0.4match R∆ 

 MC 

 DATA  

ATLAS Preliminary

>60GeV 
T

 jets R = 0.4,  pTanti-K

 MC 

 DATA  

Figure 7.7: Jet-level trigger efficiency for L1 J5 (5 GeV) versus jet η for jets with
pT > 60 GeV. Offline reconstruction uses the anti-kT algorithm with R = 0.4.
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Figure 7.8: Jet-level trigger efficiency for L1 J5 (5 GeV) versus jet η for jets with
40 GeV < pT < 60 GeV. Offline reconstruction uses the anti-kT algorithm R = 0.4.

only remain near |η| = 1.5, the transition region between the barrel and endcap
calorimeters; the efficiency in data is lower as only part of the calorimeter in that
region was included in the L1 trigger for this data sample.

Figures 7.10 and 7.11 show the trigger efficiency as a function of the pT of the
third offline jet for 3-jet triggers with, respectively, thresholds of 5 GeV and 10 GeV.
In the same way, figures 7.12 and 7.13 show the trigger efficiency as a function of
the fourth offline jet pT for 4-jet triggers with, respectively, thresholds of 5 GeV
and 10 GeV. These efficiencies were calculated per event (not per jet).

As for the single-jet efficiency, data are slightly above the Monte Carlo.
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Figure 7.9: Jet-level trigger efficiency for L1 J5 (5 GeV) versus jet η for jets with
20 GeV < pT < 40 GeV. Offline reconstruction uses the anti-kT algorithm R = 0.4
(a), R = 0.6 (b).
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Figure 7.10: Event-level trigger efficiency for L1 3J5 (3 jets with 5 GeV) versus pT

of third jet. Offline reconstruction uses the anti-kT algorithm with R = 0.4.
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Figure 7.11: Event-level trigger efficiency for L1 3J10 (3 jets with 10 GeV) versus
pT of third jet. Offline reconstruction uses the anti-kT algorithm with R = 0.4.
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Figure 7.12: Event-level trigger efficiency for L1 4J5 (4 jets with 5 GeV) versus pT

of fourth jet. Offline reconstruction uses the anti-kT algorithm with R = 0.4.
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Figure 7.13: Event-level trigger efficiency for L1 4J10 (4 jets with 10 GeV) versus
pT of fourth jet. Offline reconstruction uses the anti-kT algorithm with R = 0.4.



Chapter 8

Measurement of multijet cross

sections in proton–proton collisions

at
√

s = 7 TeV

8.1 Introduction

This chapter details the first multi-jet cross section measurement in ATLAS, at
a center-of-mass energy of

√
s = 7 TeV. The data used were taken by ATLAS

between 30 March and 5 June 2010 and correspond to an integrated luminosity of
17 nb−1. The observables measured are the inclusive jet multiplicity spectrum; the
cross section ratio for ≥ N jets and ≥ N−1 jets, whereN = 3, 4, 5, 6; the differential
cross section vs the leading, second, third and fourth jet pT; the differential cross
section vs the scalar sum of the transverse jet momenta (HT) for events with ≥ 2,
≥ 3, and ≥ 4 jets; and, finally, the ratio of the differential cross sections for ≥ 3
jets and ≥ 2 jets vs the transverse momentum (pT).

This chapter is organized as follows: Section 8.2 describes the data set used for
the measurement, the triggers used and the event selection. Then, data quality
issues are discussed. Section 8.3 discusses the jet algorithm used and the jet energy
calibration. Section 8.4 describes how Monte Carlo simulated events are reweighted
to match the primary vertex distribution in data. Simple bin-by-bin correction
factors are used to unfold detector effects. For such a scheme to make sense, dis-
tributions in data and simulations must reasonably match before the unfolding is
performed. This is investigated in section 8.5 before the unfolding procedure itself
is described in section 8.6. Systematic errors are then discussed in section 8.7 before
the results are presented in section 8.8.
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Table 8.1: Data used in the present analysis. Integrated luminosity and typical
instantaneous luminosity values are approximate. Typical number of interactions
per bunch crossing are calculated assuming an interaction cross section of 71.5 mb.

Run Start End
∫

lum. Inst. lum. Avg. Trigger

period run run (nb−1 ) (cm−2s −1) # int.

A
152166 152508

0.4 1027 0.01
L1 MBTS 1

152777 153200 L1 J5

B 153565 155160 9.0 1028 0.1 L1 J5

C 155228 156682 9.5 1029 0.1 L1 J5

8.2 Data set and event selection

8.2.1 Data set

ATLAS divides the data taken in 2010 into so-called “run periods”, corresponding to
natural phases of data taking in terms of ramped-up beam intensity and luminosity.
In this analysis, data from run periods A, B, and C were used. These run periods are
summarized in table 8.1. The data corresponds in total to an integrated luminosity
of 16.59 nb−1, where trigger prescales, dead time and data quality (see below)
selections have been taken into account.

8.2.2 Trigger

For the data used in this analysis, the instantaneous luminosity was low enough
for the lowest single-jet trigger to stay unprescaled. Thus, there was no need to
employ multi-jet triggers.

Two different triggers are used. For the very first part of run period A a trigger
requiring signal in the minimum bias trigger scintillators on either side of the in-
teraction point was used (L1 MBTS 1) (see chapter 7). This corresponds to about
2 per cent of the data set. This trigger is known from the ATLAS minimum bias
analysis to be fully efficient [2].

Eventually, the rate of this minimum bias trigger became too large for it not
to be prescaled. From run 152777 and onwards, a single jet level-one trigger with
a threshold of 5 GeV of transverse energy was used: L1 J5. This trigger reaches
99% efficiency for anti-kT jets with a distance parameter of 0.6 at less than 60 GeV,
which can be seen from figure 8.1. This figure shows the event trigger efficiency as a
function of the jet having the largest transverse momentum in each event. This was
measured relative to the L1 MBTS 1 minimum-bias trigger. Data and simulation
are in good agreement. No dependence on the number of jets in the event was
found, within statistical errors.
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Figure 8.1: L1 J5 trigger efficiency as a function of the transverse momentum pT of
the leading jet within the analysis selection cut of |y| < 2.8. The trigger efficiency is
defined as the number of events passing the L1 J5 jet trigger trigger divided by the
number of events passing the minimum-bias L1 MBTS 1 trigger. Data and Pythia
Monte Carlo simulation are compared.

8.2.3 Analysis cuts

The pT cut on the leading jet was 60 GeV, while sub-leading jets were accepted
down to 30 GeV. The rapidity cut was |y| < 2.8.

Tracks in the inner detector are used to reconstruct one or more primary vertices
for each event. This is where the proton–proton interaction is assumed to have
occurred. The algorithm is described in detail in [40]. For vertex finding, tracks
compatible with the beam spot and having a transverse momentum above 150 MeV
are used. At least 4 hits in the pixel detector per track are required, as well as at
least 6 hits per track in the SCT and TRT detectors. In addition, there are cuts
on the impact parameters of the track with respect to the center of the luminous
region. A vertex seed is found by looking for a global maximum in the distribution
of the z coordinates of the tracks. The vertex position is found using a χ2-based
fitting algorithm.

In this analysis, at least one primary vertex with four tracks or more and a z
coordinate within 10 cm of the nominal interaction point are required.
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8.2.4 Data quality

Data taken may have flaws or problems due to a large number of reasons related to
either the running of the LHC or the experiment itself. To keep track of data quality,
ATLAS has an fine-grained system of data quality flags. The performance of all
subsystems are constantly monitored and flags are set depending on the outcome.
During each run, these flags are set individually for each so-called luminosity block.

Due to the multiple-purpose character of ATLAS, different measurements will
have widely different data quality requirements. A set of data quality requirements
relevant for a specific analysis can be collected in a so-called Good Runs List (GRL).
In this analysis, a standard GRL prepared for jet physics results was used. It
requires the level 1 central trigger processor, solenoid magnet, inner detectors,
calorimeters as well as track and jet reconstruction and luminosity determination
to be operational.

The luminosity calculation takes the GRL into account, only including data
flagged as good as defined by the data quality flags and GRL in the luminosity
calculation.

In addition to removing bad data as defined by the GRL, a number of event-
by-event standard ATLAS jet cleaning cuts were made. These cuts are based on
different calorimeter observables, to remove jets likely to have been produced by
non-physical detector effects such as calorimeter noise or problematic regions in the
calorimeters.

In ATLAS jargon, jets that in some way are problematic can be flagged as either
“bad” or “ugly”.

A jet is flagged as “bad” – i.e. likely to result from detector problems – if any
of the following criteria is not fulfilled:

� The 5 cells with highest energy deposition in the jet must contain less than
90% of the energy of the jet.

� The fraction of the jet energy deposited in the hadronic end-cap (fHEC) is
less than or equal to 0.8.

� The absolute value of the jet quality variable, which quantifies how closely
the measured calorimeter pulses match a reference pulse is less than 1−fHEC.

� The fraction of energy of the jet deposited in the electromagnetic calorimeter
is less than or equal to 0.95.

� The cell-weighted time of the jet is less than 50 ns different from the average
event time.

A jet is flagged as “ugly” – i.e. being in a region where the jet energy scale
determination is problematic – if any of the following criteria is not fulfilled:

� The fraction of the jet energy deposited in the TileGap3 scintillators must be
less than or equal to 0.5.
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� The fraction of the jet energy coming from masked cells, whose energy is
extrapolated using the energy density of neighboring cells, must be less than
or equal to 0.5.

In this analysis, both “bad” and “ugly” jets are removed from the measurement,
i.e. only “good” jets are kept. However, the effect of “ugly” jets on the measurement
is negligible.

8.3 Jet definition and energy scale

In this analysis, the anti-kT jet algorithm (see chapter 1) with a distance parameter
of 0.6 is used. Jets are formed from calorimeter topological clusters as described in
chapter 6.

The jet energy scale calibration aims to take the jets from the basic calorimeter
calibration at the electromagnetic scale to the true energy of the particles consti-
tuting the jet and making energy depositions in the calorimeters. The calibration
can either be derived from data through in-situ methods, or be based on Monte
Carlo simulation, or both.

The calibration scheme [3] (EM+JES) used in this analysis was prepared by
ATLAS for the summer results 2010 and is purely based on simulation. This cali-
bration is a simple function of the jet transverse momentum pT and pseudorapidity
η. When deriving the calibration, reconstructed jets – including all simulated detec-
tor effects – are matched with truth jets as generated by the Pythia event generator.
The jet response is initially determined in bins of the truth jet pT and parameter-
ized as a function of the same. That function is then inverted to give the final
calibration. This is done to ensure that the response in each bin is Gaussian, so
that it can be fitted. This procedure is referred to as “numeric inversion”.

8.4 Vertex reweighting

Since cuts on the vertex position are made, data and simulation must have an
identical distribution of that variable. Since this is not the case a priori, the Monte
Carlo simulated events are reweighted to match data. Figure 8.2 shows the primary
vertex z coordinate distribution as measured in data and the a priori distribution
in the simulated samples.

The reconstructed jet coordinates were corrected to refer to the measured beam
spot.

8.5 Data–simulation comparison at the detector level

A bin-by-bin unfolding (see section 8.6 below) can be shown to be unbiased only
in the case where the ratio between the true and reconstructed bin is the same in
both the simulation and the real experiment [66].
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Figure 8.2: Distribution of the z coordinate of the primary vertex in data and
Monte Carlo simulation.

Thus, in order for it to be feasible to attempt such a correction, the simulation
must reasonably match the real detector response when going from the real parti-
cle level to what is reconstructed in the detector. One way to check that this the
case is to study the distributions in data and Monte Carlo simulation at the recon-
structed level. This is shown for all the observables in figures 8.3 (jet multiplicity),
8.4 (jet multiplicity ratios), 8.5–8.8 (differential cross section versus pT), 8.9–8.11
(differential cross section versus HT), and 8.12 (cross section ratios versus HT).

The plots all compare data and Monte Carlo simulation at the reconstructed
level, with all jet calibrations applied but without unfolding. Yellow, green, and
blue bands show, respectively, the jet energy scale uncertainty as applied to data,
Alpgen, and Pythia.

8.6 Unfolding

Measuring a differential cross section amounts to determining the probability den-
sity of the associated observable. This is usually done by making a histogram of the
observable in question, using appropriate binning. The aim of the measurement is
to determine the “true” distribution of the observable as it occurrs in nature.

Unfortunately, even with a perfectly calibrated detector, measurement resolu-
tion effects will cause events to migrate between bins and these effects don’t nec-
essarily cancel out on average. A typical example is a steeply falling distribution,
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Figure 8.3: Inclusive (≥ N) jet multiplicity at the reconstructed level. Data (filled
circles, jet energy scale uncertainty indicated by yellow band) is compared with
the theoretical prediction of Alpgen (empty square, jet energy scale uncertainty
indicated by green band) and Pythia (empty circles). Pythia has been normalized
to the number of events in data.
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Figure 8.5: Differential cross section as a function of the leading jet for events with
two or more jets at the reconstructed level. Data (filled circles, jet energy scale
uncertainty indicated by yellow band) is compared with the theoretical prediction
of Alpgen (empty square, jet energy scale uncertainty indicated by green band)
and Pythia (empty circles). Pythia has been normalized to the area under the data
distribution.
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Figure 8.6: Differential cross section as a function of the second jet for events with
two or more jets at the reconstructed level. Data (filled circles, jet energy scale
uncertainty indicated by yellow band) is compared with the theoretical prediction
of Alpgen (empty square, jet energy scale uncertainty indicated by green band)
and Pythia (empty circles). Pythia has been normalized to the area under the
data distribution. Error bands and points where no data is present should be
disregarded.
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Figure 8.7: Differential cross section as a function of the third jet for events with
three or more jets at the reconstructed level. Data (filled circles, jet energy scale
uncertainty indicated by yellow band) is compared with the theoretical prediction
of Alpgen (empty square, jet energy scale uncertainty indicated by green band)
and Pythia (empty circles). Pythia has been normalized to the area under the
data distribution. Error bands and points where no data is present should be
disregarded.
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Figure 8.8: Differential cross section as a function of the fourth jet for events with
four or more jets at the reconstructed level. Data (filled circles, jet energy scale
uncertainty indicated by yellow band) is compared with the theoretical prediction
of Alpgen (empty square, jet energy scale uncertainty indicated by green band)
and Pythia (empty circles). Pythia has been normalized to the area under the
data distribution. Error bands and points where no data is present should be
disregarded.
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Figure 8.9: Differential cross section as a function of the sum of transverse jet
momenta HT for events with two or more jets at the reconstructed level. Data
(filled circles, jet energy scale uncertainty indicated by yellow band) is compared
with the theoretical prediction of Alpgen (empty square, jet energy scale uncertainty
indicated by green band) and Pythia (empty circles). Pythia has been normalized
to the area under the data distribution.
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Figure 8.10: Differential cross section as a function of the sum of transverse jet
momenta HT for events with three or more jets at the reconstructed level. Data
(filled circles, jet energy scale uncertainty indicated by yellow band) is compared
with the theoretical prediction of Alpgen (empty square, jet energy scale uncertainty
indicated by green band) and Pythia (empty circles). Pythia has been normalized
to the area under the data distribution.
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Figure 8.11: Differential cross section as a function of the sum of transverse jet
momenta HT for events with four or more jets at the reconstructed level. Data
(filled circles, jet energy scale uncertainty indicated by yellow band) is compared
with the theoretical prediction of Alpgen (empty square, jet energy scale uncertainty
indicated by green band) and Pythia (empty circles). Pythia has been normalized
to the area under the data distribution.
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Figure 8.12: Ratio of the differential cross sections for more than three jets and
more than two jets, as a function of the sum of the transverse jet momenta HT at
the reconstructed level. Data (filled circles, jet energy scale uncertainty indicated by
yellow band) is compared with the theoretical prediction of Alpgen (empty square,
jet energy scale uncertainty indicated by green band) and Pythia (empty circles).
Pythia has been normalized to the area under the data distribution.
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where migrations from lower to higher bins will dominate over migrations from
higher to lower ones, simply because of the higher occupancy in the lower bin.

Unfolding aims to to compensate for this effect and bring results from the re-
constructed and calibrated level to the particle level comparable to theoretical pre-
diction. Proper unfolding requires an understanding and proper simulation of the
detector effects that give rise to bin migrations. In this analysis, the main effects
causing bin migrations are energy measurement fluctuations and the splitting or
merging of jets between the true and reconstructed levels.

Consider the measurement of some observable. Let T be a column vector of the
expectation values of each histogram bin. The migrations from bin m to bin n can
be described through an m × n matrix M , which modifies the bins at truth level
to bring them to the reconstructed level. This matrix expresses the probability of
the measured value migrating from bin m to bin n. The expectation values in each
bin at the reconstructed level can then be written

R = MT. (8.1)

In theory, the M matrix – calculated using Monte Carlo simulation or extracted
from data – can be inverted to achieve unfolding

T = M−1R. (8.2)

Of course, the vector of expectation values, R, is not available when the experi-
ment is performed, only the particular outcome of the experiment and it turns out
that the statistical fluctuations will likely blow up when the unfolding is applied,
making this method of limited practical use. In practice, one needs to use so-called
regularize unfolding, in which a trade-off is made between bias and sensitivity to
statistical fluctuations.

Instead, a simple bin-by-bin correction is applied, where each result bin in data
is multiplied by a single factor derived from Monte Carlo simulation. The correction
factor is simply the ratio of the bin value at truth level and at the reconstructed
level

Cbin =
nmc,truth

nmc,rec

. (8.3)

This correction factor is then applied to the data at the reconstructed level

ndata,corr = Cbin ndata. (8.4)

The correction factors thus calculated are shown for all the observables in figures
8.13–8.22. The bin-to-bin migrations for all the observables studies have been
verified in simulation to be less than approximately 30%. The unfolding factors are
generally within 10% of unity, except for a single bin. The observables that are a
function of HT have correction factors that are within 5% of unity.

Systematic errors associated with the unfolding are discussed in section 8.7
below.
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Figure 8.13: Correction factors including systematic errors for the inclusive jet
multiplicity. Total systematic errors are shown in yellow.
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Figure 8.14: Correction factors including systematic errors for the inclusive jet
multiplicity ratios. Total systematic errors are shown in yellow.
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Figure 8.15: Correction factors including systematic errors for the differential cross
section for events with two jets or more versus the scalar sum of jet transverse
momenta (HT). Total systematic errors are shown in yellow.
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Figure 8.16: Correction factors including systematic errors for the differential cross
section for events with three jets or more versus the scalar sum of jet transverse
momenta (HT). Total systematic errors are shown in yellow.
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Figure 8.17: Correction factors including systematic errors for the differential cross
section for events with four jets or more versus the scalar sum of jet transverse
momenta (HT). Total systematic errors are shown in yellow.
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Figure 8.18: Correction factors including systematic errors for the ratio of the
differential cross section for events with three jets or more and events with two jets
or more versus the scalar sum of jet transverse momenta (HT). Total systematic
errors are shown in yellow.
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Figure 8.19: Correction factors including systematic errors for the differential cross
section for events with two jets or more versus transverse momentum (pT) of the
leading jet. Total systematic errors are shown in yellow.
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Figure 8.20: Correction factors including systematic errors for the differential cross
section for events with two jets or more versus transverse momentum (pT) of the
second jet. Total systematic errors are shown in yellow.
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Figure 8.21: Correction factors including systematic errors for the differential cross
section for events with three jets or more versus transverse momentum (pT) of the
third jet. Total systematic errors are shown in yellow.
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Figure 8.22: Correction factors including systematic errors for the differential cross
section for events with four jets or more versus transverse momentum (pT) of the
fourth jet. Total systematic errors are shown in yellow.
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8.7 Systematics

A number of different sources of systematic error for the measurement are evaluated.
It is a matter of choice which systematic errors to treat as part of the unfolding
procedure and which to treat separately. In this analysis, the jet energy scale is
treated separately, while all other systematic uncertainties are treated as part of
the unfolding. The different contributions are added in quadrature and so are their
associated errors.

8.7.1 Shape uncertainty

As mentioned above, the bin-by-bin unfolding method employed is only unbiased
in the case of the ratio between the truth level and reconstructed level bins being
identical in both data and Monte Carlo simulation [66]. To quantify the systematic
error stemming from this bias, the truth-level distribution was distorted in a number
of ways. This was accomplished by re-weighting the distributions at truth level and
recalculating the unfolding factors.

The amount of bin migrations will be affected by the slope of the spectrum, as
a steeper fall will give a larger contamination from migrations to the higher bins.

First, the jet multiplicity spectrum was reweighted as follows

w = anjets , with a = 0.9, 1.2. (8.5)

The choice of changing the slope with +20% and −10% is motivated by the degree
to which the spectrum shape can be determined from data.

Second, for the differential cross section observables, the spectrum

w = ax/100 GeV, x = HT , pT,n, with a = 0.95, 1.05. (8.6)

This function is shown in figure 8.23.

8.7.2 Model uncertainty

The Pythia and Alpgen samples have been observed to have a difference in the
fraction of jets that has other jets nearby (within ∆R < 1.5) with Alpgen matching
data well but Pythia having a lower amount than data. The difference between
these two samples is taken as a component of the systematic error to estimate the
impact from the modeling of the splitting and merging of jets in the simulation.

8.7.3 Jet Energy Resolution

The resolution to which the jet energy can be measured naturally affects bin migra-
tions and therefore the unfolding factors. Using in-situ techniques, the jet energy
resolution in Monte Carlo simulation has been shown to agree with data within
15%. To investigate the effect of this uncertainty, the reconstructed jet energy in
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Figure 8.23: Reweighting factor as a function of pT or HT to investigate the de-
pendence of the unfolding factors on the spectrum shape.

the Monte Carlo simulation samples was given an additional smearing by adding
a random value having a Gaussian distribution. This smearing is chosen to be
comparable to the uncertainty of the jet energy resolution as extracted from data,
which is 15%. With the ansatz that the additional smearing should be 15%,

σ2 + σ′2 = a2σ2, a = 0.15, (8.7)

the standard deviation of the added Gaussian becomes

σ′ =
√

a2 − 1σ (8.8)

The original resolution is approximated as

σ = 0.15 · pT,rec. (8.9)

This will lead to some overestimation of the systematic error. This however
has a small effect on the final result since jet energy resolution is not a dominating
systematic error. This systematic error can naturally only be evaluated on one side,
since the reconstructed energy in simulation can only be further smeared. When
the different contributions to the total systematic error are added up, this one-sided
error is used on both sides.

8.7.4 Jet energy scale

Due to the steeply falling jet transverse momentum spectrum, the jet energy scale
systematic is the largest source of uncertainty in all of the measurements in this
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analysis. To estimate the uncertainty on the observables, the jet transverse mo-
mentum is shifted up and down by the calculated uncertainty, which is a func-
tion of the jet pseudorapidity η, the transverse momentum pT, and the distance
∆R =

√

(∆φ)2 + (∆η)2 to the closest other jet with a transverse momentum above
10 GeV.

The calibration uncertainty is estimated using a number of different Monte
Carlo samples varying the various modeling uncertainties. It will thus contain
several different components. Some of these are common with other ATLAS jet
measurements [3], while others will be specific for multijet observables.

The uncertainties common for all jet measurements are:

� Uncertainties due to the detector description and experimental circumstances.
This category includes uncertainties due to an imperfect description in the
simulation of the dead material in front of and between the calorimeters, the
description of the electronics noise and the modeling of the beam spot, i.e.
the point where proton–proton collisions occur and from which jets emanate.
The uncertainty is evaluated using Monte Carlo samples where the relevant
parameters – amount of dead material, cluster noise threshold, and beam spot
position, respectively – are varied to provide a conservative estimate of the
uncertainty. In addition, there are contributions due to uncertainties in the
calibration at the electromagnetic scale and due to (the lack of) closure of the
final calibration.

� Uncertainties of the hadronic shower model. This uncertainty is estimated
by using two additional Geant4 physics lists: QGSP and FTFP BERT in
addition to the baseline physics list QGSP BERT.

� Uncertainties due to the Monte Carlo event generator. This is evaluated
by using Alpgen+Herwig+Jimmy samples in addition to the baseline Pythia
ones, as well as using Pythia samples using different underlying event tunes.

Uncertainties specific for multi-jet observables are:

� Flavor composition. The ATLAS calorimeters have a different response for
jets, depending on whether they originate from light quarks or from gluons.
This is due to the different radial profile of the jets and different particle
content, giving a lower response for gluon jets. To account for this systematic,
the jet energy scale in Monte Carlo simulation is varied fully between the
response of the two kinds of jets. That way, no assumption is made on the
jet composition.

� Flavor response. To evaluate the uncertainty of the calorimeter response
itself, most of the samples for the detector description uncertainty above are
used, taking the response difference between light quark and gluon jets into
account.
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� Jets with nearby soft activity. These jets will have a lower response due to
part of the truth jet being reconstructed as an additional soft jet. As the jet
multiplicity increases, this effect becomes more pronounced. The uncertainty
term accounting for this effect depends on the distance to the closest recon-
structed jet and simply amounts to the bias in the response as determined
from the simulation.

8.8 Results

This section contains the results of the measurement with all corrections applied.
Fully corrected data are compared with both Alpgen and Pythia Monte Carlo sim-
ulation samples at the particle (truth level). The latter is defined to contain all
stable particles, including muons and neutrinos.

Each figure compares data with theoretical prediction. The systematic error
on data is the quadratic sum of the unfolding-associated uncertainties and the jet
energy scale uncertainty as detailed in section 8.7. This is shown with a yellow
band. The theoretical scale uncertainty on the Alpgen prediction is shown with a
gray band.

In the lower part of each figure, the ratio of the data to the theoretical prediction
is displayed. The theoretical scale uncertainty for Alpgen is shown as a gray band
around unity, while the data systematic error is shown as a yellow band around the
data points.

The Pythia points in the plots are normalized to data, since the main interest
is to determine whether the 2 → 2 matrix element Monte Carlo simulation plus
parton showers is able to reproduce the data shapes, rather than their absolute
cross sections. The Alpgen points reflect a full cross section prediction.

8.8.1 Inclusive jet multiplicity

Figure 8.24 shows the measured inclusive jet multiplicity cross section. Data is
compared with Pythia and Alpgen Monte Carlo simulation predictions. The Pythia
points have been normalized to the number of events in data.

The Alpgen scale uncertainty varies from about 10% to 40%, while the measure-
ment systematic error in data varies from about 60% in the 2-jet bin up to about
160% in the 5-jet bin. Data agrees with theoretical prediction within systematic
errors.

8.8.2 Jet cross section ratios

Figure 8.25 shows the ratios of the cross sections for ≥ N jets and ≥ N − 1 jets for
up to N = 6 jets. The main advantage of taking the ratios of these observables is
that the jet energy scale systematic uncertainty to a large degree cancels out. The
luminosity measurement uncertainty cancels out as well.
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Figure 8.24: Inclusive (≥ N) jet multiplicity fully corrected to the particle level.
Data (filled circles, systematic uncertainty indicated by yellow band) is compared
with the theoretical prediction of Alpgen (empty square, scale uncertainty indicated
by gray band) and Pythia (empty triangles). Pythia has been normalized to the
number of events in data.
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Figure 8.25: Inclusive (≥ N) jet multiplicity cross section ratios fully corrected to
the particle level. Data (filled circles, systematic uncertainty indicated by yellow
band) is compared with the theoretical prediction of Alpgen (empty square, scale
uncertainty indicated by gray band) and Pythia (empty triangles).

Since the absolute cross section prediction cancels out in this measurement, no
scaling is applied to the Pythia points. Once again, data agrees with the Alp-
gen prediction within measurement uncertainties, while Pythia has a tendency of
predicting a higher 3-to-2 jet ratio than what is observed.
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8.8.3 Differential cross section versus pT

In this section figure 8.26 shows the differential cross section as a function of the
leading jet for events with two or more jets, figure 8.27 shows the differential cross
section as a function of the second jet for events with two jets or more, figure 8.28
shows the differential cross section as a function of the third jet for events with
three jets or more, and, finally, figure 8.29 shows the differential cross section as a
function of the fourth jet for events with four jets or more.

Here, Pythia predictions are normalized to the area of the data distribution.
The normalization factor is different in each measurement and is indicated in each
figure. The Alpgen uncertainty band is about 20-40% and again data agrees with
the prediction within systematic uncertainties.

8.8.4 Differential cross section versus HT

Figures 8.30, 8.31, and 8.32 show the differential cross section as a function of the
sum of transverse jet momenta HT for events with, respectively, two or more jets,
three or more jets, and four or more jets.

Pythia distributions are again normalized to the area of the data distribution,
with different values for the different plots. The distributions become less steep for
each additional jet required. Once again data agrees with the theoretical prediction
within systematic uncertainties.

8.8.5 Cross section ratios versus HT

Finally, figure 8.33 show the ratio of the differential cross sections for more than
three jets and more than two jets, as a function of the sum of the transverse jet
momenta HT.

As in section 8.8.2, the scale uncertainty on the Alpgen prediction and the jet
energy scale uncertainty on data is greatly reduced by taking a cross section ratio,
the former to less than 5% and the latter to at most 15%, typically 10%.

The Alpgen prediction agrees well with data, while Pythia predicts more three-
jet events at lower values of HT.

8.9 Conclusion and outlook

The first multi-jet cross section measurement with proton–proton collision at a
center-of-mass energy of

√
s = 7 TeV was performed in ATLAS using data with

and integrated luminosity of 17 nb−1. Final states with up to six jets were studied.
The data is well described within systematic uncertainties by a the leading-order
matrix element Monte Carlo generator Alpgen with up to six partons in the final
state, interfaced with leading-log parton showers. The Pythia leading-log parton
shower Monte Carlo generator, which uses 2 → 2 matrix elements is also able to
adequately describe the shapes of the distributions.
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Figure 8.26: Differential cross section as a function of the leading jet for events
with two or more jets, fully corrected to the particle level. Data (filled circles,
systematic uncertainty indicated by yellow band) is compared with the theoretical
prediction of Alpgen (empty square, scale uncertainty indicated by gray band) and
Pythia (empty triangles). Pythia has been normalized to the area under the data
distribution.
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Figure 8.27: Differential cross section as a function of the second jet for events
with two jets or more, fully corrected to the particle level. Data (filled circles,
systematic uncertainty indicated by yellow band) is compared with the theoretical
prediction of Alpgen (empty square, scale uncertainty indicated by gray band) and
Pythia (empty triangles). Pythia has been normalized to the area under the data
distribution.
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Figure 8.28: Differential cross section as a function of the third jet for events
with three jets or more fully corrected to the particle level. Data (filled circles,
systematic uncertainty indicated by yellow band) is compared with the theoretical
prediction of Alpgen (empty square, scale uncertainty indicated by gray band) and
Pythia (empty triangles). Pythia has been normalized to the area under the data
distribution.
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Figure 8.29: Differential cross section as a function of the fourth jet for events
with four jets or more, fully corrected to the particle level. Data (filled circles,
systematic uncertainty indicated by yellow band) is compared with the theoretical
prediction of Alpgen (empty square, scale uncertainty indicated by gray band) and
Pythia (empty triangles). Pythia has been normalized to the area under the data
distribution.
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Figure 8.30: Differential cross section as a function of the sum of transverse jet
momenta HT for events with two or more jets, fully corrected to the particle level.
Data (filled circles, systematic uncertainty indicated by yellow band) is compared
with the theoretical prediction of Alpgen (empty square, scale uncertainty indicated
by gray band) and Pythia (empty triangles). Pythia has been normalized to the
area under the data distribution.
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Figure 8.31: Differential cross section as a function of the sum of transverse jet
momenta HT for events with three or more jets, fully corrected to the particle level.
Data (filled circles, systematic uncertainty indicated by yellow band) is compared
with the theoretical prediction of Alpgen (empty square, scale uncertainty indicated
by gray band) and Pythia (empty triangles). Pythia has been normalized to the
area under the data distribution.
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Figure 8.32: Differential cross section as a function of the sum of transverse jet
momenta HT for events with four or more jets, fully corrected to the particle level.
Data (filled circles, systematic uncertainty indicated by yellow band) is compared
with the theoretical prediction of Alpgen (empty square, scale uncertainty indicated
by gray band) and Pythia (empty triangles). Pythia has been normalized to the
area under the data distribution.
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Figure 8.33: Ratio of the differential cross sections for more than three jets and
more than two jets, as a function of the sum of the transverse jet momenta HT, fully
corrected to the particle level. Data (filled circles, systematic uncertainty indicated
by yellow band) is compared with the theoretical prediction of Alpgen (empty
square, scale uncertainty indicated by gray band) and Pythia (empty triangles).
Pythia has been normalized to the area under the data distribution.
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Generally, the dominating systematic uncertainty of the measurements is the
jet energy scale. As the understanding of jets in the ATLAS calorimeters increases,
a decreased jet energy scale uncertainty might change that situation. It might then
be worthwhile to investigate more advanced unfolding techniques to reduce the
systematic uncertainty associated with the unfolding.

The data used in this analysis were taken at a moderate instantaneous luminos-
ity. Using more data taken at higher instantaneous luminosities will give access to
higher jet multiplicities and harder jets, but will also require the use of multi-jet
triggers and the use of strategies to cope with a higher amount of pile-up.
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